i BIRl A CENTRAL LIBRARY j 

i n. -X XI ; I \h i R S til tin] 

• A 

I Ci^%% Nd> C St> - 5” l 

J Book Na> ^ C V 2. 

I Accassion N;> , ^ 5'34^ ^ 






THE CHEMISTRY OF 

PETROLEUM 
DIE RI VAT IVES 


BY 

CARLETON EJXIS 

INnUSTKIM. RESEARCH CHEMIST 


VOLUME II 


BOOK D E P .1 R TM E \ T 

REINHOLD PUBLISHING CORPORATION 

J 30 WKST FORTY-SECOND STREET. NEW YORK. T. S. .\. 

1937 




Copyright, 1937 . by 

RF.INHOI.n PCBLISHINC; CORPORATION 
.•/// rights rrservfif ^ 


Third Printing 
1950 


Printed in U.S.A. by 
The Guuin Coiifaiit, Ikc. 



Contents 


(IIMMKK PACE 


1 Chemical Xati ke of Petrolkcm akd Katl'ral (jas. Pcre Hydrocarwivs 

FROM PeTROLFX'M . 7 

I Thf:rmal Df:(OMposition* ok Hydrocarbons. 

3 Crackin<. F^hockssk.s and Somf: of Thkik Prodccts. 

4 Production of Unsaturaifj) Hydrocarbons by Pyrolysis.14^^ 

5 Production of Aromatic Hydrckarbons hy Pyrolysis of Petroleum 

Hydrocarbons.177 

6 Action of Aluminum Chloride on Hydrckarbons.195 

7 Production of H^dro<.kn \nd Carbon by Pyrolysis of Hydrocarbons . 218 

8 The Carbon Bla( k Imh stry. Dei*osition of Carbon from Flames . . . 2J5 

9 Transf'ormatkjn oi H vi»k(x arbons by Klfx trh al and Other Spfji ial 

Forms of Knercy. 2 S ^ 

10 Reactions of Hydroi arbons with Steam. Carbon Dioxide and Ammonia 

AT Hi(;h Temperatiris.269 

II DikFit'T Hydration of Oi.f.hn'^ Ti) Alcohols.282 

12 Direct ^'sTERIFICATION of Oiffins witfi Minfral and Organic Acids . 29K 

Production ok Kthvl Al(<ihol kk(»m Kthyi.knk.319 

14 Kfn(Tion bhwkf.n Sulphuru Aud and PRophN>. Production of Isopropyl 

Au OHOL.356 

15 PR<»PFRTOS AND I'^Fs oh I>()pK<ip\f Al.mHol. \\!» ItS DkJ<1 VATIN F:S .... 3^)6 

16 pRoruciioN OF Hk.hkr Skcondahn and Tfrtiary Alcohols. Re.actions of 

.SuLPiuRic .‘\cin WITH HI^,H^K Hom<il<h.uf:s of Ethylene and Propenk 385 

17 !*ropf:rtiks and Uses of Higher Skcondary and Tertiary Alcohols Dkrinkd 

FROM Olefins.399 

18 Production, Properties and Uses of Ketones Derived from Alcohols and 

FROM Hydrck'arbons.419 

19 Sulphur and Si lphi r Comi-ounds in Pktrolki m and Its Distillatf:s. 

Their 0((Urrencf., ( hemical Propf:rties and Possible: Applications . 454 

29 Rfaihons e>F OihFiNs with Halcr.ens. Olefin Dihaiides and Their 

DhRUATIVhS.491 

21 I’koDI C TION, PkC'PI-JCTlF.S AND USFS OF HaLOIIYDRINS DeRIVFD FROM SiMPLK 

Olf:fins.515 

22 Production, pRnpFRTiF:s and Uses of Simple (ii.YcOLs . . .... 532 

23 pRODUtTioN, Property s and Uses of Olefin Oxides and Their DFiRivATivhs 550 

24 Miscellaneous Rkaitions of ()lef*tns (I).591 

25 Mis( ELi.ANEoi s Ri AC TioNs (»K Olefins (II).6l(* 

26 PoLYMERI7ATD»N OF MoNOLEFINS AND DiOEEFTNS. SynTHETK PoLYMEKIZATION 

Products...631 

27 Some Imwrtwt Rfaciions of Diolkfins.676 

28 Imwrtant Reactions of Acf.tylf:ne.701 

29 Halogf:nation of Methane. Properties and Uses of Halogen Demivatofs 72(» 

30 Halocknation of Methane Homologufs. Properttf^s and Uses ok Halck.kn 

Df:rivatives. 74(1 

31 Hau)gknation of Cycuiparafftns . . . 760 

32 Halogen ATION of Ren/enf and Its Immfjhate Homomr.uks.777 

Production of Alcohols by Hydrolysis of Alkm. Hai.iims. Pkciduction c!f 
Kstkrs.7% 


3 























4 


CONTENTS 


CHAFTEK TAOE 

34 Miscellaneous Reactions of Halogen Derivatives ok I^akah-ins am» 

Cycloparaffins. 

35 Extraction of Nitrogen Compounds from Petkolki m.K3I 

36 Oxidation of Petroleum Hydrocarbons. Genkrai. Consiukkations . . 843 

37 Oxidation of Methane and Its Homologuks.8^>6 

38 Formaldehyde and Other Aldehydes .877 

39 Oxidation of Unsaturated Hydrocarbons.892 

40 Autoxidation of Petroleum Distillates. (ii m Formation .905 

41 Oxidation of Aromatic Hydrocarbons.942 

42 Production of Acids from Petroleum Hvi>r(karbons .962 

43 Oxidation of Paraffin Wax .970 

44 OxiD.\TiON from the Standpoint of Deton.\tion .980 

45 Miscellaneous Oxidation Reactions. Alcohols, Denatukants and Other 

Products.1041 

46 Sulphonation OF Petroleum Hvdr(K'arbons. Sii.piionu Acids. Detergents 

AND Other Products.1064 

47 Chemical Action of Nitric Acid and X'arious Other Reagents on 

Saturated Hydrckarbons .1087 

48 Naphthenic Acids .1103 

49 Analysis of Natural Gas and Cracking Gas .1121 

50 Analysis of Petroleu.m Distillates .1149 

51 PETROLEU.M AsPHALTS .1186 

52 Reduction of Carbon Monoxide to Hydrck ari{o\>. The K(m.asin Synthesis 

AND Synthetic Petroleum .1223 

53 Petroleum Hydrocarbons in Anesthesia .1256 

54 Thermodyna.mics and Its .\pplu ation to Pktrolki m TM HNoi.fx.Y . . 1270 

Name Index.1345 

Subject Index.1373 



















Preface 


This volume serves to continue the subject matter of the earlier Chemistry of 
Petroleum Derivatives ijublished in 1934. In some cases additional references to 
work published prior to that year have been included. 

Little by little, as knowledge of the chemistry of various derivatives of petro¬ 
leum expands, a comprehensive record of the work, other than that scattered 
information constituting the original papers, appears to be needed. This, then, is 
the purpose of the present volume. 

The issuance of a book of the present size, so soon after the publication of the 
earlier volume, betokens to some extent the activity of investigators in this field, 
b'or this reason a revision of the 1934 volume was not attempted and the present 
publication is, as noted, essentially a continuation of the subject. 

Since 1934 much material of importance to the petroleum chemist has appeared. 
Attention is especially directed to such cliapters as those relating to sulphur (Chap¬ 
ter 19) and sulphonation (Chapter 46), dealing with utilization of by-products 
of refining; to polymerization (Chapter 26), a type of reaction applicable to the 
synthesis of motor fuels from gaseous hydrocarbons resulting from cracking or 
distillation of)erations; to detonation (Chapter 44), and to nitration (Chapter 47). 
In view of its growing importance to the petroleum industry a section treating the 
subject of thermodynamics has been included as Chapter 54. 

A chapter has been added on the chemistry of asphalt and also one on a topic 
which perhaps at present is of less interest to the United States than to certain 
countries devoid of sources of petroleum; namely, to the production of hydrocarbons 
by treatment of carlK)n monoxide with hydrogen. Explanations or apologies, if any 
are needed, for discussing the subject here are that, despite our present abundant 
supplies of petroleum, there must needs come at some distant day a time when 
exhaustion of sources of petroleum will make inevitable a drastic surv^ey of and 
search for other means of procuring liquid fuels. Numerous variations of carbon 
monoxide hydrogenation arc known which result in a multiplicity of products. 
These modifications and others yet to be found may alter the aspect of petroleum 
chemistry. The search for new anesthetics has led many investigators to carry the 
hunt into the hydrocarbon field which serves to explain the presence of a new 
Chapter 53 on Petroleum Hydrocarbons in Anesthesia. 

Carletok Ellis 

Ellis laboratories, Inc. 

Montclair, N. J. 




Chapter 1 

Chemical Nature of Petroleum and Natural Gas. 

Pure Hydrocarbons from Petroleum 

Petroleum tound all over the worhl. Tilthouf'h both the quantity and the char¬ 
acter of the oil ditfer enormously from place to place and even from diverse strata 
at the same location.' C rude petroleum may vary from a light gasoline to a heavy 
pitch, and in some instances welK cmly yield gaseous petroleum in the form of 
natural ga<. However, the main producing countries in the world are, in the 
orrler of decreasing production. I'nited Slates. Russia. X’cnezuela, Persia and 
Rumania. In I'ahle 1 are gnen detaiK of the t(jtal wajrldV production of petro¬ 
leum t<ir the years PhV) to Ph^.^. 


I nmii. 1 W orhi f*rtuiu< trolruin. hy Countries, in Thous<nuIs of Barrels. 


C<»unlr\' 

into 

I'J.U 

1932 

1933 

|9.?4 

1935 

Pnitcd Stat( s 

S<>.KOl 1 

.s.M.OSl 

785,159 

905,656 

fK)8.065 

993,942 

P S.S.R. 

12.s.55.> 

! (>2,842 

154.367 

154,840 

174,318 

176,688* 

Sakhalin 

l.HO.s 

2,734 

2.6.M 

2,338 

2,881 

tb, 

\’enozviela 


116,61.1 

116,.S41 

117,720 

136,103 

149.113 

Rumania. 

42.7.>S 

4'>,741 

53,815 

54,020 

62,063 

61,371 

Iran. 


44,376 

49,471 

54.392 

57.851 

57,301 

Netherlarvl In'l'.i 

H.72<^ 

35.539 

,^9,001 

42,606 

46,925 

47.131 

\lexu-o. 


33.039 

32.805 

34,001 

38.172 

40,23.s 

I ratj. . . 


<)00 

836 

917 

7,689 

>6.500 

('olumhia 

.’n,.U6 

18,237 

16,414 

13.158 

17,341 

17.59s 

Peni 

12.440 

10.089 

9,899 

13,257 

16,314 

17.067 

.\rgentina 

Triniilad 

0.(K)2 

11,709 

13,139 

l.?,691 

14,024 

14,253 

o.4P) 

9.744 

10.126 

9,561 

10,894 

11,671 

India, Hriiisli 

British Borneo iSaia 

S..SS7 

8.715 

8,817 

8,743 

10.503 

9.227 

wak an«l Bniiu t i 

4.<>07 

3,854 

3,796 

4,490 

5,140 

4,074 

Polaml. . . . 

4.W4 

4.()62 

4,110 

4,072 

3.913 

3,808 

(icrrnany. 

Japan (in< luihng 

1,222 

1,608 

1,608 

1,665 

2.187 

2,983 

Taiwan > 

2,047 

1,966 

1.630 

1,455 

1.821 

l.<>00 

Etniaflor. 

1 

1,762 

1,597 

1,620 

1,637 

1.732 

Canada 

1..S22 

1,543 

1.044 

1,145 

1,417 

1,430 

Egj'i't 

Bahrein Island 

1.906 

2,038 

1,895 

1,663 

51 

1,546 

285 

1,295 

1,265 

France. . 

52.^ 

527 

530 

562 

557 

535 

C'zechoslovak ia 

157 

134 

126 

122 

178 

200 

Bolivia... 

56 

25 

44 

112 

159 

I'*) 

Italy. 

59 

124 

208 

204 

151 

125' 

( Ithcr countries 

56 

54 

62 

71 

96 

261 

'Potal 

1,411.904 

1,373.656 

1.309,677 

1,442,112 

1,522,230 

1,642,605 


• Approxiftiiitc piiKlui'ti* n. 
' Dftin n< t rtva'lal)lr 


' .Sre ('iirirlun Kill'. “The ('hrniiMi v of Petroleum I>eii\alive*/’ The Chemical Cataloc Co.. Inc 
.New York. 1934. 11. 

• Mineral;* VearUtok (C. S. Bur. Mines). IM6, 702. Cf. A. Knapp, Mineral tnd., 19J5, 44. 433: 
Ck*m, AUs., 19.16, 30. 7 m. • . . » 




8 CHEMISTRY OF PETROLEUM DERIVATIVES 

In the United States, which is still by far the most important producing country 
in the world, there was a three-fold increase of production for the period 1920- 
1934 over 1901-1919 despite reduction of 13.4 per cent in the number of wells 
drilled.* While the average production per well drilled has increased from 925 
cubic meters (for 1857-1900) to 6128 cubic meters (for 1920-1934) largely as 
the result of improved technique, there has been an upward trend in the number 
of dry wells. This fact indicates the increasing difficulty of discovering new pro¬ 
ducing horizons in spite of improvements in drilling practice. The economic and 
political factors which have played a prominent role in directing the development 
of the petroleum industry in the United States and other countries have been 
examined by Leupold.^ 

Production of petroleum in the U.S.S.R. increased 515 per cent during the period 
1920-1931 and was 11 per cent of the world’s total in 1934. Leupold states that 
the situation in Russia is still inferior to that of other main producing countries 
and that considerable waste of petroleum resources occurs. Russian exports of 
petroleum have decreased considerably since 1932 as a result of unfavorable condi¬ 
tions of production and refining, increased domestic consumption and economic and 
political difficulties. 

The Venezuelan oil industry is largely controlled by certain international 
groups, particularly the Standard Oil subsidiaries, which, in view of the posvible 
diminution of U.S.A. oil reserves, have striven to secure extra supplies in other 
regions. 

In view of the enormous, and increasing, production of crude petroleum, the 
question of the total available resources of the United .States is of major impor¬ 
tance. Although there is always the possibility of ultimate exhaustion of i)etfa)leum 
resources, past estimates of such have invariably proven far too low, largely as a 
result of improved drilling technique, especially that of deeper wells. In the period 
1922-1934, the crude oil reserves of the l-nited States have increased from 
million barrels to over 13.000 million barrels in sj)ite of the fact that prtxluction 
during that period totaled 9782 million barrels. In the face of a constantly in¬ 
creasing consumption of petroleum products, the visible supplies in the United 
States, obtainable by methorls within the range of present production costs, have 
increa.sed from 11 years’ supply in 1922 to 15*4 years’ supply at the rate of con¬ 
sumption at the end of 1933.^ It must be rememl>cTed. also, that the 1.V250 million 
barrels of producible oil estimated to have existed in th(‘ United States at the 
beginning of 1934 represent but a fraction of the ultimate total oil reserves of 
that country. There are still practically no coinf)lctely exhauste<l oil areas in the 
United States, and the development of deeper drilling is opening up oil-hcaring 
strata which are much more prolific than the shallower sands previously exploite<l. 
In the light of evidence available in 1934, the estimate that no shortage of oil will 
occur for at least 25 years* does not seem unduly f»ptimistic. However, a more 
pessimistic view of the situation has been adopted by Brooks.*** He believes that 
the statement of oil reserves in terms of a number of years is misleading as indi¬ 
cating that no concern need l>e felt until the end of that period: whereas, fresh 
supplies of considerable magnitude will be needed in a relatively shorter period if 
the present production level is to be maintained. Brooks considers it probable that 
at some future period the cost of production of petroleimi will tend to increase. 

•E. Leupold, Boi. Inform. Petroleras (Buenos ^ircs), 12 ( 1 . 16 ), 17; J. Inst. Pet. Tech.. 

1936, 22, 169A. 

* E. T^eupotd, he. cit. 

* S. cm, ‘‘Report on the Petroleum Indottry of the l-nited States.” Xov, 15. 1934. 

* Standard Oil of California Bulletin, 193.5. 23 (7). 16. See al'w, If. W. Butt. Am. Asioe. 

Pgtrotesm Geol, 1936. 20. 939; J. Intt. Pet. Tech., 1936. 22. 423A. 

T. Brooks, The ChenUit, 1935, 12. 333. 
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and a point will be reached when certain substitutes (including shale oil or oil 
from the hydrogenation of coal) will begin to compete and check the rising price 
of natural oil.*^ 

Improvements in operating technique have rendered p‘»j,sible the drilling of 
wells as deep as 11,380 feet, thus making available oil resei coirs previously inac¬ 
cessible. The elimination of crooked-hole drilling has been «.ii im{X)rtant factor in 
reducing waste. Other improvements include deep-well pumping, rendering pON- 
sible the recovery of oil from depths previously considered to be beyond the reach 
of the pump, as well as the restoration and^ maintenance of pressure on oil sands 
with strip|)ed natural gas or air.^ Older methods are shooting with nitroglycerin 
and the application of vacuum to wells. Flooding oil sands with water is also 



Courtesy I miustriol and limnncrt ina Citemistrx 

Important Troducin^ Atcun and Refining Centers in 1935. (J. B. Hdl t 


elYective in some fields in increasing production more than tenfold.® An inter¬ 
esting procedure applicable to limestone formations consists in pumping aqueous 
hydrochloric acid {in the presence of an inhibitor to minimize pipe-line corrosion) 
into the sand to increase porosity. This methcKl, which is usually termed acida- 
tion, caused an average increase in prcKluction (^for approximately 3000 acidized 
wells) of about 448 per cent. Furthermore, a number of wells previously alxan- 
doned as non-profitable have been rendered productive in this manner.'^ 

I'he most important producing areas and refining centers in the United States'' 

See .iKo T,. C. Snider and B. T. Brtx>k'^. "Petroleum Shortage and Its Alleviation." The Chemical 
Foundation, New York; Chrm. Abs., I9J6, 30, 1986; Rnbbrr Age, 1936, SS, 217. 

• In connection with increasing oil-well production bv repressuring with natural gais. E. .\. Bertram 
and W. N. I..icey dnd. Ena. Chtm . 1936, 28, 316; BrU. Chem. Abs. B. 1936, 435: CMem. Ahf., 193<>, 
SO, 2830; J. /»wf. Pet. Tech., 1936, 22. 252A> measured the rate of !«olution of methane in oils fillinv 
the spaces !>etween siuul grams. They report the presence of the latter did not introduce surface effects 
due to the presence of Kirge amounts of sand oil interface which might as.sist the solution process. 

•(T Kgloff, !nd. Eng. Chem., 1935, 27, 648; Ckem. Abs., 1935, 29, 4556; /. Inst. Pet. Tech,, 1935, 
21. 286A 

The chemically controlled acidation of oil wells has been described by S. \V. Putnam and \V. A. 
Krv. Ind. Em,. Ckem . 1934, 26. 921; Ckem. Abs., 1934, 28. 6987; Brit. Chem. Abs. B, 1934, 1044; 
J. Inst. Pet. Tech., 1934, 20, 555A. 

B. Hill, Ind. Eng. Ckem., 1935. 27, 519; Ckem. Abs., 1935, 29. 3813. 
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in 1935 are indicated in Fij;. 1. Table 2 shows the consumption of various petro¬ 
leum products throughout the world in 1935.'- 

Table 2. — World Consumption of Petroleum Products in 1935. 


Miscel- 


United Slate.s 
Russia . ... 

United Kinj^dom 
France... 

Canada... 

(»ermany 
Arj'enlina 
Japan . . .. 

Mexico. 

Rumania 
British India 

I taly. 

Dutch East Indict 
Australia 

Dutch VV csl Indies 

Holland 

Persia 

China 

Venezuela 

Brazil. 

Others . 

Total. 


Motor 

Kero¬ 

Fuel 

sene 

435,300 

47,500 

I3,.S0.s 

28,555 

37,454 

6,015 

22,200 

1.890 

16,650 

1,750 

15,810 

1,010 

5.710 

1,180 

7.122 

1,130 

2,100 

610 

7<)0 

1,380 

2.300 

6,200 

4,563 

1,502 

1,6(K) 

2,390 

6,600 

1,090 

180 

25 

3,410 

1,680 

710 

1,380 

1,034 

2,666 

520 

22 

2,400 

750 

41,845 

17,431 

621,863 

126,156 


(Thousands of Barrels) 


Gas and 

Lubri¬ 

Fuel Oil 

cants 

346,400 

19,900 

56,112 

cS.150 

25,894 

2,692 

14,210 

2,110 

14.7(K) 

830 

8,850 

2.6()0 

13,7(X) 

320 

13,800 

1,602 

11,400 

160 

11,9(X) 

220 

3,7(X) 

950 

7.6(K) 

615 

4.900 

540 

2,9<X) 

400 

11,800 

30 

2,110 

400 

3,600 

610 

3,010 

281 


28 

3,2(X) 

170 

59,928 

4. (>08 

617,704 

47,429 


laneous 

Total 

126.900 

976,000 

16,888 

123,270 

2,121 

74,176 

2,000 

42,610 

1,690 

35,620 

2,010 

30,340 

850 

21,760 

1,220 

24,874 

2,580 

16,850 

1,700 

15,990 

1,080 

14,230 

l,6f)0 

15,940 

1,480 

10,910 

500 

11,580 

2.4(X) 

14,435 

810 

8,410 

1,510 

7,810 

111 

7,102 

5,200 

6,670 

50 

6,570 

6,673 

127,432 

179,433 

1, .S92,585 


XOMENCLATL'RK 


.As an aid to understanding the many terms applied to petroleum or its dis¬ 
tillates, Table 3 (page 11) includes the synonvm> often employed in the United 
.States, ('lermany, h'ngland and France.'-* 

General C hemu al ( uARAt ter of (.'ri-de I’eiroi.ei m 


Crude oil consists essentially of a complex mixture of li<juid and solid hydro¬ 
carbons, often containing dissolved gaseous hydrocarlM)ns, together with smaller 
proportions of organic sulphur an<l nitrogen compoinuU. Oxygen-containing sub¬ 
stances which may lx* present include organic acids (so-called naphthenic acids), 
small quantities of pheneds and dissolved carbon dioxide. Tlic carboxylic aci(F 
appear to be mainly derivatives of mono- and bicyclic naphthene (or cyclo- 
f)araffinic) hydrocarbons, particularly cyclopentanes, although the higher straight- 
chain fatty acids liave also been found.*-* .As it issues from the well, crude petro¬ 
leum is often associated with much water, usually containing dissolved inorganic 
materials. In some cases, relatively stable emulsions of oil and water arc ()b- 
tained. To reduce the aqueous content of the crude oil to pipe-line specification 
of 2 per cent or less, it is necessary to break such emulsions. The action of heat 
with or without the application of pressure is often employed, although chemical 

'^V. R. and R. V. Whrt^el, .Vn/. Pet. Newt, 1936, 28 (9), 20. Cf. Petroteum Z., 32 

» 44 ). 21 . 

R. Schwarx, Proc. World Petroleum Conttr., 193.1, 2, 897; Ckem. Abt., 1934, 28. 48f»9. THm 
reference alio ipves the »ynonym« of »imilar word«i in about iwenW languaxe*. 

See Chanter 48. Al«o, Carletnn Kllin. *'The Chemittry of Petroleum Derivativen." The Chemical 
f .ifalrtK Co.. Inc.. \e» N'ork, 1934. 
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Table 3. —Synonyms for Various Petroleum Distillates. 


In U.S.A. 

German 

English 

French 

Petroleum 
('rude oil 

Crude 

Roh6l 

Erd6l, roh 

Najphtha, roh 

Petroleum 

Crude oil 

Huile brute 
P(5lrolc brute 

Light gasoline 

Petrol-Athcr 

Gasolin 

Leichtlxmzin 

Light petrol 

F-ssence volatile 

Benzine 

Benzin 

Rohlpenzin 

Benzine 

13enzine 

Casolinc 

Gas ({popular) 

Benzin 

Motorenlpenzin 

Petrol 

Motor spirit 

Essence 

Essence moteur 

Naphtha 

Solvent nafphlha 

Losungsbenzin 

'I'est-Benzin 

Wasch-Benzin 

Solvent-Na{)htha 

White s{pint 
Solvent na{)htha 

White spirit 
Solventnaphta 

Kerosene 

Petroleum 

Leuchtol 

Svjlarol 

Traktoren-Breniibtoff 

Ken.psiiie 

F^araffin oil 

Paraflfin 

Es.sence a pelrole 
Pdtrole lampanl 

Gas oil 

Diesel oil 

(»a.s6l 

Dieselol 

S< hwcrol 

Rohol (falshlicht 

(ius oil 

Diesel oil 

Gas oil 

Huile {POur Diesel 

Fuel oil 

Furnace oil 

Heizol, Mazut 

Pakura 

Fuel oil 

Fuel oil 

Mazout 

Benzene 

Benzol 

Rctnlpcnzol 

Benzene 

Benzole 

Benzole 

Benzol 

.Motoren-Benzol 

Benzole 

Benzole 

S{)irit 

.Mkohol, S{)nt 
Alhvlalkohol 

Alcoholic spirit 

Benzole mvpteur 
Alcohol 


(ir I'Kcirical |)reci|)itati<)ii aKo The inorganic materials wliich max Ik* 

preedit in crude oil are considered later. 

It is interesting to note that, although the chemical nature of many ^ulphur 
comjK)unds and some nitrogen bases in distillates has been clearly established, 
little is known of the character of such compounds in crude undistilled tKnrolemo. 
Although, for example, certain C alifornian petroleums of relatively high nitrogen 
content contain no basic materials capable of extractive with aqueous acivN. tluiv 
distillates furnish appreciable quantities of such bases. This has l)een attribim d 
to the breaking down, or partial decomposition, of more complex nitrogen-contani- 
ing Ixxlies at distillation temperatures.'® Similar observations have l>een mavle in 
the case of the sulphur and oxygenated organic cv)nstituents. Thus. Pyhalii'’ 
showed that some fractions derived from Russian petroleum cvmtained alxuit \2 
times as much naphthenic acids as the undistilled crude oils. Whereas relativcK 
simple organic sulphur compounds are found in distillates, and {particularly cracked 
distillates, these are not present in the {Parent {Petroleum. In this connection. 
Kewley'® reports that crudes, relatively rich in sulphur cipmpounds. yield abvput 
35 {per cent of sweet-Muelling liquivls free from cvprrosive ‘‘uljduir. if vacuum di^- 

Soflic r<‘«Kcntn for brmkinfr oil and water emuUionfi are discussed in Chapters and 48. 

«E. T. Poth, W. A. Schulee, W. A. Kinir. W. C. Thompson. W. M. Slagle. \V. \V Floyd and 
J. R. Bailey. J.A.C.S., 19.10. S2. 1239; /ihi.. 19.10, 24. 18M; Brit. Ch^m. .4hs. A. 1930. 788. 

F.. Pyhiila. I93.t. 57. 271; Brif Chrm. B. 1933 4^2: Ckrm .4hs 1913 27. 49J3 

**.T. Kewtey, diacuaaion in article by B. T. Brooks, J. Inst. Pet. Tcrk.. 1934. 20. 177. 276.\; Chrm 
Abt., 19.14, at, 3694; Brit. Ckem. Abs. A. 19.14, 507. 



12 CHEMISTRY OF PETROLEUM DERIVATIVES 

tilled below 140®C. At this temperature, however, decomposition of some of the 
unstable thio-compounds in certain crudes begins to occur. It is suggested by 
von Braun^^ that the nitrogen bases are formed by decomposition of albuminous 
substances in the crude. Under such circumstances no correlation api)ears pos¬ 
sible between the composition of the sulphur- and nitrogen-containing bodies of 
distillates and the character of the crude oil from which they are derived. 

The important observation has been made by Treibs^o that crude petroleums, as 
well as asphalts and oil-shales, contain detectable amounts of porphyrins, pre¬ 
sumably derived from chlorophyll-containing materials. The presence of complex 
compounds of porphyrins with vanadium or bivalent iron in petroleum and bi¬ 
tuminous extracts has also been demonstrated by Treibs.-^ It is significant that 
the California petroleums which yield fractions containing nitrogen bases are also 
relatively rich in chlorophyll porphyrins. The presence of optically active con¬ 
stituents in crude petroleum has long been known. 

Cl.ASSIFIC.XTIOX OF PKTkOI.Kr.MS 

The older methods of classification of crude oils into various basic types has 
for some time been considered inadequate and a new scheme, in which nine pos¬ 
sible types of petroleum are recognized, has been outlined by I^ne and Garton.** 
The basis of the new arrangement is the boiling point-gravity curve of the sample 
under investigation. Distillation up to 275^C. is carried out at atmospheric pres¬ 
sure and then continued at 40 mm. pressure. The observed gravities of two key 
fractions, namely, (1) that boiling at 250-275°C. at atmospheric pressure, and 
(2) that boiling at 275-300’C^ at 40 mm. absolute pressure, are used to evaluate 
the base of the crude oil. Thus, if the A.IM. gravity of the first key fraction is 
40° or lighter, the lower-i)oiling fractions would fall in a paraffinic class. If it is 
33° or heavier, they arc naphthenic. If it is between 40 and 33°, lighter fractions 
are intermediate in type. Should the A.P.I. gravity of the second key fraction 
be 30° or more, then the higher-boiling portions are considererl as paraffinic. When 
the gravity of this second fraction is 20° A.P.I. or less, then the higher-boiling dis¬ 
tillates are assumed to be naphthenic. On the other hand, a gravity of 20 to 30° 
A.P.I. denotes the heavier portions to be intermediate. I’he following types arc 
distinguished. 

1. Paraffin base: distillates paraffinic throughout. 

2. Paraffin-intermediate base: light fractions paraffinic, heavy fractions inter¬ 
mediate. 

3. Intermediate-paraffin base: light fractions intermediate, heavy fractions 
paraffinic. 

4. Intermediate base: distillates intermediate throughout. 

5. Intermediate-naphthene ba.se: light fractions intermediate, heavy fractions 
naphthenic. 

6. Naphthene-intermediate ba.se: light fractions napluhenic, heavy fractions 
intermediate. 

7. Naphthenic ba.se: distillates naphthenic throughout. 

»J. von Braun, Petroleum Z,, 1932. 28 tSO), 1; Chem. Abs., 1933, 27. 1491. 

»A. Treibi, Ann., 1934, 510, 42; Brit. Chem. Abs. A, 1934, 629; Chem. Abs., 1934. 28, 7211. 

«A. Treibs, Ann., 1935, 517, 172; Brit. Chem. Abs. A, 1935, 727; Chem. Abs., 1935, 20, 4708. 

«P. Walden, Chem. Ztn., 1906. 30, 391; J.C.S., 1906. 90 (2). 368, 

**E. C. Lane and E. I,. Gartcm. U. .S. Bureau of Mines Kept. Invest. .?279, 1935; Brit. Chem. 
Ahs. B, 1935, 1081; Petr. Times, 1935, 34. 429. 455; Chem. Abt., 1935, 29, 7626; /. Inst. Pet. Tech., 
1936, 22, 16A. 
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8. Paraffin-naphthene base: light fractions paraffinic, heavy fractions naph¬ 
thenic. 

9. Naphthene-paraffin base: light fractions naphthenic, heavy fractions paraf¬ 
finic. 

In another scheme of classification elaborated by Sakhanov and Virabyantz^^ 
and based on the relative proportions of paraffin, naphthene and aromatic hydro¬ 
carbons in various fractions, the following six types are defined: 

1. Methane base. 

2. Naphthene base. 

3. Methane-naphthene base. 

4. Aromatic base. 

5. Methane-naphthene-aromatic base. 

6. Naphthene-aromatic base. 

Hydrocarbon Constituents 

As previously mentioned, the preponderating constituents of all petroleums are 
hydrocarbons. These may vary from gases or volatile liquids to heavy pitches, 
and consist of paraffins, naphthenes, aromatics, and polynuclear naphthenes and 
polynuclear aromatics. Unsaturated hydrocarbons, such as olefins, apparently are 
not found in undistilled crude oils. A very large number of chemical individuals 
are usually present even in a distillate of relatively narrow boiling range. Further¬ 
more, crude oils display great variations in distillation data and general physical 
properties as well as in the chemical compositions of similar fractions. 

The widely different proportions of paraffins, naphthenes, aromatic hydrocar¬ 
bons, wax and asphalt in some petroleums, as reported by Stadnikoff.-^ are sum¬ 
marized in Table 4. Paraffin hydrocarbons are the sole constituents of the gaseous 

Tabi.k a.--A verage Composition of Typical Petroleums. 

Sp<*c ific 
Uiraviiy 

S* )i<l Resins and of Residue 

P.'iradin .Asphaltene ConTpoMti<»n of 250-300®C. Fraction Boihnj; 

Type of Crude Per Cent Per Cent Paraffins .Naphthenes .Aromatics Over 300®C. 

Paraffin. 1.5-10 0-6 46-Cl 22-32 12-25 0.897-0.<)29 

Paraffin-naphthene 1-6 0-/) 42-45 38-39 16-20 0.897-0.908 

Naphthene ... . Trace 0-6 15-26 61-76 8-13 0.895-0.912 

Aromatic-naphthene 0.5-1 0-10 27-35 36-47 26-33 0.921-0.949 

Aromatic-paraffin-naphlhene . 0-<1.5 0-20 0-8 57-78 20-35 0.950-0,970 

and volatile liquid portions of crude petroleums, at least up to and including those 
components having tour carbon atoms per molecule. In many instances, such 
aliphatic compounds are pre.sent in large amounts in all fractions. The higher 
members are solids and arc found as paraffin wax, petrolatum and ceresin in the 
higher-lxiiling fractions of many crude oils. 

Tlie simple naphthene hydrocarbons in petroleum belong to the cyclopentane 
and cyclohexane series, wliilc polycylic hydrocarl>ons of both types probably exist 
in the higher fractions. The relative proportions of cyclopentanes and cyclo¬ 
hexanes in various Russian straight-run gasolines have been determined by Sa* 
khanov, Doladugin and Kgorova.*® All the crude oils examined, with a single 

« A. N. S-ikhanov and R. A, VirabvanU, Erdo! u. Ttcr, 1933. 9, 170, 187. 202. 220; Ckcm. Abs., 
1934. 28, 29.5. 

^ (i. I,. .Siadnikoff. Schriften a¥X dem Cebiet der Brennsioff CeoJogie, 1930. No. 5-6, 213; Ckrm. 
Abs., 1931, 25, 1472. Sec aUo K. 1). Rotnini. Eroc. Am. Petroleum lust., Stb yfid-Eear ^feetim^^. 1936. 
.Sect. HI. 16, 63; Refiner, 1935. 14, 266; Oi7 & Gas /„ 1935, 34 (6), 41; Ckcm. Abs.. 1937, 31. 530. 

“A. N. Sakhnnov. A. 1. DoladuKtn and I. M. Eirorova, Go.sndatj(f:rnnoe Saueh.-Tekh. fcdatelstt'C 
kfoseowPetragrad, 1931, 175; Chem. Abs., 1934, 28, 297. 
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exception, had a maximum content of cyclohexane hydrocarbons in the fraction 
boiling at OS* 122®C. 

A large amount of data has been collected concerning the hydrocarbons found 
in petroleum and its refined products. The melting points and boiling points of a 
numl)er of pjiraffin hydrocarbons are shown in Table 5. Physical constants of 


'PxBi.E 5. —Somr Physical Constants of n-Paraffin Hydrocarbons. 



Number of 


Melting 



Carlxm 

Mol. 

Point 


Name of Hydrcx'arhfm 

.^toms 

Weight 

°C. 

Boiling point, ®r. 

.Methane. 

1 

16 04 

- 184 

~ 161.4 

Ethane. 

2 

40 05 

~ 172 0 

- 88 4 

Propane. . 

} 

44 06 

- 189 9 

- 44 5 

Butane... 

4 

58.08 

- 145 0 

0.6 

Pentane. . . 

.s 

72 09 

- 131 5 

46 2 

Hexane. 

6 

86 11 

- 94 4 

69 0 

Heptane . 

7 

100 12 

- 90.0 

98 4 

Octane. 

S 

114 14 

- 56.5 

124 6 

Nonane. 

<) 

128 15 

- 51 

150 6 

Decane.. . 

10 

142 17 

- 42 0 

174 

Undecane. 

11 

156.18 

- 26 5 

197 

Dodecane . 

12 

170 20 

- 12 

216 

Tridecanc 

14 

184.22 

- 6 2 

244 

Tetradecane 

14 

198 24 

5 5 

252 5 

Pentadecanc. 

15 

212 25 

10 

270 5 

Hexadecane 

16 

226 26 

20 

287 5 

Heptadecane 

17 

240 28 

22 5 

404 

Octadecane 

IS 

254 29 

28 

417 

Nondecane 

10 

268 41 

42 

4.30 

Eicosane. 

20 

282 42 

48 

205 (15 mm.) 

Hencicosane 

21 

296 44 

40 4 

215 (15 mm.) 

Docosane.. 

22 

410 45 

44 4 

224 5 (15 mm.) 

Tricosane. 

2.? 

424 47 

47 7 

420 7 

Tetracosane . 

24 

448 39 

54 

424 1 

Pentacosane 

25 

452 40 

54 

284 (40 mm.) 

Hexacosane 

26 

466 42 

60 

296 (40 mm.) 

Heptacosane 

27 

480 44 

59 5 

270 (15 mm.) 

Octacosane . 

28 

494 45 

65 

418 (40 mm.) 

Nonacosane. . 

20 

408.46 

64 6 

448 (40 mm.) 

Triacontane. 

40 

422.48 

70 

245 (1.0 mm.) 

Hcntriacontane 

41 

446.49 

68 1 

402 (15 mm.) 

Dotriacontane 

42 

450.51 

75 

410 (15 mm.) 

Tritriacontane 

44 

464 52 



Tctratriacontane . 

44 

478.54 

76 5 

255 (l.Omm.) 

Penta triacon ta n e 

45 

492 55 

74 7 

441 (15 mm.) 

Hexatriacontane . 

46 

506 57 

76 5 

265 (l.Oinm.) 

propane are given by Cox, 

Beattie, 

Poffenberger 

and HadltKk,^'^ 1-acey and 


Sagc/-^-^ Hicks-Bruun and Bruun’’*^ and Justi.-^^ Bcall*^^ has collected some of the 


available data for pentane; while the physical properties of the isomeric hexanes 
and information concerning isomeric octanes are to be found in the work ot 

^ E. R. Cox. Oil & Cat J.. 1935. 33 (.33). 16; J. Inst. Pet. Tech., 1935, 21. 85A. 

»J. A, Brattic, N. PoflFenbergrr and C. Hadlock, J. Chem. Physics, 1935, 3, 96; Chem, Abs , 1935. 

29. 2044; Brit. Chem. Abs. A. 1935, 437. 

» W. N. I^cey and B. H, Sage, Ott & C$as. J.. 1935, 33 (39), 49; J. Inst. Pet. Tech.. 1935, 21. 
203A. 

M. M. Hickt'Bruun and 1. M Bruun, J.AC.S.. 1936. 58. 810; Chem. Abs., 1936, 30. .5086- 
/. Inst. Pet. Tech.. 1936. 22. 297A: Brit Chem. Abs. A. 1936, 787. 

” E. Z. Ver. dent. Iny., 1936, 80. 103; Brit. Chem. Abs. B. 1936. 439; Chem. Abs., 1936. 

30, 7097. 

N. Beall, Refiner. 1935. 14. 588; Chem. Abs.. 19.36, 30. 2817. 

**Valuex from **lntrrnati<mal Criiical Tahtea.” McGraw-Hill Boc4c Co.. Inc.. New York and London. 
1926. Volume I. High molecttlar weight paraffin hydrocarbons have been laolated in the product^ 
ol.taiiird )}\ ihe Koga«tn t>nihe^i*. For ihrir phyntcal propertir**. «ifch melting |K>in!«, aee Chapter .52. 
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Mainan^^ and Whitmore and Laughlin,^^ respectively. The boiling points of tlie 
normal paraffin hydrocarbons are correlated by Cox^® and Wakeman.*^^ Calingaerl 
and Hladky®® summarized the data on the molecular volumes of the paraffin hydro¬ 
carbons. The change in ultraviolet absorption resulting from the alteration or 
mineral oils, and the rotary dispersion of a number of oils have been studied.*’*^* 
The heats of combustion of ethane, propane, butane and pentane have been de¬ 
termined by Rossini®® who later made a similar determination for isobutane.^’’ 
Specific heats of pure liquid hydrocarbons and petroleum fractions are reviewed 
by Gaucher,^^ and the total heats of pentane and paraffinic naphtha under pressure 
have been determined by Pattee and Brown.^^ Physical properties of a number 
of higher paraffin hydrocarbons (C 20 “C 4 o) have been determined by Ivanovszkv.**® 
Phase equilibria in various hydrocarbon systems, including specific heat measure¬ 
ments, have been studied by Lacey and his collaborators.^^ The viscosity of solu¬ 
tions of the higher paraffins have been measured by Staudinger and Staiger^^ 
and by Meyer and van der Wijk.^® Sage, Sherborne and Lacev"*^ determined 
the viscosities of solutions of ethane and «-butane in crystal oil.^^ Measurements 
of the boiling points and ultraviolet absorption of cyclopropane and propene 
have been made by Ashdown. Harris and Armstrong.'*® The density of liquid 
prof)ene has been ascertained by Pall and Maass.^® Some data concerning 
methyl nonanes has been obtained by Calingaert and Soroos;’*' and the experi¬ 
ments of Kas'^el*''- indicate the values for the vapor pressures of the xylene*' and 
mesitylene. Several proi)erties of .series of hydrocarbons have been contributed 

Maman. Comft rend IVM, 198, 132.1; Cttem Ahs.. 1934, 28, 3.377; Brtt. Chrm Ahs A, 1S14, 

F. Whitmoif ana K Laii(;hlin. J A.C.S , l‘>33, 55, .3056; Bnt. Chrm. Ahs A. 1934. U»S. 

C Ahs.. 1934. 28. 737. 

»»E. R Cox. hid l.iid. ihem . 1933. 27, 1421; Chent Ahs.. 30, 1277; L fust. Brt Tch 

19.U.. 22, 44A. 

R. I.. W.ikrman. Rcc trai rhun , 1914. 53, HU; Inst Pet Tt'rli . 1935. 21. ISA: Brtt. Chem 
.Ihs. A, 1914, 930. ihi'm. Ahs.. 1934. 28, o019. 

"C. (ahntraert aiul .1 \V llUdky. J A C 193o. 58. 13.3; Chrm Ahs. 1936. 30. inC J Ju<t 
Pet. Tech.. 1936 22. 29j.\ V i\ Aranda, .dna/es sor. csf'an. fis quim . 1936, 34. 513; Chem Ahs . 
1936. 30. 6121; Brtt Chem. Ahr B. 1916. lOvn 

*• E. VellinRcr and A KIinkcnhrrK. Ann romhusttbit's liquidcs. 1933, lO. 79. Chrm Ahs. 1913 
29. 1815. E VHIitiKrr. Clnm rt lud . 1929, SrK-cial \o . 26S; Otrm. .dhs . 1929. 23. ISO) 

•» F. D. Ro5s,ni. /. Kes \at Bur .Standards. 19.14. 12. 735; Chem. Ahs. 19U. 28. 4974; But 
(hem Ahs. A. 1934. 9(,6; J. Inst Pet Tech, 1934, 20. 523A. 

F. 1). Rossini. J. Res \at. Bur. Standards. l‘<35. 15, 357; Bfit (turn Ahs. A. 19^^ 

( hem Ahs.. 1936. 30. 674; fast Pet. Teeh . 1936. 22, 86A 

L. I* (lauchrr. /nd I.na Chem.. 1935. 27, 57; Brtt Chem. .4hs A. 19.15 2S9; ! last Pet 

Teeh . 19 <5. 21. 85A; Chem. Ahs. 1935. 29. 1972. 

«F (’. Pattcc and (7. C. Brown, Jrtd. F.nq. Chem. 1934. 26. 511; Chrm. Ahs.. 1934. 28. 4876. 
Bnt. Chem. Ahs. B. 1934. Sn;; j i„st. Pet Tech . 1934. 20, 400A. 

**L. Ivanovsiky. Petroleum 7. , 1934. 30 (42). 1; Brit. Ch^yn. Ahs. A. 1934. 1300; Chem. Ahs.. 

1935. 29. 2715; /. Inst. Pet. Teeh . 19.14, 20, 608A. 

**\V. N. Faerv and otbrr^. Jnd. Fng. Chrm.. 1934. 26. 103. 214. 652. 874. 1218; 1935. 27. 48. 162. 
<.86, 1484; 1936, 28. 106. 249. 489, 601. 718, 984. 1045, 1328; Chem Ahs.. 1934. 28. 1254. 2253. 4297. 
5744; 1935. 29. 28. 670. 2044. 4659; 19,16. 30. 946. 1645. 3307. 3710. 4747. 6255. 6630. 7986; Bnt 
Chrm. Ahs B. 19.14. 261; A. 1934. 214; B. 1934. 707, 949; A. 1935, 22. 290; B. 19.15. 886. 710; 
A. 1936. 149; B. 1936, 307; A. 1936, 675. 788. 930; /. /nxf. Pet. Tech.. 1934. 21. 69A. 154A. 482A. 
521 A. 606A: 1935. 21, 90A, 122A. 298A; 1936. 22. 44A. 142A, 143A, 253A. 344A. 418A. 437A. 

*•*'H. StaudiiiKjrr and F. Slaisci. Ber . 1*^35. 68B. 707; Bnt. Chem. .4hs. A. 1935, 728; Chem. Ahs . 
1935. 29. 4237 

••K. H. Mc.ver and A van drr Wijk. f/elf. Chim. Acta. 19.35. 18. 1067; Chem. Ahs.. 1935. 29. 
7738; Bnt. Chem. Ahs. A. 1935, 1318; J. Inst. Pet. Tech., 1936, 22. 17A. 

B. H. .'sauf. j. K. SherlMirnc and \V N. I.accv. Proc. Am. Petroleum Inst. Sect. Il\ 1935. 16, 

40; Chem. Ahs., 1936, 30, 3979; J, Inst. Pet. Tech., 1936, 22. 199A. 

('rvMal oil a watrr-whitf*. refined oil, having a inoiecular weight between 335 and 340. with the 
accompanying characterintic^ of low volatility, narrow boiling range, and moderately high viscosity. 

** A. A. A«hdown. F. Harri!i and R. T. Armstrong, J.A.C.S., 1936, St. 850; /. Inst. Pet. Tech, 
19.16. 22. 298A; Chem. Ahs.. 19.16. 30, 4823; Bnf. Chem. Ahs. A, 1936. 831. 

** I). B. Pall and ('). Maast. Cum. .F Re.search. 1936. 14B, 96; Chem. Ahs.. 1936. 30, 4063; Brit 
Chem. Ahs. A. 19.16, 67.1. 

^MF ('aHngaert and H. Soroo'*. J.A.C.S., 19.16. 38, 635; J. fust. Pet. Tech., 1936. 22, 255A; Chem 
Ahs.. 19.16, SO. 3771 ; Brit. Chem. Ahs. A. 19.16. 701. 

»r.. .S. KaaaeF J.A.C.S., 19,16. 58. 670; Chrm. Ahs., 1936. 30, 4062; Inst. Pet. Tech.. 1936. 22. 

254A. 
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by Cox^ (vapor pressures), Massart®^ (temperature variation of density) and 
Parks®® (free-energy relations). The structure of ceresin hydrocarbons has been 
studied by Nanietkin and Nifontova.®® The miscibility of different types of hydro¬ 
carbons in nitromethane, diethyl sulphate, aniline and benzyl alcohol has l^een 
investigated by Mulliken and Wakeman.®^ Sage, Mendenhall and Lacey®® have 
investigated the viscosity of four hydrocarbon oil solutions. The boiling points 
ot a number of hydrocarbons®®* of the cyclopentane and cyclohexane series are 
recorded in Table 6. 


Table 6,— Cyclopentane and Cyclohexane Hydrocarbons. 


Hydrocarl^^n 

Cyclopentane*. 

Methylcyclopentane^. .. . 

1.2- Dimethylcyclopentane*. . . . .. . 

1.3- E)imethylcyclopentane**. 

ri5-l-Methyl-2-ethylcyclopcntane*. . . 
/raws-l-Methyl-2-ethylcyclopcntane’' 

1 -M ethyl-3-isopropylcyclopentane' 
l,2-Dimethyl-3-isopropylcyclopentano^ . . . 

Cyclohexane*. 

Mclhylcyclohcxanc*. 

ris-l.i-Dimethylcyclohcxanc* 

/rans-1,2-Dimethylcyclohexane*‘ 

CIS-1,3-Dimethylcyclohexanc*' 
/raws-l,3-Dimcthylcycl()hoxanc* 

Ethylcyclohexane*. 

cis-l,3,5-Trimethyl(yclohox:iru** 

/rans-l ,3,5-Trimcthyk'\n'lolu‘xanc* 

w-Propylcyclohexane*. 

cis-l,2,4,5-Tetramethylcy('lohexane'' 
/raws-l,2,4,5-Tctrametliylcyclohexanc'‘ 
Isopropylcyclohexanc*. 


Formula 

Boiling Point in °C. 

C,H,o 

48.5-51.0 (748 mm.) 


71.9 { 760 mm.) 

C.H8(ClL)a 

94-98 (760 mm.) 

CsHsCCH,), 

90.6-90.8 (760 mm.) 

C8H8(CH3)(C^H8) 

127.7-128.0 (760 mm.) 

CJL(CHa)(CtH,) 

121.4-121.75 (760 mm.) 

CsH^CCIDCCaH:) 

140-142.5 (764.8 mm.) 

C5H7(CH,)a(C,H7) 

159-160.5 (757.6 mm.) 


80.3 (750 mm.) 

CeH„(C}L) 

100.0 (758 mm.) 

C.H,o(CH,): 

126.5 (750 mm.) 

C.«Hio(CH3)2 

124.5 (755 mm.) 

C«Hio(CH3 >3 

121.0 (760 mm.) 

CWUiCUsh 

119 (756 mm.) 

CsH„(C\Hs; 

129.5 (756 mm.) 


140.0-140.5 (752 mm.) 

C,H,{CUsh 

138-139 (761 mm.) 

CVLiCCallr) 

154.5-155.5 (756 mm.) 

CaL(CH3i« 

171 (755 rnm.) 

CsH»(CH3)4 

166-168 (760 mm.) 


152-153 (756 mm.) 


• N. D. Zclinzky. B. A. Kazanskii and A. F. Plate. Brr.. I9J3. 66B, 1419, C hrm. Ahs.. I9SJ. 27, SU5, Bnt. 
Chem. A 65 . A. 1933. 1150. 

*> M. M. HickjfcuBruun and J. H. Brvmn. J. Restarch Sat. Bur. Standards, 1911.7, 799; Chem. ’Aentr., 1932. 1 . 
1466; Chem. Ahs.. 1932. 26, 1423; Brit. Chem. .ihs B, 1932. 169. 

• M. van Rys,scll>prg<f. Buii. classe sd.. .\cad. roy. Belg., 1926, (5) 12, 171; Chtm. Aentr.. 1926.4, 1846; ("Arm. 
Abs.. 1927. 21, 375; Brit. Chem. Abs. A, 1927. 47. 

G. Chavanne, Bull, classe sci.. Acad. roy. Belg.. 1926, (5) 12, 105; Chem. Aentr., 1926, 4, 1845; Chem. Abs., 
1926. 20, 2664; Brit. Chem. Abs. A, 1927. 46. 

• G. Chiurdoglu. Bull, classe sci.. Acad. roy. Belg.. 1931. (5) 17, 1404; Chem. Aentr., 1932. 2, 2161 ; Chem. Abs. 
1932. 26, 4 : 31 1 : Brit. Chem. Abs. A, 1932. 267. 

‘ B. A Kazansku. Bet.. 1929. 62B, 2209; Chem. Abs.. 1930. 24, 7.5. Br$t. Chem Ahs. A, 1929. 1286. 

■ F. Eiscnlohr. Fortschr. Chem.. Physik. phystkal. ( hem., .Senes B. 1925. 18, <9). l .Chem. Aentr.. 1926. 1, 73; 
Chem. Abs.. 1920. 20, 171; Brtt. Chem. Abs. A, 1926. 718, 


The Origin of Petroleum 

Among the older views of the origin of petroleum, the theory of the heat de¬ 
composition of organic remains in the sedimentary rocks has long been considered 
possible. This so-called destructive-distillation theory was first suggested by the 


•»E. R. Cox. Ind. Ena. Chem., 1936, 28, 613; Chem. Abs., 1936. SO. 4371 ; J. Inst. Pet. Tech., 1936, 
22, 344A: Brit. Chem. Abs. A, 1936, 788. 

L. Maxaart. Bull. sac. chim. Belg., 1936, 45, 76; Chem. Abs., 1936, SO, 4062; Brit. Chem. Abs. 
A, 1936, 557. 

“ G. S. Parki, Chem. Rev., 1936, 18, 325; Chem. Abs., 1936, SO, 5113. See also Chapter 54 for 
thermodyn«imic data. 

••S. S. Nametlrin and S. S. Nifontova. /. Applied Chem. (U.S.S.R.), 1936, 9, 834; Bn7. Chem. 
Abs. A, 1936, 960; Chem. Abs., 1936, SO, 7829. 

•'S. P. Mulliken and R. L. Waketnan, Rec. trav. chim., 1935, 54, 366; Brit. Chem. Abs. A, 1935, 
694; Chem. Abs., 1935. 29, 3975; J. Inst. Pet. Tech., 1935, 21, 401 A. 

•• B. H. Sajre, W. R. Mendenhall and W. N. Lacev, Proc. Am. Petroleum Inst. Sect. IV, 1935, 16, 
45; Oil Weekly. 1936, 80 (13), 30; Chem. Abs.. 1936. SO, 3979. 

•*« A discuMion of boilinrpoint catculationa Maed on known boiling points of related or analogous 
compounds or of decomposition products is given by K. Billig, Bet., 1937, 70, 1S7. 
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experiments of Warren and Storer®® in 1863 and later by Engler®® in 1888. 
Fatty oils of marine origin were believed to be the raw materials in the pyro- 
genesis of mineral oils. Later Seyer®^ advanced the suggestion that petroleum is 
formed from fatty acids of animal or vegetable origin by slow cracking at high 
pressures and comparatively low temperatures. One important implication of 
Seyer’s theory is that dense saturated molecules of low hydrogen-carbon ratio, 
such as polycyclic naphthenes, should be produced to a greater extent with in¬ 
creasing time, temperature and pressure. 

However, a considerable body of data has been accumulated which would seem 
to support very strongly a low-temperature origin of petroleum.®^ The evidence, 
though circumstantial, is both chemical and geological and may be briefly sum¬ 
marized as follows. From the chemical viewpoint, the total absence, in petroleum 
and natural gas, of such typical products of thermal decomposition as hydrogen, 
carbon monoxide and olefin hydrocarbons, is in favor of a low temperature origin. 
More convincing is the existence in crude oil of certain complex sulphur, nitrogen 
and oxygenated organic substances readily decomposable by heat treatment, as well 
as of optically active constituents whose rotation would most certainly have been 
destroyed by prolonged exposure to even moderate temperatures.^^ Chlorophyll 
porphyrins, substances readily decomposable at relatively low temperatures, have 
also been found in many petroleums by Treibs.®^ It might be argued that some of 
these thermolahile substances could be formed by processes operating subsequently 
to the original destructive distillation, but such an explanation appears improbable. 
.Xccording to Brooks,^ the presence of chlorophyll porphyrins in crude oil is an 
indication of (a) a low-temperature history, (b) the derivation of petroleum from, 
or as'sociation of the original source material with, chlorophyll-bearing plant life, 
probably marine algae, and (c) anaerobic conditions during the deposition of the 
original source materia I. 

It is a logical consequence of the destructive distillation hypothesis that, with 
increasing age and depth, petroleum should tend to l)ecome more and more naph¬ 
thenic and heavy in character, while the younger deposits should be paraffinic. 
.Although no entirely consistent relation has been discovered between petroleum 
composition and the age or depth of the deposit, the available data do not seem 
to l>e in accord with the demands of the thermal decomposition theory. From a 
study of the A.P.I. gravities and compositions of petroleums of different ages and 
depths in the Gulf Coast area, Barton®^ observed a progressive alteration of these 
properties with depth. Naphthenes and aromatic hydrocarbons occur to the great¬ 
est extent in the younger and shallowest Gulf Coast deposit^, while the older and 
fleepcr ones are lighter and more paraffinic. This is in direct opposition to the 
demands of the theory. Severemphasizes that from the chemical point of view 

r. Warrrn an«i V. H. Storcr. Mem Amer. Aca^. Arts and Set., 1S65. (2) 9, 177: J. Prakt 
Chem., 1R67. 102. 436. 

•C. Englcr, Brr., 1888. 21. 1816; 1889, 22. 592; 1888, 54. 928; 1889. 56. 586. 

«W. F. Scyrr. /. Inst. Pet. Tech., 1933. 19, 773; Bnt. Ckem. Ahs. B. 1933. 1042. 

••Evidence for \h\% ha* been reviewed by B. T. Brooks, J. Inst. Pet. Tech., 1934, 20, 177; Chem. 
Abt., 1934, 28, 3694; /. Inst. Pet. Tech., 1934, 20, 276A. 

•• B. T. Brooks, loc. cit. See also M. Rakusin (/. Russ. Chem. See., 1906. 58, 790; Chem. Zentr., 
1907, 1, 841) for early treatment of optical phenomena in connection with petroleum 

••A. Treibi. Ann., 1934, 510, 42; Brit. Chem. Abs. A, 1934, 629; Chem. Abs.. 1934. 28. 7211. 

•• B. T. Brocks, BuU. Am. Assoc. Petroleum Ge<A., 1936, 20, 280; Chem. Abs., 1936. 30, 4124; 
/. rnsi. Pet. Tech., 1936. 22, 178A. 

••See alao, Carleton Ellis, "The Chemistry of Petroleum Derivatives," The Chemical Catalog Co.. 
Inc., New York. 1934. 

•^D. C. Barton, J. Inst. Pet. Tech., 1934. 20, 206; Chem. Ah.t.. 1934, 28. 4577; Prif. Chem. Abs. 
A, 1934, 507; /. Inst. Pet. Tech., 1934, 20, 276A. Bull. Amcr. Assoc. Petroleum C«v/., 1934, IS, 143; 
Ckem. Abs., 1934, 28. 1632. 

••W. F. Seyer, Bull. Amer. Assoc. Petroleum Geol., 1931, 17, 1251; /. Inst. Pet. Tech. 193.^ 19, 
773; Chem. Abs., 1934, 28 , 300; Brit. Chem. Abs., B. 1933, 1042. 
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the asphaltic and cyclic hydrocarbons must come from the paraffin hydrocarbons 
and not the reverse. For example, if A, B and C represent, respectively, the 
youthful, mature and old ag:e stages in the life history of a petroleum, or, re¬ 
spectively, oils of young, middle and old geologic ages, then the base of A should 
be paraffinic, of B, mixed paraffinic and asphaltic, and of C, asphaltic. In support 
of this theory, the progressive change from naphthenic to paraffinic type with in¬ 
creasing age and depth doc'^ not appear to hold for certain other locations, includ- 
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ing the fields of Wyoming^'* and C aliforniaDetails of the variation in projK-r- 
ties of (ierman petroleums at different def)ths of the same geological formation, 
as well as from different formations, have l>een supplied by Steinbrecher and 
Stutzer.'^* Pratt ^2 suggested that petroleums are progressively hydrogenated 
(to yield lighter and more paraffinic products) by hydrogen derived from methane, 
but the great stability of the methane nmlecule militates against the view. 

It has been shown that the available chemical eviflence, when considered as a 
whole, favors a low temperature history for petroleum which, however, is even 

•J, (i. Bartram. Hull. Amcr. Assoc. Petroleum Gcot.. 1V34, 18. 157. 

■'■j. A 'faff. Hull. Amcr. /Uv>r Petroleum deal.. 18, 177 

If Sfcinhrrchrr and O. Stut/rr, Petroleum Z., 1934. 30 (39), 1; /0/7. Chem. Ahs. B. 1934. 9V5; 
/ Imf Prf lech. 1934, 20, 

W. K. I’rait, Hull. Amer. .Assoc. Petroleum Geot., 1934, 18, 235. 
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more strongly supported by the geological data. Tlius, llling'*^ states that the 
geological evidence demands a theory of petroleum origin almost contemporaneou'' 
with the sediments, and not, as the distillation theory indicates, as a later process 
of metamorphism. Views up to 1931 regarding source beds for petroleum have 
been discus>ed by Snider^* and also by Trask and Hammar.'"* The temperatures 
observed in oil-bearing strata are all relatively low, bottom hole temperatures in 
some of the most prolific fields yielding oil from geologically younger sands being 
not in excess of KK)°F. The rise in temperature with increasing depth is very 
gradual (being 1°K. per 52 ft. in Fullerton, California, and 1°F. t>er 70 ft. in 
O/ona, 'fexas). Temperatures noted at depths around 70(X) ft. varied from 150°F. 
to 170°F.^‘* Moreover, the geological evidence is in harmony with the view' that 
the present observed temperatures must be near the maximum over the geological 
epoch during which petroleum could have been formed. This position has been 
'.nmmed up by McCoy and Keyte*^^ with the statement that mo.st of the knowm 
oilfields were undoubtedly formed at temperatures below 140°F. McCoy con¬ 
cludes that from evidence in another of his papers,*^® it is not very probable that 
nil accumulation has necessitated 60 million or more years to have been accom¬ 
plished. 

The chemical and geological evidence is in agreement with the view' that petro¬ 
leum is the result of low temperature anaerobic fermentation of organic matter, 
deposited in sediments as solid or semi-solid material. Unfortunately, very few 
attempts have been made to obtain experimental evidence as to the role of bacteria 
in petroleum formation, especially under alkaline anaerobic conditions. Taylor’s^*' 
work concerned the slow anaerobic degradation of fatty oils and acids under so- 
ditim clay.^^^ Me found that triacetin under these conditions yielded methane 
alone, wdiile gaseous paraffins were pro<luced from tributyrin. Stearic and palmitic 
acids were slowly attacked, but the products were not examined. At present the 
flepths in the .sediments at which bacterial action ceases is in dispute, but the verti¬ 
cal distribution of bacteria in marine sediments has been investigated by ZoBell 
and Anderson.®* 

The principal types of organic substances which need to be considered as pos¬ 
sible main source materials for petroleum formation in sedimentary rocks are 
cellulose, proteins, lignins, oleo-resins, waxes and fatty oils.®^ Of these, lignins, 
oleo-resins anti waxes are resistant to bacterial action. Proteins, fatty oils and 
cellulose are decomposable by anaerobic bacteria, the latter type furnishing meth¬ 
ane almost exclusively. Brooks,®^ from a detailed survey of the available evidence, 
concluded that the fatty oils are still to be regardetl as the mo.st likely source mate¬ 
rials for petroleum formation. 

The identification and isolation of de.soxo-phyllerythrin formula H and de^- 
oxophyllcrythro-iitioporphyrin (formula H) in an oil shale found in the alpine 

'•V. ('. Illinif, Discussion in /. Inst. Pet. Tech,, 1926, 12. 281. 

D. C. Snidrfj in “Problems of Petroleum iJeoloK.v.'* edited by \V K, Wrether and F. H Lahee. 
American Association of Petroleum Geologists, Tulsa. Oklahoma, 1934. 51. 

P. D. Trask and H. E. Hammar. “Origin and Environment of Source Sediments of Petroleum." 
Gulf Puldishing Co., Houston. Tex.ts. 1932. 

’•r. E. Van Orstrand. Oil & Gas J., 1928. 26 (48), .19. 

A. \V. McCoy and W. R. Keyte, in “Problems of Petroleum Cieology.*’ loe. cit , 253. 

■"A. W. McCov. in “Problems of Petroleum Oology.” loc. cit., 581 

^E. McK. Taylor, /. Insi. Pet, Tech., 1928, 14. 825; Bfit. Chem. Abs A, 1929. 168; Chem Abs.. 
1929, 23. 2024. 

** Sodium clay is a characteristic constituent of sediment.s formed under marine. e.stuarine or deltaic 
conditions. 

® C. E. ZoBell and D. Q. Anderson, HttU. Amrr. Astoc Pettoleum GcM., 20. 25S; J. Insf 

Pet. Tech., 1936. 22. 179A; Chem. Abs.. 19.t6. 30. 4528. 

“B. T. Brooks. 7. /hjI. Pet. Tech., 1934. 20. 177; Chem. Abs.. 19.U. 28. 3o94; ./ /Vf 

Terh . 1934. 20, 276A. 

•*B. T. Brookt. toe. cit. 
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II. 


triassic®^ and the further identification®® in this isolated portion of mesoporphyrin 
(formula III) and meso-atioporphyrin (formula IV) led Treibs®® to the con¬ 
clusion that petroleum probably had its genesis from chlorophyll containing mate¬ 
rial such as the shallow-water plankton. 
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Fish remains are considered by Henderson**^ to be insufficient in amount to 
account for the large quantities of petroleum occurring in some formations. The 
development of oil through a fossil-resin stage from the same source materials as 
those yielding coal has been suggested by Briggs.*® Fester and Cruellas*® assume 
that petroleum is derived from the fatty material remaining after the bacterial 
decomposition of marine flora and fauna in tropical climates; whereas, in colder 
climates, cellulose and lignin did not undergo complete decomposition and varieties 
of coal were the ultimate results. Colloidal vanadium sulphides, which are present 
in South American petroleums, probably exert a catalytic action on the processes 
of organic change, according to Fester and Cruellas.®® 

If anaerobic decay of organic material in sediments is the origin of petroleum, 
it might be expected that protopetroleums in transition stages will be found in 
geologically recent strata in the form of solid or semi-solid material. Brooks®' 
suggests that such material will possibly consist of a mixture of hydrocarbon oils 
together with polymerized fatty or naphthenic acids. 

**A. Trftbs, Ann., 1934. 509, 103; Chem. Abs., 1934, 28. .3694; Brit. Chem. Ahs. A, 1934, 387. 

•A. Trcibf, Ann., 1934, SIO, 42; Chem. Abi., 1934, 28, 7211; Brit. Chem. Abe. A, 1934, 629. 

•• A. Treibi. loc. cit. 

■^J. Henderson, Scirnee, 1935, 81. 176: Brit. Chem. Abs. A, 1935. 600. 

••H. BrigK». Proc. Roy. Soc. Edinburgh, 1934, 54. 115; Brit. Chem. Abs. B. 1934, 994. 

A. Fester and J. Cruellas. Rev. facuttad quim. ind. agr., Univ. naci. iiloral, 1934, S, 76; 
Brit. Chem. Abs. A, 1936, 51; Chem. Abs., 1935, 29, 6179. 

•®G. A. Fester and J. Cruellas, he. eit. 

«B. T. Brooks. /. Inst. Pet. Tech., 1934, 20. 177; J. Inst. Pet. Tech., 1934, 20, 276A; Chem. 
Abs., 1934. 28. 3694. 
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Synthetic oils similar to petroleum have been prepared by Berl and Biebes- 
heimer®^ by the hydrogenation of the product obtained by digesting cellulosic 
material with aqueous alkalies at 310-330°C. and 180-200 atmospheres pressure. 
They proposed the theory that petroleum had its origin under similar conditions 
and that asphalt was formed if reaction took place at shallow depths where oxida¬ 
tion could occur. 

Careful fractionation of Hodonin (Czechoslovakia) crude oils at absolutely 
constant pressure has been found by Wenzel and Weiser®^ to yield maximum cuts 
corresponding to hydrocarbons having 15 and 20 carbon atoms per molecule in 
one case, and to those having 13, 15, 20, 25 and 28 carbon atoms in a second 
instance. A terpenic origin is suggested to explain this observation. Oxidation of 
one fraction, having the empirical composition of C 28 H 4 g, with potassium perman¬ 
ganate in hot acetone furnished phthalic acid, from which it was concluded that the 
parent-hydrocarbon had the constitution o-CflH 4 (CH 2 CioHio) 2 , the CjoHjg radi¬ 
cals being naphthenic residues. Wenzel and Weiser suggest that such a compound 
could be formed from squalene by condensation of the latter accompanied by 
aromatization and loss of two methyl groups. The results are interpreted as indi¬ 
cating the derivation of petroleum from marine plants. 

Natural Gas 

The production and iitiltzation of natural petroleum gases is being carried out 
in many parts of the world, notably in Russia, Persia, Poland, Rumania, Germany, 
Italy and British India, hut the indu^try has attained its greatest importance in the 
United States, of which Texas is the largest producer. The quantities produced 
in the United States in 1933 and 1934 were 1555 billion cu. ft. and 1770 billion 
cu. ft., respectively.®^ The present known natural gas reserves of the United 
States arc reported sufficient to last for many years at the present rate of con¬ 
sumption. Thus, it is estimated that the Amarillo field of Texas will continue to 
supply yas at the present rate for at least 60 years. Of interest in this connection 
is the discovery of large reservoirs of natural gas in tlic deeper strata in northern 
Pennsylvania and New York, where pressures as high as 2250 pounds per sq. in. 
are encountered at depths of 4000-5(XX) ft.®'*^ In 1933 half of the natural gas pro¬ 
duced in the United .States was used as an industrial and domestic fuel and the 
remainder in the oil fields and for carbon black manufacture. In fact, the amount 
of natural gas consumed annually (at the 1933 rate) is equal in heating value to 
about 70 million tons of bituminous coal. 

Natural petroleum gases consist essentially of a mixture of lower paraffin hy¬ 
drocarbons as well as varying proportions of nitrogen, carbon dioxide and traces 
of rare gases such as helium. Hydrogen and carbon monoxide are uniformly 
absent. In the so-called dry gases, methane is the main hydrocarbon constituent, 
and the wet gases usually contain, in addition, appreciable proportions of the higher 
paraffins (ethane, propane, «-hutane, isohutane, n-pentane, isopentane or neopen¬ 
tane). The wet gases are usually treated for the recovery of volatile liquid con¬ 
stituents—the so-called natural gasoline.®® 

••E. BfrI and H. Bicbeshetmer, Ann., 193.1. 504. 38; Chem. Ahs.. 1034. 28, 3693. E. Bcrl. 
Science, 1934. 80, 227; Chtm. Abs,, 1934, 28, 6660; BHt Chtm. Abs. A. 1934, 1198. 

••F. \Vcn*cl and H. Weiw^r. /. prakt, Cknn., 1936 (2). 144. 14.^; Brit. Ch^. Abs. B, 19.36. 226. 

•• G. R. Hopkins and H. Backus. “Natural G.as in 1934,” U. S. Bureau of Mines; J. Inst. Pet. 
Tech., 1936. 22, 176A. 

••G. A. Burrell. Ind. Eng. Chern.. 1934, 26, 143; Chem. Abs., 1934. 28, 1840; Brit. Chtm. Abs. 
B, 1934, 227. 

•For a Rtneral discu^^ion and classification of natural pases. see Carlcton Ellis. “The Chemiftry 
•f Fetroleum Derivatives.*’ The Chemical Catalog Co., New York, 19S4. 
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Isolation and identification of the various hydrocarbon constituents of natural 
ffases are readily accomplished by low-temperature fractional distillation, a process 
which is now standardized as an analytical procedure. By this method, ethane, 
propane, n-butane and isobutane have been secured in pure condition from liquefied 
Polish natural j 2 :as by Kling and Wieclawek.®^ Wet gas from a well near Pitts¬ 
burgh was found to contain benzene to the extent of nearly 18 parts per million.®* 
The carbon di<^xide content of natural gases is variable although in special cases it 
may be present as the preponderant constituent. Thus, wells delivering a gas con¬ 
taining 98.6 per cent of carbon dioxide with a remainder of nitrogen and helium and 
no hydrocarbons or hydrogen sulphide have been found in New Mexico and serve as 
a ready source of this dioxide.®® According to Wittich,'®® such incombustible 
gases are being utilized in Mexico for power production by virtue of their high 
pressure, as well as in the manufacture of solid carbon dioxide. Gases of analo¬ 
gous characteristics have been obtained from wells in Colorado,^®* the composition 
of one being: methane, 0.52 per cent; ethane, 3.95 per cent; carbon dioxide, 92.14 
per cent; oxygen, 0.0^> per cent: nitrogen, 3.16 per cent; and helium, 0.14 per 
cent.'®2 Large proportions of this dioxide and only small amounts of methane are 
present in the gases from borings in the Tuscan boraciferous regions of Italy.^®-* 

Although usually present only in traces, nevertheless helium does occur to the 
extent of 1.8 per cent in a natural gas from the C'liffside structure near .Amarillo. 
Texas. Separation is effected by a process of fractional liquefaction (after re¬ 
moval of carbon dioxide) at a net cost of about 8.6 dollars per 1000 cu. ft. of helium 
produced.^®'* The argon-nitrogen ratio in natural gases has been found by 
Geslin^®® to be less than for air, a fact which is attributed to dilution with nitrogen 
derived from the decomposition of animal and vegetable material. A method of 
determining helium and argon in natural gases has been described by Gerling.*®® 
Snow and Johnston'®'^ report that a sample of butane from an Oklahoma field 
contained 30 per cent more deuterium than corresponds with the content of thi^ 
element present in ordinary hydrogen. 

The compositions of a large number of natural gases (from different field>) 
have been determined,*®* including those from Germany,*®® particularly the Mcri- 
hagen field,**® Poland,*** Austria,**® France,**® British India, Burma and Assand^^ 

K, Kling and B. W'ieclawek, Prremysl Chrm.. 18, 424; Chem. Abs., 193.**. 29, 6021; Brtt 

Chem, Abt. B. 1935. 132; /. Inst. Pet, Tech,. 1935, 21, 46A. 

•• H. H. Schrrnk. W. P. Yant and S. J. Pcarcc, Bur. Mines Kept, of Tnveatigations Xo 329J. 
1935; Chem. Abs,. 1936, 30, 269. 

•• E. R. Harrington, Refrigerating Eng., 1935, 29, 137; Chem. Abs.. 1935, 29, 3787. 

^E. VVittich. Cas u. Wasserfach, 1934, 77, 417; Brit. Chem, Abs. B. 1934, 788; Chem. Aht. 
1934, 28, 5962. 

J, C. Miller, U. .V. Ccoi. .Surt*. Clrc , 1934. No. 5; /. Inst. Pet. Tech., 1934, 20, 269A. 

»«L. G. E. Bignell, Oil & Caj J., 1935. 34 (29), 13; J, Inst. Pet. Tech., 1936, 22, 78A. 

>®*G. Conti, Giorn. Chim. Ind. Appl., 1933, 15, 500; Brit. Chem. Abs. B, 1934, 93. 

H. S. Kennedy and C. W, .Seihel, Minerals Yearbook, 1935, 867. See also Carlelon Ellis, hn 

at., page 12. 

»M. Geslin, Compt. rend. 19.15. 200, 1137; Brit, Chem. Abs. A, 1935, 724; Chem. Abs.. 19.l.v 
29, 4298. 

w»E. K. Gerling, J. Applied Chem. rU..^.S.R.). 19.33. 6. 1153; Chem. Abs., 1934, 28. 3872. 

R. D. .Snow and H. E. John-^ton. Science, 1934, 80, 210; Brit. Chem. Abs. A. 1934, ll*o<; 

Chem. Abs.. 1934, 28. 7152. 

*«.S. Hummel. Petroleum 7... 1935. 31 (6). 13; 31 (9), 21; 31 (14), I; 31 (18), 9; 31 <2JK 9; 
31 (27), 9; 31 (35). 17; Chem. Abs.. 1935. 29. 8299. 

‘“•H. Slille and H. Schliiter. Bull. Am. Assoc. Petroleum Geoi. 1934, 18. 719; Chem. Ahs.. 1934. 
28, 6980. 

"•See, Chem.-Ztg.. 1935, 59, 136; /. Inst. Pet. Tech., 1935, 21. 117A, 203A. 

»» K. Tolwinski, Bull. Amer. Assoc. Petroleum Geot.. 1934, 18. 892; Chem. Abs., 1934, 28. 69k»i. 

L. TeissI, Ztschr. Orst. Ing. Arch., 1935, V. 46; /. Inst. Pet. Teeh., 1935, 21 ; 203A. 

‘^•V. fliarrin, /. usines pas. 1936. 60, 49; Chem. Abs,, 1936, 30, 5394. 

''♦G. P. Kane. K. R. KrishnaswamI and H. E. Watson. /. Indian fnri. .Vrf, 1934. 17A, 33; 
them. Ahs. B. 1934, 612; Chrm. Ahs., 1934. 28. 4569, C. T, DarlMT, Mem. Geol. .Survey India, |9.t3 
66, Pt. 1, 172; Chem. Abs. 19.15. 29, 6.197. 
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and Russia,**'^ especially those from the Grozny,”*^ Apsheron**^ and Baikal Lake^^** 
districts. 


Utilization 

As already mentioned, the most important applications of natural gas are as a 
fuel for both domestic and industrial purposes and as raw material for the manu- 
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taclure of carbon black.'.Among other u>es tor which natural gas has been 
suggested are the preparation of lialugcn derivatives of methane, ethane, propane 
and pentane, monohydric alcoboK, acetone, acetic acid and h)rmaldehvde."-‘* In 
addition, the wet gases are usually treated for the recovery of natural gasoline and 
also of the so-called litjuetied gases, propane and butane. Before these li(|uid and 
readily liquehable constituents are separatetl. the gas is freed from hydrogen 
sulphide, usually by passage through a bed of iron oxide or by absorption in a 
solution of a suitable weak base.'**' Removal of liquid hydrocarbons can be ef¬ 
fected either by compression, charcoal a^lsorption or by oil absorption, hut the 
latter system is now generally employetl. The charcoal adsorption process has. 

fBohdanowic?, Hull .-fww'r. Jrsox'. Petroleum Croi., 1*^34, 18, 746; Ckcm. Ahs.. I’^.U. 28. 
5209; y. f»4t. Pet. Tech., 19.14. 20. 4.t6A. 

“** A. N. Sakhanov, A. 1. Doladuijin and I. I. Lapkin, Cosudarstx-rnc*e Sattch -Tekh. I^dateist^o 
SioMCow Petrograd. 1931. 3; Ckcm. Abs.. 1934. 28. 29.5. 

’o L. Potoioviikii and A. AtaLvan, Ascr. S'cft. Khos., 1933, No. 5, 38; Ckcm. Abs., 1934. 28. 69.S0. 
\%»\\ v^ Golubev and R. I. (iintbum. O.WT.L Corno-Geoi.-XcftyaMoc Isdat., Cmde OHs, Bttnmrtts 
and Casts f^om I^ot^-CatteasiaH Deposits, 1934. 259; Chem. .dbs., i935. 29, 19n7. 

'*• See Chapters 7 and 8, 

I. N. Bean, Refiner, 19.16. IS. 407; J, lust. Pet Trefc.. 19.17, 23. 17A. 

'•Several methods for the elimination of h>droRen sulphide from are di«cn«vr<l in ('hnp 

ter 19. 
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since the advent of the stabilizer, lost the advantages it originally possessed over 
the rival methods of furnishing a gasoline of relatively low vapor pressure. More¬ 
over, it also suffers from the disadvantages that charcoal is expensive, heat ex¬ 
change is difficult and minute oil sprays cause a deterioration in charcoal activity. 
For these reasons oil absorption, in which the gas is washed with oil under ])res- 
sure in bubble type absorbers, is favored in modern practice. The more volatile 
constituents, propane and butanes, of the resulting gasoline are removed in pres¬ 
sure fractionating columns, or stabilizers of the bubble type, and constitute the so- 
called liquefied petroleum gases. The developments and improvements for the 20 
years prior to 1934 in the design of absorption plants have been described by 
Hurreli^-^ and by Kallam.'-- (See Fig. 2.) An account of the principles of design 
and operation of such plants has been supplied by Burrell and Turner. 

Propane and butane, now being used extensively in liquid form as fuel, are by- 
pr(xlucts of the stabilization of natural gasoline. The actual proportion of these 
hydrocarbons in the wild gasoline'-^ depends primarily on the quantity of absorp¬ 
tion oil employed per unit volume of gas washed. 

The stabilizer is usually operated so as to eliminate all the prtjpane and most 
of the butane from the wild gasoline. Pressure fractionating equipment is now 
available, capable of separating efficiently and recovering in pure form all hydro¬ 
carbons up to and including the pentanes in natural gas and natural gasoline.'-'' In 
the usual mode of 0|X'ration the raw distillate from the stabilizer passes through a 
preheater and heat exchanger to a butane column from which butane is extracted 
at the base, a mixture of propane and ethane constituting the overhead product. 
The latter passes to a high pressure column from whicli pure propane is withdrawn 
at the bottom and ethane as the overhead pro<luct. Working pressure^ are usually 
about 3(X)-4()0 pounds fXT s(|. in. on the butane column and from 4(K) to as high as 
600 pounds per s(|. in. on the propane column, depending upon the operating 
temperatures. 

The importance of licpiefietl propane and butane is increasing rapidly, particu¬ 
larly as doniestic and industrial fuels.The production of these materiaK has 
increased from 222,000 gallons in 1922 to 48.173.(KX) gallons in 1934.'-^ These 
figures do not include large quantities of these gases which are use<l at the place of 
production as raw material in the manufacture of solvents, or as refrigerants and 
fuels. Gases for industrial purposes arc distributed })rincipally in special tank cars, 
but with the development of high tensile strength sheets there has been an increas¬ 
ing use of trucks and trailers. “Bottled gas,” di'-tributed in many parts of the 

A. Burrell, Ind. Rnq. Chem.. ]9^4, 26, 143; C'/trm ,41 s . l^KU, 28, IH-U); Hrit Cin'm. Jht. 
B. 1934, 227. 

F. L. Kallam, Chrm. Met Fna , 19U. 41. Cttcm /f/ r . \<i34. 28. f.290; flrlt. Chem. /Ihs. 

B, 1934. 78S: J. Inrt. Pet. Tech . 1'>M. 20. ‘>73A. Petroleum Enor.. 19.34, 5 (9), 17; Chem. Ahs., 

1934, 28. 6557; /. Ijist. Pet. Tech., 1934. 20. 495A. 

A. Burrell ami .N. C. Turner. Sot. Pet Seu.i. 1934. 26 (10). 36; 26 (11 ). 33; Chem. Aht.. 
1934. 28. 4580; /. /nr#. Pet. Tech . 193 (. 20. 417A 

Wild flra»oline in a very Inw lKiiltne fraction of traHoline. 

** The principlen ami operation of ntahilizers are de’^cnhcd hv T. N. Br.all (Refiner, 1934, 13, 184, 
277. 346; Chem. Abs . 1934. 28. 6290, 6990). T. C. Alhriaht (Refiner. 1934. 13, 3H5; Chem. Ahs.. 
19.34 , 28. 6290) and N. Mayer (Chem. Ztg., 1934. 58. 357; 7. Inst. Pei Tech.. 1934. 20. 418A; 
Brit. Chem. Abs. B, 1934. 530), For a survey of the i^ource^ and •epar.ition of condensed propane 
and butane, both from crude petroleum and the craclttnif process, see I. Brand, Cas n. H'assrrfaeh, 
1934. 77. 861; Brit. Chem. Ahs. B. 1935. 132; Chem. Abs.. 1935. 29, 1972. 

»» M. J. Conway. Oil Sr Cas J.. 1936, 35 (S). 57; J. Inst. Pet. Tech.. 1936, 22. 350A. The com. 

pressibility of butane air mixtures )>elow one atmosphere pressure is of im;vortance in the industrial 

application of lirptid butane as a fuel, and such measurements have been made by F. W. Jessen and 
J. W. Liffhtfoot. Ind. Eng. Chem., 1936. 28. 870; Chem. Ahs.. 1936, 30. 5848; /. In.H. Pet. Tech., 
1936. 22. 437A, 

"W. H. Bateman, Refiner, 1936. 15, 135; /. fnst. Pet. Tech.. 1936, 22, 295A. A statistical re- 
view of the progress of the Itqtiebed petroleum eas industry i^ given by (i. (i. i>f)erfcll (Cas Aae- 
Record. 1934. 73. 179; (hem. Abs.. 1934. 28, 4577). 
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United States is mainly propane (or propane and propcne). In some instances, 
small quantities of butane may be present when its lower volatility does not necessi¬ 
tate the application of heat. Tentative specifications for some of these liquefied 
gas mixtures include the following.Commercial propane shall consist of at 
least 95 per cent of propane plus propene and the residue (as determined by tlie 
mercury freezing test) shall n(Jt exceed 2 per cent by volume. Corrosive sulpliur 
compounds shall he absent and the concentration of relatively inactive organic 
sulphur shall not exceed 15 g. per 100 cu. ft. of vapor. In the case of commercial 
butanes, the predtjminant hydrocarbons present should be butanes and butenes. 
The vapor pressure at 105°F. must not exceed 75 lbs. per sq. in. gage. Not le«i'» 



L ifiiriisy J xitrr Ulu'ricr (tttf'. 

1*10. 3.—\’a|K>r Absorption and .Stabilization Plant, Hijzh- and low-pressure abMiilKis 
ctpiipped \sith interital coolers and jins-ratio contridleis. 


than 95 per cent ol the material shall evaporate below vUT. in the open cylinder 
weather test. Sulphur limitations arc the s;ime as for commercial proi)anc, and 
freedom from entrained water is also necessary in each ca^o. The protluct known 
as industrial propane usually consists of at least 70 per cent by liquid volume ot 
propane (and propene). Industrial butanes containing 50 |>er cent of butane are 
also marketed. 

The largest use of bottled propane has been in kitchen ranges and water heaters, 
while butane has been predominant in the industrial field. However, propane has 

W. H. Batcnuin. foe. « j'f. T. W. l.rgat^ki and \V, Z. Kviciul, Mccling of Amcr. Chem. Soc., 
Petroleum Division, San Fr.incisco, Aug., 1935. 
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the advantages of low boiling point, high octane number, refrigeration qualities and 
value as a metal-cutting fuel.^^ The application of these gases in industrial 
furnace heating, particularly in the steel industry, has been described by Jamison 
and Bateman.^®® Some of the advantages are improved control both of tempera¬ 
ture and atmosphere, reduced maintenance on furnace refractory and alloy parts 
and reduced scaling of product. The significance of propane and butane in the 
gas industry has been outlined by Briickner'®^ who states that their low ignition 
velocities preclude their cniployntent in welding. CV>ld enrichment of water-ga.^ 
also is a possible application of ^uch gases. 

Both propane and butane possess certain advantages as a fuel in internal com¬ 
bustion engines, including high octane numbers, decreasetl oil consumption and 
carbon formation and high volatility, the latter property insuring uniform distribu¬ 
tion in the cylinders. Yet. the general replacement of gasoline by licjuefied gases 
as an automotive fuel as yet does not appear wholly feasible, since storing and dis¬ 
tributing costs are high and special pressure fittings are necessary. However, 
possible applications are in large high-powered stationary engines or in rail car> 
and trains where high power output is demanded and high compression ratios are 
permissible.^®^ According to Albright.'®® a fuel consisting of 80 per cent butane 
and 20 per cent pronane and having an octane numlH*r of KX) is being used on 
heavy duty commercial units. The fuel is reduced to attno^pheric pressure through 
two regulators, and carburction is effected in the original carburetors or in s|h*- 
cially designed mi.xing chambers. The r|uestion of the u^e of butane as an auto¬ 
motive fuel has l}ecn also discusse<l by Barnard.'®^ He concludes that this material 
cannot be economically adapted for small units but is suitable for railway service. 
In fact, this hydrocarbon was first used successfully as fuel in 1030 by the Los 
Angeles Railway Company with advantages which included In'iter lubrication. le*>.'» 
carbon deposition and dimini>hed valve pitting and burning.’®’ 'flu* development 
of butane as a rail car fuel has been analyzed by Stockman.’®*’ I'uel consumption 
per mile is higher with butane than with gasoline, hut this i^ vaid t(» be more than 
balanced by the..increa.se in power and speed.'®^ I he possibilitv (»f lining propane 
and butane in combustion motors has received particular attrntion in (Germany, 
where a liquefied gas containing 60 per cent of the propane and 40 per cent of 
butane (called Deurag) is markete<l for this purpo>e ’()tie important applica¬ 
tion of these gaseous fuels is in airships. Thus, mi.xtureN of hydrogen and propane 
or hydrogen and butane having the same density as air are proposed by dc 

Se« also Carleton Ellis, *’Thc Chrmi^try of rctrolcum Dfrix.ilisci," Thr f'hcniical ( at.'UoR ('o . 
Inc.. New York. 1934, Ift. 

** E. A. Jamison am! VV. H. Bateman. Iron .Strrt F.nnr.. 1914, 11. 144; I'MS. 12. 2^9; Chi^m 
Ahi.. 1934. 28. 6973; 19.15, 29, 3805. Cf. J. K. Knrnrman. Caj, UMf,. |2 (10). u\■ Chrm Ahi . 
19.16. 30, 8571. 

** H. Bruckner, Gaj u. Wasffrfach. 19.14. 77. 4J5; Chem. Aht . 1934. 28. .5962; Frit i hem. Ab$. 
B. 19.14. 707. 

'•W. Z. Friend and E. Q. Beckwith. S A. F Journal. 19.1^. 36. .16; / Inti Fct Inh . 1915. 
21. 142A; Chem. Abs., 1935. 29. 2314. 1.. R. Smith, (h! Sr (,at / . 19.16. 35 CD. 4S. / imt. Fct. 
Tech., 1936. 22. 532A W. T. Zieicrnliain Oil Sr (Ins J., 19t).. 35 MM). M; ( '-rm Ah,, J'H6. 30. 
8.571. M. M. Holm. tn4 Eng. them.. Anal. Ed . 1936, 8. 299; /. hut Pet Tnh . |936. 22. 50<,A: 
Chem. Abs., 1936, 30, 5755. 

“•J. C, Albright. Vnr Pet Nnvt. 19.15. 27 (9). 48; /. Inst. Pel Tech. 1915. 21. 179. Sec alio 
Chapter 44. 

*** D. P. Barnard. S. A. E. Journal. 19.14, 35, 399; /. tnst. Pel. Tech , 1935. 21, 30A; Chem. 
Abs.. 1935. 29, 908. 

L. V. Newton. .9. A. E. Journal, 19.14. 35, 402. The u*e of butane a* a bus fuel had also been 
detertbed by H. Sherman (Mass Transportation, 19.1.5. 31, 71; Chem. Abs , 1935, 29, 3805). 

P. Stockman. Oil Sr Cas 1.. 1914. 33 (3). 36. J. I nit. Pet Terh.. 1934 20. 467 

Similar result* were obtained by C. J. Vogt (Oil Sr Gas J.. 1935, 34 (26). 52; Refinrr, 1935, 
14. 542; /. Inst. Pet. Tech.. 1936. 22. 29A; Chem. Abs.. 1936. SO. 2726) 

»See, Chem. Fabr.. 1935. 220; J. tnst. Pet. Tech. 1935. 21. 316A. The tide of propane and 
Imfane a* motor fueU ha« aldo been reveiwed by C. J. Vogt (Automotive fnd.. 19,14. 71, 348; Chem. 
Abt.. 19.15, n. 117) and E. H. B. Udwii (Z. Ottrrr. yer. Cas- Wautrfack, 1914, 74. 121. 112; 
Chem. Ab$.. 1915. 2*. 1210). 
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Florez'®** for the purpose. It is pointed out by Alden'^^ that an increase in the 
butane content of gasoline would effect several economies, but such increase is 
limited by the question of vapor lock which may require redesigning of the engines. 
Other possible industrial applications of liquefied butane and propane are in the 
cutting of steel (in place nf acety lene L the brazing of inctaK and alloys, the weld¬ 
ing of aluminum and lejid burning,'^' as well as in refrigeration. Other hydro¬ 
carbon gases, including methane''*^ and coal gas,'"*® have been considered as motor 
ftiels. .Such ga>es. a^^ well a*; those previously discussed, need to be stored under 



( onrtr.i\ I < If 

4 1 )rl)ntani7.inv; I’lant. I)ad> cajmeitx 15,<i<MI barrels of raw i>rcsMirc distillate. 


high pressures in cylinders, ubich intiauluces the gra\e drawback t)t much extra 
weight.* ** 

It has been shown by Hammerschmidt*'*'’ that the lower paraffin hydrocarbon.s 
are caj»able of forming relatively high-melting solid hydrates with water vapor. 
'I'he melting point of the mixed hydrates from a natural gas i in a transmission 
line) \aried with the prcs.sure from 34®F. at 110 pounds per sq. in. to about 60®F. 
at S(K) p<Hinds, riiis shows the im|>ortance of adequate drying of hydrocarbon 
gases in facilitating the handling and transport of such substances under pressure. 

(Ic Florrr V. S. P. 1.'>36.155 and 1.936,156. Nov. 21. 1933, to Texas Co.; Brit. Ckcm Ahs 
B. I'i.M, 70.H. Chvm Ahs. l‘)34. 28. 8S2. 

r. .Mdcn. Bi’fifu'r. 1934. 13 <6). 208; Chem. Ahs , 1934, 28. 5647 
*•' M. J. Conw.iy. Oi/ 19.16, 35 (5). S7; J. Inst. Pet Tech 19.l(>. 22. 350.\. Ci. H 

Bruclcncr. iins m W'asscrfaAi. 19.14. 77, 425; Chem. Abs., 1934. 28, 5962; Bnt. Chem. Ah.s B, 1934. 
707. 

C. Padovani. Prne. U'orld Petroieum Congr., 1933, 2. 795; Chem. Abs., 1934. 28. 3866; Btit 
Chem. Ahs B. 1934. 99(, 

»«• R. Cook. Cas .C. 1936. 213. 90; Chem. Ahs., 1936. 30, 1973. K. B Halliwell. C.as / 1934. 

206, 39; /. Inst, Pet. Tech., 1934, 20, 340A; Abs,, 1934. 28, 3559. C. M. Walter! Proc. 

li'ortd Petroleum Conor., 1933. 2, 764; Chem, Abs., 1934, 28, 3865; Brit. Chem. Abs. B. 1934. 743. 
R. Cook. /. Inst. Fuel. 1935. 9, 125; Chem. Abs., 1936, 30. 4649; Brit. Chem, Abs. B. 1936. 226. 

The use of ija'^eous motor fuels in Germany is described hy M. H. Krsemer (Z. Ter. dent. Ina. 
1934. 78. 1235; J. Inst. Pet Tech., 1935, 21, 102A), W. G. Rumtwld <Cas H orld, 1933 99 (2576).' 
121; Chem. Abs. 1934. 28. 875; /. Inst. Pet, Tech.. 1934, 20, 119A) ind by W. BenninghoflF (Z Ver 
ttent. tng . 1935. 79. 203; .1. Inst. Pet. Tech.. 1935, 21, 316AC 

K. G. Hammerschmidt. Ind. Eng. Chem,. 1934. 26. 851; J. Inst. Pet. Tech., 1935, 21, 525A; 
dbs. B. 1934. 948; Cfcrm. Abs., 1934, 28, 6277. Oil & Cas J., 1935. 34 (5>. 34. 82» 
Ihf B. 1916, 914: Chem. Ahs.. 19.1$. 29, 7046. 
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The moisture content of liquefied gases such as propane and butane also needs 
rigid control. One qualitative test for moisture involves the use of cobalt 
bromide.^^® 

Tkciinical Treatmknt of Crudk Oil 


Separation of crude oil into component fractions involves distillation followed 
by refining of individual cuts and, possibly, cracking. Distillation is now carried 
out in modern pipe stills^'*'^ with capacities up to 20,(KX) barrels per day. In such 
operations the oil is preheated continuously in a coil to a temperature sufficiently 
high to effect vaporization and is then passed into a bubble-plate fractionating 
tower, the different fractions being simultaneously withdrawn at various points in 
the tower. In some installations, such as that shown diagrammatically in Fig. 5, 
the crude is distilled in the first stage Jit about atmospheric pressure, taking off 
gasoline, kerosene and gas oil. The residue is subsequently distilled under reduced 
pressure to furnish lubricating oil fractions. In other installations the entire 
procedure is carried out in one stage, the lubricating oil being also taken as an 
overhead product. Indirect heating through the medium of vapors of biphenyl, 
mercury, or other high-boiling substances is sometimes employed to obviate local 
overheating and resulting decomposition. Typical fractions are: gasoline, having 
final boiling (or end) point of about 400®F.; kerosene, end point of 490®F.; light 
gas oil, final boiling point of 540®F.; mineral seal oil, heavy gas oil, wax distillate 
and cylinder stfK'k. Enormous technical advances in the large scale distillation of 
petroleum have been made in the last decade, and the old horizontal shell still, 
running crude to coke, fuel oil, or lubricating oil, has become of limited value 
owing to the more economical pipe still.^^’* 

Refining operations which are used for the subsequent treatment of the indi¬ 
vidual petroleum fractions are, for the most part, outside the scope of the present 
work. However, the present chapter contains a brief summary of the salient fea¬ 
tures of a few solvent extraction processes for the improvement of the higher pe¬ 
troleum fractions (including kero'^enes and lubricating oil distillates), since they 
involve a partial segregation of oil fractions into hydrocarlmns of different types. 
The refining methods of the petroleum industry, which are discussed elsewhere,'^® 
have for their object the production of petroleum fractions fi.e., complex hydro¬ 
carbon mixtures) having pro])ertics specially suited for their applications rather 
than for the separation of pure hydrocarbons or of mixtures of chemically-related 
hydrocarbons.^®^ 

StrAH. iiT-RrN Gasolines 

Straight-run gasolines consist essentially of a mixture of paraffin, naphthene 
and aromatic hydrrK*arl)ons, un^aturated hydrocarlmns being usually present only in 

H. Batrmnn, Refiner. 193^,. 15. IIS; /. Init Pet. Tech.. 193r>. 22. 29SA. 

G. R. Hopkinn and K. W, Cochrane (Bur. Mines, Inform.ntion Ctre. No. 6850, 19SS*, Chem. 
Abs., 1935j 29, 8301) sjivc a Matistical account of the petroleum refineries, includinf^ craekiniT plants, 
in the United .States on January 1. 1935, For the employment of interfacial tension measurements 
in refining see E. Vellinger and G, Radulrsro, Ann. comhMSiibles liiptidcs, 19.M, 9, 279; Chem. Abs., 

1934. 28, 6285. 

^Petroleum distillation is discussed hv J. B. Hill (Ind. P,nq. Chem.. 1935, 27, 519; Chem. Abs., 

1935. 29. 3813; /. Injt. Pet. Tech., 1935', 21. 2^7A) and by G. Kgloff (InA. Eng. Chem.. 1935, 27. 

648; Chem. Abs.. 1935. 29, 4556; J. !nil. Pet. Tech., 1935. 21, 2R6A). and the historical development 
of distillation is described by fJ. Firloff (Chem. Met. Eng., 1935, 42. 200; Chem. Abs., 1935, 29, 3554). 

L. Gurwitsch and if. Moore, “The Scientific Principles of Petroleum Technolofnr,** D. Van 
Nostrand Comxany, Tnc,. New York. 1932. V. A. Kalichevskr and B. A. Stagner, ‘‘Chemical Re* 
fining of Petroleum.*' The Chemical Catalog Company, Inc., New York, 1933 fA.C.S. Monogr.iph 
.Series). W. 1,. Nelson, “Petroleum Refinery Engineering,” McGraw-Hill Book Company, Inc., New 
York and London. 1936. 

>•* The instruments used in the control of oil-refining operations and their maintenance have l>een 
described by A. C. Proctor and G. EglofT. Froc. 6ih Mid-Year Meeting Am. Petroleum Inst, Sect. 

HI, 1936, 17M, 47; Oil fr Gas J.. 1936. 35 (3). 43, 46. 48, 50; Refiner, 1936, 15, 225; Chem. Abs., 

1936. 30, 7318; J. ln.it. Pei. Tech., 1936, 22, 346A. 



CHEMICAL NATURE OE PETROLEUM AND NATURAL GAS 2^) 


hinall amounts.The relative proportions of these various classes of hydro¬ 
carbons in gasolines from different crude oils vary widely^’*- As a rule, however, 



Courtesy Industrial and liuijinci'i iuq Chemist f y 

I'lc. S.—Diagrammatic Sketch of 2-'taRe X'acmim-distillation Unit for IVmi>vlvauia 

Crude. (G. Kgloff) 


m The compot^iiion «f (PernO petroleum has l>ccn discussed by X. D. Zclinsfci and J. R, 

I ur’ev (Brennstoff them., IVJl.t. 14. 347; Bnt. Chrm. Ahs. B, 1933, 94S; C hetn. Ahs., 1*\34. 28, J99) 
and by D. M, Marko and I. I. Lapkin {Bull. inst. recherehes hoi. nmt. Petm, 193J. 8. 14>; Bnt. 
them. Ahs. B, 1933, 995; Chrm. Ahs . 1''33. 27. 4063). A. Sakhanov and K. Virabvantz {lirdol u. 
Tttr, 1933. 9, 170, 187, 202, 220; Brit. Chrm. Ahs. B, 1934, 51) describe the analyses of nunieious 
Russian petroleums, and the properties of North Cerman crude oils arc given bv G. Kcppclcr (Petro¬ 
leum Z., 1933, 29 (37), 6; Brit. Chem. Abs. B. 1933. 948: Chem. Abs., 1934. 28. 618). Anahses of 
Italian petroleums and straight-run gasolines are supplied by A. Campa (C7iim. ind. ajyr. bioi., 1933, 
i Abs., 1934, 28, 2167), and Rumanian petroleums and gasolines have l)een examined by 

T. Cosciug (Ahh. Sri. univ. .lossy. 1933. 18. IIS. 41,'; Bnt. Chrm. Ahs B. 1934. 83; CVirm. .^hs.. 1934. 
28, 5641), E. E. Casimer (Petrolrum Z., 1934, 30 (44), 1; Brit. Chrm. Ahs. B, 1934, 1044; J. Inst 
let. Tech., 1934, 20. 567A; Chrm. Ahs.. 1933. 29. 2700) and hv V. Cerche/ (Ori u. Kohfr. tiJv 
JL 474; /. Inst. Pet. Tech., 1935, 21. 336A; Chrm. Abs., 1935, 29, 8300; Brit. Chrm. Abs. B. 1935, 
886 ). 

*“See Carteton Kllis, “The Chemistry of Petroleum Derivatives,’* The Chemical Catalog Co., 
Inc.. New York. 1934. 
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the paraffin hydrocarbons always constitute a considerable proportion of most 
straight-run gasolines, especially in the lower-boiling fractions. 

The usual analytical methods suffice to give a rough quantitative picture of the 
relative proportions of paraffinic, naphthenic and aromatic hydrocarbons in gaso¬ 
lines. The procedure generally adopted involves removal of the aromatics by the 
aid of sulphuric acid (which exerts a preferential solvent action on these hydro¬ 
carbons), followed by a determination of the aniline point of the remainder to as¬ 
certain the proportions of paraffinic and naphthenic constituents. 'Fhe detection 
and isolation of individual hydrocarbons from gasoline fractions is, however, a 
much more complicated task and demands elaborate equipment and careful 
technique, 

Prolonged fractionation into relatively narrow cut> is generally adopted as 
preliminary to the isolation of individual hydrocarbons from gasolino. Much 
information has been accumulated by the investigations of the Bureau f)f Mines 
and A.P.I. Research Projects, and a large number of pure hydrocarlxms liave been 
isolated from the gasoline fractions of Mid-Continent crudes.^Distillations 
were carried out in a bubble-cap fractionating column fitted with automatic pres¬ 
sure control. Separations were assisted by the use of reduced pressure (down to 
0.0001 mm. mercury) owing to the fact that the vapor pre>sure-temf>erature curves 
of a paraffin and naphthene, normally boiling at similar temperatures, cross each 
other so that the relative volatilities of these two classc'^ of Indrocarlions can be 
varied by altering the pressure.' 

Two types of constant-boiling mixtures were encountered in this work. .\ 
group of hydrocarbons having nearly identical boiling (mints often form a sub¬ 
stantially constant-boiling mixture of the “true-solution” class, .'such a combina¬ 
tion cannot lie sefiarated by fractionation. Other ty|K*s were the azeotroiies. having 
a minimum or maximum boiling point and always associated w iih the (iresence of 
aromatics. Removal of the latter hydrocarbons obviated this formation.'*’*' In 
order to break up these constant-boiling mixtures, various metliods were em(>loyed. 
including fractional crystallization with or without added solvents, fractionation 
by extraction with aniline or lifiuid sulphur dioxide, distillation in the presence of 
an alcohol or acetic acid or at low pressures and cliemical methods such as nitra¬ 
tion and sulphonation. 

Aromatic hydrocarbons can be separated from gasolines or close-lK>iling dis¬ 
tillates of gasolines by the use of certain selective solvents, such as liquid sulphur 
dioxide'®^ or )9,/?''dichlorodicthyl ether.^-''* Extraction with 97-09 per cent sul¬ 
phuric acid is said to eliminate about 90 ()er cent of the aromatic compounds of 
which 50-90 per cent can l>e recovered by dilution of the acid layer and distillation 
with superheated steam at 140 to 210®C.*^® Fractionation into i)arrow cuts fol- 

See f’haptrr 50. 

S'* R. T and J. P. VVhitr, J. Rctearch !^at!. Hur, Standardt. 19,V5, 15. 211 TRc%r.ircl» P.iIht 

H24;; Chrm. Ahs., 29. 8.^00; ./. Imt Pet. Tech., 1935. 21. 4-I8A. K NV. W.-i^hhurn. Am. /V 

troleum Intt. Pror. 14th Ann Mrrtinn. 19.3.1, 14 (3), 111; Chrm. Ahs., 1934, 28. 38/7; J. Inst. Prt 
Trrh., 1934. 20. 308A. F. P. Ro^^ini. Oil fir Cat /.. 193.5, 33 (52), f,l, hj. (.4,^73; CArm. Ahj , 
193.5. 29, 6410; J. Inst. Pci. Tech., 1935. 21. 256.\, 

‘“Thr »d\anta((en of the uv; of hifth v.'icunm in distillation, particularly rcitardu lrn« crackinu 
and olefin formation, are deacribed hy N. Panada and R. Verona (Pvl. chim. soc. rnmdnr ehim.. 1932 
35, 37; Chrm. Abs.. 1934, 28. 3567; Brit. Chrm. Abs. B. 1934, 438; /. fnst. Pet. Tech., 1934. 20. 
2.19 A) 

***The existence, at atmospheric preMure. of a conttant-hoilinR mixture of acetylriir and ethane ha* 
heen reported hy \V. A, McMillan (/. A. C. .V, 193f>. 58. 1 145; (hem Ahs.. ivu*. 30. (C02: ^ huf 
Pet Tech., 1936. 22, 436A). 

*•1 For example, ace V. T. Cercher, Bull. Soc. Chim. HomAnia, 1934, 16, 31; Brit. Chrm. Ahs B. 
1936. 6. 

Calle. R. Klatt and W. Friedl. Petroleum 1935. 31 f361, 1; /. Inst. Pet. Tech.. 19.15, 
21, 405A; Chrm. Ahs. 1936. 30, 1356; Bnt. Chrm. Ahs. B, 1915. 980, 

^■•R. A. Viroliyantz. /Vr/r Khoe.. 19.11. 25. 160; (hem. Ahs., 1934. 28. 3227; Btit. them. Ahs. 
B, 1934. 820; J. lust. Pet. Tech.. I9J4. 20. 4I5A. 
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lowed by nitration or broniination has been employed by Cosciug**^^ in the exami¬ 
nation of the aromatic hydrocarbons in Rumanian petroleums. Separation of pure 
benzene from a narrow fraction of Shukkoko (Japan) crude oil has been achieved 
by Mizuta'**^ by repeated fractionation and crystallization at low temperatures. It 
has been found by Mair and White^®- that silica gel exercises a preferential ad¬ 
sorptive power towards aromatic and olefinic hydrocarbons, which can thus be 
removed from parahin and naphthene hydrocarbons. The gel shows a slight 
tendency to adsorb naphthenes in preference to paraffin hydrocarbons, while a 
slight separation of /i-paraffins of different molecular weights was also observed. 
'I'his same agent has l>een employed to remove aromatic hydrocarbons from ethyl- 
cyclohexane isolated from petroleum.The use of various adsorbents in the 
pmiheation and rchning of petroleum products has been investigated by Du- 
bri^ay.^*^*^‘ 

Segregation of naphthene^ fr(jm paraffin hydrocarbons is a matter of considerable 
difficulty. Certain selective solvents have been suggested, some of which are dis¬ 
cussed later in this chapter. According to Galle, Klatt and Friedl^®^ no separa¬ 
tion is effected by the use of )3,/^-dichlorodiethyl ether. Low temperature frac¬ 
tional crystallization from a mixture of liquid propane and methane^®^ and also 
from dichlorodifluoromethane^®® has been advocated particularly for the isolation 
uf pure naplitlKMU s from irasr»line fractions also containing paraffins. Cdacial aceti*' 
acid has been employed effectively in operations involving fractional distillation. 
I'ive- and six-memhered naphthenes in straight-run gasolines can be identified and 
determined by caial\ti(' deli\’drogenatinn (to the corresponding aromatics) in the 
presence of platinum or palladium, according to the Zelinskii method.'®^ An 
analogous procedure has licen applied to various fractions of Surakhany gasoline 
by Zelinskii and Shuykin.^^'* using nickel and platinum catalysts. 

Paraffin Hydrocarbons in Gasoline Fractions. For the isolation of 
normal paraffin hydrocarbons from admixtures with isoparaffins, advantage is often 
taken of the suj)crior chemical activity of the latter (particularly those containing 
a tertiary carbon .ttom ) tow.inK ^nch reagents as chlorosulnh<’>nic acid, antimony 
pentachloride and nitric acid. The isolation of the normal paraffins, hexane to 
decane, from fractions of various Russian gasolines was accomplished by \'iro- 
byantz and Gabrielyant/’"^' b\ empbning 98 per cent ‘Sulphuric acid (to eliminate 
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more reactive hydrocarbons), followed by repeated treatments with chlorosulpnonic 
acid at temperatures ranging from S5®C. in the case of hexane to 105®C. for 
octane, nonane and dccane. In the preparation of n-heptane from a shale oil gaso< 
line, Orlov and Ivanov^*^^ employed antimony pentachloride, a reagent known to 
attack tertiary paraffins at ordinary temperatures. The same reagent has been em¬ 
ployed to identify tertiary paraffins in Surakhany straight-run gasoline, but the 
reaction is said to be inapplicable for exact analysis. 

A method for the examination of gasolines by the aid of their Raman spectra'^® 
has been proposed by Andant.^^^ This method does not permit the immediate iden¬ 
tification of all the hydrocarbons present in a gasoline, owing to the similarity of 
the spectra of hydrocarbons of the same group. However, it often leads to a 
precise knowledge of the chemical groups present. By applying this procedure, 
Andani'*^ examined several gasolines and obtained evidence that paraffins, naph¬ 
thenes and aromatics were present, the proportions depending upon the particular 
gasoline considered. The near infra-red absorption spectra of a number of pure 
hydrocarbons have been studied by Liddel and Kasper. 

Of the paraffin hvdrocarl)ons. the following have been shown to be present in a 
distillate, boiling between 55 and 145°C., of an Oklahoma petroleum: 2,3-dimethvl- 
hutane, 2- and 3-methylpentanc, n-hexane, 2.2-dimcthylpentane, 2-methylhexane. 
ff-heptane, 2-methvlheptane, ff-octane. From the porticni l)oiling between 145 and 
180®C. of the same pctroleimi. n-nonane and n-decane were isolated.The nor¬ 
mal parafiins from he.xane to decanc have been isolated from appropriate fractions 
of Grozny mixed-l)ase and Maikop gasolines by Virohyantz and Gabrielyantz.*^** 
and H-liexane and n-heptane, with some cycloparaffins and aromatics, have iKcn 
identified in llodonin (('zeclioslovakia) cru<le oil by Landa, Machacek and 
Mzourek.^"^ By careful fractionation and examination of the various cuts, Tong- 
herg, Quiggle and Fenske*'^^^ have shown that Michigan straight-run gasoline con¬ 
tained a greater proportion of n-paraffins and aromatics than Pennsylvania straight- 
run gasoline. Tiic latter, however, is richer in branched-chain paraffins. Accord¬ 
ing to Leslie,2-mcthylheptanc and iso-octane are present in a fraction (of a 
Mid-Continent petroleum) which boiled between 115 and 124°C. Nonane (and 
2-nonene) lias been isolated from a cut of I'ushun shale oil distilling at 133- 

^ N. .'\ Otiov and 1. Z. Tvanrv. K/n'm. TffrJoffo Tot>tira. 1034, 5, 788; /. Insi. Pet. Tech,, 
1936, 22, 8SA; Chem. Abs., 19.15. 29. 762M; Brit. Chem. Ahs. B. 19Jf*. 1188. 
f’. ran>utin aiirl E. Kirsanova, Khim. Tverdogo Topliva, 1935, 7, 801. 

A <ictailr»! account of the .ipphcation of Raman effect in petroleum chemistry is given by J. 
IhMien, Ind. Lug. Chem., 1934, 26. 646; them. Abs., 1934, 28, 4311; BrU. Chem. Abs. B, 1934, 662; 
J. Inst. Pet. TtcU., 1934, 20, 483A. For illustrations concernitiK the use uf K.iman .nicctra in 
petroleum analysis, see Chapter 50. 

‘•♦A. Amlant. Chtm. iml , 1911. 29, .Spec. No.. 480; Brit. Chem. Ahs. B. 1934. 132. 

‘'»A. Amlant. Chim. & md., 1931. 30. 1»>11; Chem. Ahs , 1934, 28. 2170. 
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19 U, 20, 3.S8A; Chem. Ahs.. 1934. 28, 4873. 

<). TonirUriK. I). (jnlftKle .and M. R. Fenske, Ind. ling. Chem., 1936, 28, 201; Chem. Abs., 
1936. 30. 2736; J. Inst Pet. Treh.. 1936. 22. 15#>A; Brit. Chem Abs. B, 1936, .107. Small scale frac- 
ti'ui.atiiiK ronipment ban been dr-cril>ed by H. T. Rail and II. M. Smith (Ind. Eng. Chem.. Anal. Ed., 
1934. 6. 373; Brit Chem. Ah.t. B. 1931. 1044; Chem. Abs., 1934, 28, 7496; J. Inst. Pet. Tech., 1935. 
21, 50A>, (). Ton^jberg, I). (Jiii^kIc and M. R, Fennke llnd. kng. Chem., 1934, 26, 1213; J. Inst. 

Pet. Ie,h.. 1934. 20. t.09.\; Brit. Chem. Ahs. A, 1935. 59; Chem. Abs.. 1935. 29. 1), M. R. Fennke. 
r. O. TonKbrrt:. lb Oo'KkIc and I). .S. Cryder (Ind. Eng. Chem., 1936. 28, 644; Chem. Abs., 1936. 
30. 472S; /. luH. !>rt. tech.. 1936, 22. 442A; Brit. Chem. Abs. B. 1936, 768) and A. Rose (Imt. 
Unit Chem., 19 tp. 28. 1210; Chem. Abs.. 19.16. 30. 7389), 
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3,3-Dimethylheptane and 3,3-<liethylpentane are believed to exist in 
minor proportions in this latter distillate. White and Rose^^ have utilized glacial 
acetic acid in the separation of an isononane from an Oklahoma petroleum by frac¬ 
tional distillation. 

Naphthenic Hydrocarbons in Gasoline Distillates. The monocyclic 
naphthenes in straight-run gasolines are usually mixtures of both cyclopentane and 
cyclohexane hydrocarbons. Evidence for the occurrence of cycloparaffins with 
three- or four-membered rings is lacking although the presence of cycloheptane 
hydrocarbons in some petroleums has been inferred from spectroscopic data.^^^ The 
relative proportions of cyclohexane and cyclopcntane hydrocarbons in a number of 
Russian straight-run gasolines have been determined by Sakhanov, Doladugin and 
Egorova,'^*''* using the catalytic dehydrogenation method of Zelinskii. In prac¬ 
tically all the crude oils investigated, the maximum content of cyclohexane homo- 
logues occurred in the fraction boiling at 95-122‘^C. The gasoline fractions of Baku 
crude oil contained up to 50 per cent of cyclohexanes, which was greater than that 
of cyclopentanes. 

Zelinskii and Schuykin'*^^^ observed that fractions of Surakhany gasoline (boil¬ 
ing between 75 to 105°C. and 105 to 125°C.) contained about 53 per cent (by 
volume) of hydroaromatic hydrocarbons which could be dehydrogenated (over 
nickel deposited on alumina) to aromatics. Higher-boiling cuts, up to 140°C., also 
possessed a large proportion of hexamethylcne (and other naphthene or cyclane) 
derivatives. Analyses of the latter fractions, as given by these investigators, are in 
Table 7. The toluene fraction, boiling at 100.5-110.5®C., of Maikop gasoline was 

Table 7.- of Fradions of Surakhany Gasoline. 

Per Cent by Weight 

B. P. of Fraction Aromatic Cyclohc.xane Other 

°C. HydnK'arhons Hydnx'artxms Cyclanes Paraffins 

118-120 . Alxmtl.O 56 2 15.5 27.3 

120-124. 1.7 56 9 15.7 25.7 

124-130. 4 0 54 3 20 0 21 7 

130-140.. 5 0 44 6 23 2 27.2 

found by Maslov and Kozuireva'^" to contain 33 per cent of cyclohexanes and 21 
per cent of cyclopentane hydrocarbon'^. Le.^lie'''^ reports the presence of two 
octanaphthenes in the fraction of a Micl-C'ontinent petroleum distilling l^etween 115 
and 124°C. In the portions of l*ral (Perm) petroleum boiling at 150-240°C., 
examined by Zclin.skii and Yur’ev,'^^^ the proportion of cyclohexane hydrocarbons 
was about the same throughout, but the content of saturated cyclic compounds in¬ 
creased with the boiling range. 

Of the livc-membered nai)hthenes. cyclopcntane has been found in Hodonin 
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(Czechoslovakia) petroleum.Methylcyclopentane and dimethylcyclopentane 
have been isolated from Oklahoma strais:ht'run gasoline'*^* and recognized in 
Montechino (Italy) crude oils.'®*“ The nonanaphthene, boiling at 136.65°C., ex¬ 
tracted from an Oklahoma crude oil by W hite and is considered likely to 

be a cyclopentane derivative. 

Cyclohexane has been identified as a constituent of the crude oil of Monte- 
chino^®® and of Mid-Continent petroleum.'^-*" It is also present, along with methyl- 
cyclohexane and dimethylcyclohexanes, in Hodonin j)etr()leum’‘'^ and in Surakhany 
(Russia) straight-run gasoline.The dimethylcyclohexane obtained by Leslie^®^ 
by fractional distillation and crystallization of the fraction, boiling near 120.5°C., 
of a Mid-Continent petroleum was mainly the meta-compound admixed with a 
little of the para form. A jiortion of Surakhany gasoline boiling between 115 and 
125®C. was stated to contain 1.2-, 1,3- and 1,4-dimethylcvclohexane.'^*^^* A fraction 
of Baku petroleum which boiled in the range of 135-138°C\ was said to furnish 
1,2- and 1,3-dimethylcyclohexane as well as l-methyl-2-ethyI, l-methyl-3-ethyl and 
l,2,4-trimethylcyclohexane.*^^^'‘ Kthylcvclohexane has been obtained from the same 
petroleum by a laborious prf)ce(iure involving rej^eated fractional distillation, crys¬ 
tallization from propane and methane, filtration through silica gel and distillation 
with acetic acid.^®^ The existence of 1,3-5-trimethylcyclohexane in Hodonin 
(Czechoslovakia) oil is reported. 

Aromatic Hydrocarbons in Gasoline. Aromatic hydrocarbons so far 
identified in Mid-Continent straight-run gasolines are benzene, toluene, ethylben¬ 
zene, 0 -, w- and /^-xylenes and the three trimethylbenzenes.’®® Benzene, xylene, 
mesitylene and naphthalene have been found in the gasoline fractions of Hodonin 
(Czechoslovakia) petroleum.Benzene, which is also present in some Italian 
j)etroleums,-®^ has been isolated in pure form from Srhnkkoko (Japan) crude oil 
by Mizuta^®^ and from a Grozny petroleum fraction boiling below l()5'"C.'*^^^'* Frac¬ 
tionation of a toluene fraction of the latter petroleum in a discontinuous fractionat¬ 
ing column furnished toluene of al)out 50 i)er cent purity. It was believed that a 
purity of 70 p<^ cent should be possible with 25 actual [)la^es.“‘^‘* The presence of 
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///-xylene in a low boiling cut of a Fushun shale oil has been shown.^'^^ Mizuta^^® 
has separated o- and /^-nitrotoluene from mononitrotoluene prepared from the gaso¬ 
line fraction of Shukkoko crude oil. Also, from the same crude, ethylbenzene and 
the three xylenes were i'^olated.-^" C'osciug-^® has identified the following aro¬ 
matic hydrocarbons in the fraction, boiling at 40-2WC. at 27-28 mm., of Rumanian 
petroleum: toluene, the three xylenes, 1,3,5-trimethylbenzene, 1,3-methylethylben- 
zene, /cr.-butylbenzene, pseudocumene, 1,2,3,4- and 1,2,4,5-tetramethylbenzenes. 
The distribution of aromatic hydrocarbons in several Rumanian gasolines has been 
studied by Cerchez.-*^** 

An interesting hydrocarbon, adamantane, has been isolated from Hodonin 
(Czechoslovakia) crude oil fractions. Its structural formula, shown below, indi¬ 
cates it to be probably the lowest member of a scries belonging to the tricyclodecane 
group.-^® 
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The most important characteristic of kerosenes is their burning quality, a 
property which is adversely affected by the presence of asphaltic compounds, sul- 
phur and halogen compounds. An increase in the illuminating power of kerosenes 
results from increasing aromatic liydrocarbon content. Treatment of kerosenes for 
the removal of the^e deleteriou> constituents has been described by Critchlev.^^^ 
the usual refining agents being sulphuric acid or liquitl sulphur dioxide. Fuming 
sulphuric is recommended for asphaltic kerosenes, but weaker acids are sufficient 
lor the paraffin-base oiN. In the h'.deleanu process involving solvent extraction 
with li(juid sulphur dioxide at low tem])eratures, the dioxide exerts a preferential 
solvent action on aromatic and unsatiirated hydrocarbons as well as on sulphur 
compounds (including mercaptans, disulphides and cyclic sulphur-containing 
bodies). Most paraffin hydrocarbons are practically insoluble in this solvent. The 
color reversion often encountered in kerosenes may lx* caused by oxidation of 
phenolic constituents and probably cyclopentadienc and unsaturated naphthenes. In 
some instances, particularly with unrefined kerosenes, amino compounds may also 
he involved. The sulphur dioxide extract, obtained as described above, may be 
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hydrogenated to furnish a solvent for insecticidal compositions.-^^* The extract, 
when freed from the dioxide, is said to have a solvent power of 2.3 per cent for 
rotenone and rotenoids. Hydrogenation is reported to increase the solvent action 
to 7.2 per cent. 

The presence of naphthene hydrocarbons in kerosene distillates has been shown 
by the work of Wenzel and Weiser, previously mentioned. These investigators 
prepared cuts of narrow boiling ranges and corresponding to hydrocarbons having 
13 to 28 carbon atoms per molecule, and studied the oxidation products therefrom. 
As pointed out before, Zelinskii-'- obtained evidence for the occurrence of cyclo¬ 
hexane derivatives (by dehydrogenation of kerosene fractions) and also of par¬ 
affins. The isolation of pseudocumene, mesitylene and hemimcllitine from the sul¬ 
phur-dioxide extract of kerosene (from Oklahoma crude oil) is described by Mair 
and Schicktanz.-'^ 

The kerosene fraction, boiling between 150 and 250°C.. of a Ural crude oil has 
been shown by Zelinskii-*^ to contain rnonosubstituted aromatic compounds in the 
225-240°C. cut, but not any trace of decahydronaphthalcne. Naphthalene and 
)3-methylnaphthalene have been obtained from Rumanian oil fractions boiling be¬ 
tween 100 and 112°C. by treatment with a concentrated ethereal solution of picric 
acid, causing the picrates of these hydrocarbons to be precipitated.^'® 


Higher Petrolei m Fr.vctio.ws 


Although the lubricating oil fractions of petroleum have received intensive 
study from the viewpoint of their physico-chemical characteristics, including vis¬ 
cosity-temperature relationship, oiliness and suscei)tibility to oxidation, very little 
advance has been made in the knowledge of their chemical nature. However, the 
preliminary results of an investigation of the characteristics of the hydrcKarbons 
in lubricating oil fractions of Oklahoma petroleum is reported by Mair, Schicktanz 
and Rose.-'® The distillates were extracted with liquid sulphur dioxide, crystallized 
from ethylene chloride and fractionally distilled in order to separate asphaltic and 
resinous matter, wax and water-white fractions, respectively. It appears likely 
from the results obtained that this oil can be separated by distillation into constant 
boiling fractions which can f)e separated, in turn, into hydrocarbons of different 
types by one of the other physical methods available. 

The aromatic constituents, extracted from an American asphalt-base spindle 
oil by liquid sulphur dioxide and subsef|uently fractionated under reduced pressure, 
have been studied by Zerl>e and Folkens.^'^ Examination of the absorption spectra 
of the fractions showed that those of lower Iwiling point consisted of substitutc<l 
derivatives of naphthalene (and possibly benzene) and those of higher boiling 

A, Mikr^ka, L’. S. P. 2,066,184, Dec. 29, 1936, to .Standard Oil Dcvrlopnirnt Co.; Chtm. 
Abs., 1937. 31, 1151. 

*^N. 1). Zclin»kii. Fordon Petroleum Tech., 1933, 1, 27, 51; Chem. Abs., 1934, 29. 1177; Brit. 
Chem. Abs. B, 1934, 486. 

B. J. Mair and S. T. Schicktanz, J. Res. Natl. Bur. Standards, 1933, 11, 665; Chem. Abs., 
19.14, 28. 1847. 

•*4 N, D. Zelinnkii. Acad of .Set. of r,.S.S.R. Trans, of the June Session dealing with the problems 
of the Vral-Kuznetsk district. Petrograd, 1932; Foreign Petroleum Tech., 1933, 1, 27. 51 ; Chem. 
Abs., 1934. 28. 1177; Brit. Chem. Abs. B. 1934. 486. 

*«T. CoiciuK. Petroleum . 1935. 31 (41 ). 5; Brit. Chem. Abs. B. 1935, 1081; J. Inst. Pet. 
Tech.. 1935, 21. 446A; Chem. Abs.. 1936. 30. 2733. 

**• B. J. Mair, S. T. Schicktanz and F. W. Ro»e. Jr., J. Research Satl. Bur. Standards. 193.5. 15. 
557; Chem. Abs.. 1936, 30, 1985. B. J. Mair and S. T, Schicktanz. Ind. F.na. Chem.. 1936. 28. 
1446; Chem. Abs., 1937. 31, 1188. J. Researeh Natl. Bur. Standards. Research Paper 953. 1936. 17. 
909. See al«o E. W. Washburn. Nat. Pet. News, 1933, 25 (51. 29; /. Inst. Pet. Tech., 1934. 20. 
171 A. M. R. Cannon and M. R. Frnnke (Paper presented liefore the Petroleum Division of the 
A.C.S. at Pittsburtrh on Sept. 7-11. 1936) have ahown in a general way the tv^>e» of products ob¬ 
tainable by a combination oi di.stillatinn and solvent extraction processes as applied to the study of 
tbe composition of lubricating oil fractions. 

Zerbe and K. Folkens. Brennstaff Chem., 1935, 18. 161, 208; Brit. Chem. Abs. B, 1935 615; 
/. Inti. Pet. Tech., 1935, 21. 300A; Chem. Abs., 1935, 29, 5643. 
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points were derived from phenanthrene and higher polycyclic aromatics. This was 
also confirmed by the production of the parent aromatic hydrocarbons (benzene and 
naphthalene) by controlled pyrolysis. The latter operation was effected in a tinned 
iron tube in the presence of hydrogen, de-alkylation being apparently an important 
reaction under these conditions. 

The oiliness, or friction-reducing, property of natural lubricating oils has been 
subject of much investigation,but it is still uncertain to what extent this char¬ 
acteristic is dependent upon non-hydrocarbon materials present in the oil. Ward- 
ner-^^ extracted petrolatum and lubricating oil from Pennsylvania long residuum^^o 
with acetone and obtained insoluble portions which he termed “proto-petrolatum’* 
or “proto-oil,” having highly developed lubricating properties and consisting of 
unctuous, viscous hydrocarbons of high molecular weight. It was thought by 
VVardner that these hydrocarbons might be responsible for the accredited “oiliness” 
of Pennsylvania oils. 

A number of workers have attempted to correlate various data on the physical 
properties of lubricating oils. For example, Keith and Roess--^ prepared a series 
of curves with which the molecular weight of higher petroleum fractions may be 
predicted from a knowledge of their viscosities at 100°F. and 210°F. Mair and 
Willingham-’-'^ noted that the solubility relations of derivatives of monocyclic aro¬ 
matic hydrocarbons are similar to tho‘'e of naphthenes with 5 or 6 rings per mole¬ 
cule. With this in mind. Mair and Willingham believe that if such aromatics are 
present in the lubricant fraction, solvent extraction processes (known or used up 
to 1936) are discarding these along with the less desirable naphthenes. This topic 
is, according to these investigators, also of practical importance because such aro¬ 
matics have viscosity characteristics as good as the best naphthenes besides possess¬ 
ing desirable oxidation qualities. 

From their observations, Dunstan and Thole---^ state that the true lubricant is 
an unsaturated compound : and, they maintain that unsaturation has. in general, the 
effect of raising viscosity. Their belief is that a lubricating oil should contain a 
certain proportion of unsaturated hydrocarbons and as large a proportion as is 
compatible with not too much susceptibility to oxidation, polymerization, gumming 
and reactivity. Wiggins-’-'* reviewed the available data on the chemical constitu¬ 
tion of hydrocarbons and concluded that the aliphatic hydrocarbons have low 
viscosities in relation to the number of carbon atoms in the molecule, and that the 
viscosity-temperature stability increases with chain-length and decreases with 
branching. Hydrocarbons containing simple cyclic structures have higher viscosi¬ 
ties, for a given molecular weight, and also good viscosity-temperature characteris¬ 
tics: whereas, the introduction of polycyclic groups markedly increases the viscosity 
hut reduces the viscosity-temperature stabilities. 

"•S. Kyropoulos, Physik. 7. , 1928. 29. 942; Chfm. 1929. 23. 1794; 7. f>hxsik Chem.. 1929. 

144, 22: Chem. Ahs., 19.10. 24, .Vl.Sl. World Petroleum Couotrss. 19.Vt 2, 191; JRn'f ('/irm. .-ihs. B, 
19.14. 91S. ReHuer, 1916. 15. 2^9; ./ /ttff. Pet. Teeh.. 19.U,. 22. 4llA. O. Rrulpenun. Physies. 
1914, 5, 125; Chem. Abs., 1914. 24. 4888. M Nott.npe, Dept .Vrj Ind. Research. I uhneatiou Research. 
Tech Paper Xo. 2. 1934: Brit. Chem. Abs. B. 1915. 212 Reviews of luhncanls and lubrication have 
hern contributed hv A. R Bf)wen (2. Inst Pet Tech.. 1914, 20, 419; .t Inst. Pet. Tech.. 1‘J14. 20. 
408A) and ST.M.'Auld (.1. hurt. Pet. T'-eh . 1915 21, 1/9; .f. Inst Pet. Tech.. 1915. 21. 108A^. 

"•G. A. VVardner. OH & Gas 1914, 32 (27). 12; /. Jnst. Pet. Tech., 1914. 20. 24sA. 

I.ontr residuum is a term employed to designate the re«^idual oils from paraffinic crudes. See 
V. A. Kalichevsky and B, A. Stagner, "Chemical Refining of Petroleum,*’ The Chemical Catalog Co.. 
Inc . New V’ork 1933. 

*** J. R. Keith and L. C. Roes*. Paper presented before the A.C.S. at Pittsburgh on 5>cpt. 7-11. 
1916. 

B. T. hf-'ir and C. B. W’illingham. Paper pre«;ente<l before Petroleum Divi^iion of the A.C S. at 
Pittsburgh on Sept. 7*11. 1936. Ind. Ettg. Chem., 1916. 28, 14.52; CArm. Abs., 1937. 31, 1188. /. Re¬ 

search ,Xatl. Bur. Standards, Research Paper 954, 1916. 17, 921. 

**■ A. K, DtinM.tn and F. B. Thole. /. Inst. Pet. Tech., 1918. 4. 191; Chem. Abs., 1918, 12, 1596- 
1919. 13, 511; f.SC.r,, 1918. 37. 291A. 

*•* VV. R. Wiggins, /, Inst. Pet. Tech., 1916, 22, 105; /. Inst. Pet, Tech., 1916, 22. 297A; Chem 
Abs., 1916. 30, 5400. 
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A large number of synthetic alkyl derivatives of benzene, naphthalene and 
biphenyl have been studied from this viewpoint by Mikeska,^25 some of whose 
conclusions may be briefly summarized as follows. For hydrocarbons of a given 
molecular weight, the greater the complexity of the ring system, the higher is the 
viscosity. A long paraffinic side chain increases the viscosity index of a given 
hydrocarbon to a greater degree than several shorter side chains of the same 
total number of carbon atoms. Straight side chains are more potent in increasing 
the viscosity index than are branched chains. The viscosity index of a given 
aromatic or naphthenic hydrocarbon increases as the ratio of paraffinic to naph- 
thenic or hydroaromatic carbon atoms is increased, provided the number of side 
chains remains unchanged. 


F*araffin Wax 


This substance is obtained on a large scale by refrigeration of wax-bearing 
distillates (admixed with a diluent) followed by filtration.--** The slack wax so 
obtained is then subjected to a sweating (or partially liquefying) operation, 
whereby entrained oil is removed. The unmelted residuum is designated crude 
scale wax. The latter probably consists mainly of paraffin hydrocarl)ons. For 
example, a series of paraffins isolated by Sakhanov, Zherdeva and Vasil’ev--^ 
from Grozny paraffin-base crude oil had melting points varying from 28.3°C. to 
71.3°C. anci elementary compositions corroponding to and C' 3 -H 7.2 re¬ 

spectively. Nanietkin and Nifontova--^ examined a German brown-coal paraffin 
and foun<I it to have an average composition of They report the s|)eci- 

men contained no more than 10 per cent of isoparaffins possessing the formula 

A white paraffin wax obtained from Pechelbronn by fractionation in a catluxle 
vacuum was found by Yannaquis--® to crystallize in two distinct modifications: a 
triclinic form appearing as separate crystals or as a network, and a rnonciclinic 
form separatiijig as fibrous needles. F'rom X-ray diffraction observations, Yan- 
naquis concluded that the needle-like variety consists of open-chain paraffins with 
short branches and the triclinic form is probably composed of saturated cyclic 
hydrocarbons with long chains.The presence of naphthenic hydrocarbons in 
refined solid paraffins is confirmed by the work of Muller and Pilat.^^* They de¬ 
termined carbon-hydrogen ratios corres|)onding to CnHo„,,, CnH 2 „, f'i,H 2 n .2 
and C„H 2 n -3 m waxes melting at 76°C., 63°C., 57®C. and 50°C. respectively. A 
cyclic constitution for the fractions with a smaller hydrogen content was also 
indicated by the steeper slo|)es of their temperature-viscosity curves.-^- 

«»L. A. Mikc^ka, Ind. Enn. Chem., 19.16. 28. 970; Chem, Ahs., 1936. 30. 617H; J. lust. Pet. Tech., 
1936, 22, 454A, Sre also ( haptcr .SO. 

®*The effect of various f>rectpitatinfr conditions on the structure of w.ax separ.ited from the propane 
solutions of waxy Mid-Continent long residuum has been determined to establish optimum filtration 
rates <j\. P. Anderson and S. K. Talley, Paper presented before the Petroleum Division of the A.C.S. 
in Pittsburgh on Sept. 7-11. 1936). 

A, N. .Sakhanov, L. E. Zherdeva and A. N. Vasil'ev, Nat. Pet. Xnvs, 1931. 23 (17). 67; Chem. 
Abs.. 1932, 26. 586. 

**• S. S. Nametkin and S. S. Nifontova. /. Abb^icH Chem. ((_' .S.S.R.), 1936. 9, 462; Brit, Chem, 
Abs. B. 1936. 627; Chem. Ahs.. 1936, 30. 7818. 

Yannaquis, Ann, combustible Hquides, 1934, 9, 295; J, lust. Pet, Tech., l‘)34. 20, 4.SIA; Chem. 
Abs.. 1934. 28. 6288. 

^ A number of htch molecular-weight isoparaffins have been synthesized by H. Guida and R. 
PUnckh. Ber., 1933. 66B. 144.5; Chem. Abs., 1934, 28. 463; Brit. Chem. Ahs. A. 1933. 1270. 

Mfiller and S. Pilat, Nature, 1934. 134. 459; /. Inst. Pet. Tech., 1934. 20, 569A; Chem, Abs,, 
1934. 28, 7506; Brit. Chem. Abs. B, 1934, 996. 

A. Berne-Allen. Jr. (Dissertation submitted to the Faculty of Pure Science of Columbia Uni* 
versify. 1936) made an extensive study of the solubility of refined paraffin waxes in {>etroieum fractions. 
J. W. Poole and T. A, Mangefsdorf (Ind. Eng. Chem., 1932, 24, 1215; Chem. Ahs., 1933, 27, 405; 
Brit. Chem. Abs. B, 193.1, 7) determined the solubilities of oil and waxes in organic advents. Specific 
refraction of commercial waxes in the liquid and solid states has been measured hy j. M. Page, Jr. 
(Ind, Eng. Chem., 1936. 28, 586; Chem. Abs., 1936, 80, 6176; J. Inst. Pet. Tech., 19.16, 22. 408A). 
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Opinions are rather divergent regarding the nature of the crystalline forma¬ 
tions in wax, both needles and plates having been observed.-^^ It is generally 
agreed, however, that good crystallization is inhibited by the presence of certain 
impurities which coat the small crystals <ind prevent their further growth. Ac¬ 
cording to Fussteig.-’^ the so-called amorphous paraffins are small crystals coated 
with other substances, possibly of an asphaltic nature. Treatment with an alco¬ 
holic phenol solution is said to remove the coating and permit formation of 
needle-shaped crystals, which can then be readily filtered. Sakhanov. Zherdeva 
and Vasirev-*^’' have shown that addition of even small amounts of ceresins to 
paraffin wax greatly modifies the crystalline structure as well as its filtering and 
sweating properties. An X-ray study of recrystaljized fractions of paraffins from 
Inislum shale oil has been made by Sakurada, Fuchino. Tsuneoka and Mat- 
sushita-*^’* who concluded that these materials consisted exclusively of normal 
j)araffins.-**" 

I'he srdid hydrocarbons called ceresins display l>oth chemical and physical 
properties tjuite different frf)m paraffin wax. In contrast to paraffin'*;, ceresins 
retain oil very tenaciously and cannot be separated therefrom by the usual process 
of filtering ami pressing. At similar melting points, the ceresins have a much 
higher molecular weight, specific gravity, viscosity, boiling point and nitrobenzene 
points than the paraffins. I'hey have a very <lelicate crystalline structure, the 
crystals being of needle or short plate shajje. C hemically the ceresins are much 
less stable than solid parafiins and react readily with fuming sulphuric or with 
chlorosulphonic acid, a fact which has been interpreted to indicate an isoparaffinic 
.structure. On account of their high boiling point, they can be partially separated 
from paraffin wax. Sakhanov and his collaborators-^® have demonstrated that 
ceresins can be distilled without decomposition under high vacua but at high 
pressures they undergo partial transformation to paraffin waxes. A series of cere¬ 
sins isolated by these investigators from Surakhany crude oils had elementary 
compositions and molecular weights corresponding to the formulas C 37 H 7 H to 
It was concluded that the latter compounds form a part of the paraffin 
series and arc probably branched chain in structure. 

Miiller and Pilat*‘-' report that a specimen of cercsin (from a Boryslaw |>ctro- 
leum) gave fractions having a hydrogen content lower than that required t(W a 
paraffin hydrocarbon. Other physical characteristics of these fractions sup|>orte<l 
a cyclic structure, .\nother sample, secured during separati<m of asphalts and 
resins (from Boryslaw crude oil) with methane at low temperatures followed by 
repeated precipitation the ceresin from solvents, appeared to contain both cyclic 
and paraffinic hvdrtKarbons. On the other hand, the relatively low refractive 
indices and specific gravities of the products suggest the presence of large poly- 
methylenic rings, which might lx* considered as double chains. Also, it has been 

*«F. H. Rhcxlcs. r. w. Mason and \V. R. Sutton. /itW. Rna. Chem., 1927. 19. 9.t5: du'w Abs . 
1927, 21. 2125: Brit Chem. Ahs. B. 1927. 7.19. I), (iraves. /inf. F.tta, Oirm.. IQ.U. 23. 7f>2: Oirw. 

.^hs., 1921, 25, 4694; Brit. Chem. Jhx. B. 19.11. 1002. S. W. Frrri*. H. C. Omlcv. Ir.. and L M. 
Hrmtcrjion. Jnd. Enq. Chem., 19.11, 23. 681; Chem. Ahs., 1921. 25, 2816; Brit. Chem. .4/u. B, 1921. 
708. 

=»*R. FusMciff. Petrotenm 7... 1925. 31 (7). 1; Chem .46.?.. 1925. 29. 6746. 

A. N. Sakhanov. T.. F. Zhrrdcva and A. N. VasilVv, Xat. Pet. Xeres, 1921. 23 (19). 71 ; 
Chem. Ahs., 1921, 25, 5008. 

*•* 1. Sakurada. K. Fuchino. S. T^unroka and Y. Matsushita, .f. .Vor. Chem. !nd.. .faf^an, 1925. 38. 

Suppl. Bind., 670. 671. 674 and 677; Brit. Chem. Abs. B, 19.16. 178; Chem. Ahs.. 1926. 30. 2728. 

^ Tndufitrial mctho<lji for the prwluction and refinine of paraffin wax from petroleum are de¬ 
scribed by R. H. Espach. Bur. ^fincs. Bull.. 1935. 288; J. lust. Pet. Tech., 1926. 22, 359A; Chem. Ahs.. 
1936. 30. 4305; Bnf. Chem. Abs. B. 1936. 402. See aWo O. Briick, Rex\ Petrotifere, 1934, 377; 
/. Inti. Pei. Tech., 1924. 20. 360A; Chem. Abs.. 1924. 28. 4885. 

*** A. N. Sakhanov. T.. K. Zherdeva and A. N. Vasil’ev. .Wat. Pet. .Xerv.t, 1921. 23 (16>, 49; 23 
(17), 67; 23 (18). 51; 23 (19). 71; Chem. Abs.. 1921. 25. 5008. 

■•J. MOller and S. Pilat, /. Inst. Pet. Teek., 1925, 21, 887; Chem. Abe., 1926, 30, 2255: /. lust. 

Pei. Tech., 1935, 21, 451 A; Brit. Chem. Abs, B. 1936, 51. 
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stated that a wax secured from Midcontinent petroleum contained a portion which 
melted about 30®C. lower than the corresponding normal paraffins.*^®* This low- 
melting fraction was said to consist chiefly of cyclic hydrocarbons. 

By fractional extraction of “Vaseline” with acetone, Andre and Bloch®**® effected 
its separation into three main fractions of decreasing solubility, namely ( 1 ) a frac¬ 
tion of low optical activity, having a composition corresponding to CjoHsg and 
probaldy cyclic, ( 2 ) a middle fraction with high density and rotation, from which 
a hydrocarf)on. possibly related to cholestane, was isolated, and ( 3 ) the 

least soluble portion with the composition CggHjo, probably a mixture of highly 
condensed cyclic and aliphatic hydrocarbons. 



Courtesy Standard OH t o. of Louisiana 

Fic. 6.—Plant for Phenol Extraction of Lubricating Oils. 


Wenzel and Weiser®** examined a Hodonin petroleum and found the presence 
apparently of a saturated hydrocarbon of the formula Upon further 

analysis this hydrocarbon was shown to contain 1 benzene ring and 2 naphthene 
rings. CijHgo, a monocyclic naphthene hydrocarbon and CjsHog, C 17 H 32 , Cj 8 H 3 i 4 , 
CiaHjg and CaoHgg, all bicyclic naphthenes, were found in the high-boiling frac¬ 
tions of Ni-itsu (Japanese) crude oil.®^® Gruse®^® indicates that C 00 H 122 ts the 
largest hydrocarlxm isolated from paraffin wax. Low-temperature tar and some 
of its cracked distillates have been found to contain anthracene, 2 -methyl-, 2 , 6 - 
dimethyl, 2,3,6-trimethyl- and 2,3,6,7-tetramethyl-anthracene.®^^ 


J. Mair and S. T. SchickUiu. Jnd. Ena. Chem., 1936. 2«. 1056; /. Inst. Pei. Tech., 1936. 
M. 458A; Chem. Abs., 1936, SO. 7831; Brit. Chem. Abi. B. 1936, 1077. 

«»E. Andre and A. Bloch. Bull. soc. ehim., 1935, 2. 802; Brit. Chem. Abs. B, 193S. 710. 

*** F. Wenxel and H. Weiaer, 7. praki. Chem., 1936, 144, 145; Chem. Abs., 1936, SO, 4655. 

»«R. Kobayasbi, 7. Sac. Chem. Ind., Japan, 1936. S9, Suppl. Bind., 142; Chem. Abe., 1936, SO. 
539^ Brit. Chem. Abs. B. 1936, 626. 

W, A. Gruae. “Petrolewm and its Producta,*’ McGraw-Hill Book Comnanv, Inr., New York. 
1928. page 16. A. Gaacard (Aim. Chim., 1921, 15, 332: Chem. Abs., 1922, 16. 48; 7.C.5.. 1921, 120 
(1), 536) reported the ayntheaia of tetrahexacontane, C«|Hia», probably the largeat petroleum hydro- 
carbon molecule. 


•^C. T. Morgan and E. A. Coolaon, 7.5.C./., 1934. 9S, 71T: Chem. Abs., 1934, 28, 3221; Brit. 
Chem. Abs. B, 1934, 312; 7. Inst. Pet. Tech.. 1934, 20, 317A. It haa been shown that a mlxtura of 
mooometliyl oaphtliakiic iaoniers are found in low-temperature tars. (G. T. Morgan and B. A. Conlson, 
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One application of high-molecular-weight, amorphous, waxy bodies, e.g*, petro¬ 
latum, is for the spraying of coal or coke to reduce dusting of the latter during 
handling.2^^* Xhe hydrocarbon material, which is too viscous to flow readily at 
ordinary temperatures, is heated until it becomes fluid and then applied to the solid 
fuel in the form of a fine mist Another procedure comprises dipping coal into an 
aqueous suspension of paraffin wax Asphaltic oils, of 19® to 30® Be. at 15®C., 
have also been proposed.^^^c 


Solvent Extraction 


The discovery that certain solvents can be employed to effect a partial segre¬ 
gation of petroleum distillates^ particularly lubricating oil fractions, into two frac¬ 
tions of widely different characteristics has resulted in the industrial development 
of refining processes based on this principle.^^® main purpose of the solvent 

treatment of lubricating oils is improvement in viscosity index although an im¬ 
provement in color, Conradson carbon and resistance to oxidation is simultane¬ 
ously obtained. The lubricating oil is treated with a solvent or mixture of sol¬ 
vents, usually in a continuous countercurrent system, with the result that un¬ 
desirable hydrocarbon types (usually referred to as naphthenic oils but probably 
consisting of cyclic hydrocarbons of several types, including aromatics) are dis¬ 
solved and the raffinate becomes more paraffinic and exhibits improved viscosity- 
temperature characteristics. The original oil is thus split up into two main frac¬ 
tions: (1) the insoluble paraffinic portion having enhanced lubricant properties 
and (2) the soluble portion containing hydrocarbons of inferior properties from 
the viewpoint of lubrication. 

The suitability of any particular solvent for the improvement of lubricating 
oils depends not only on its selective action but also on its cost, availability, ease of 
recovery, stability and inertness. Of the many solvents suggested or claimed for 
this purpose, a number of the following have attained the stage of industrial 
application. 

Nitrobenzene^'*® which has a high solvent power so that relatively low tempera¬ 
tures are used. 

A mixture of liquid sulphur dioxide and benzene^**^ is reported to possess 

J.S.C.I., 1934, 53, 73T; Chem, Abs., 1934, 28. 3402; /, Inst, Pet. Tech., 1934, 20, 241 A; Brit. Ckfm. 
Abs. B, 1934. 312), 

•^Carleton Elli*. V. S. P. 2.076.497, Apr. 6, 1937, to Standard Oil Devdopment Co.; Chem. Abs.. 
1937. 31. 3671. 

***‘»H. R. Fife. U. S. P. 1.912.697, June 6, 1933; Chem. Abs., 1933, 27. 4379; Brit. Chem. Abs. 
B. 1934. 229. 

••♦•A. O. Vin*. U. S. P. 2.005.512. June 18. 1935; Chem. Abs.. 1935, 29. 5253; Brit. Chem. Abs. 
B. 1936. 356. 

Review* on solvent re6ning have been contributed by W. T. Ziefi^enhain (Oil & Gas 1934, 
32 (45). 44; /. Inst. Pet. Tech., 1934, 20. 324A). J. T. Ward and H. O. Forrest (C/iem. Met. Eng.. 
1935, 42. 246; Bni. Chem. Abs. B. 1935, 615; Chem. Abs.. 1935. 29. 4925). E. H. J. RosenberR 
(Proe. World Petroleum Congr.. 1933, 2. 338; /, Inst. Pet. Tech., 1934, 20. 322A; Chem. Abs., 1934. 
28, 4874; Bnt. Chem. Abs. B, 1934, 787), K. Fiirst (Petroleum Z.. 1933, 29, No. 44; Motorcnbetr^cb 
und Mosehinen-Schmierung. 1933, 6 (11), 2; Chem. Abs., 1934, 28, 3881; Brit. Chem. Abs. B, 1934, 
51), C. G. Verver aitd R. N. J. Saal (/, Inst. Pet. Tech., 1934, 20. 367; Chem. Abs., 1934, 28. 4581; 
/. Inst. Pet. Tech., 1934, 20. 414A) and W. R. Wiggins and F. C. Hall (J. Inst. Pet. Tech., 1936, 
22, 78; Brit. Chem. Abs. B. 1936, 308; Chem. Abs.. 1936, SO. 2357; /, Inst. Pet. Tech., 1936, 22. 
160A). R. E. Wilson and P. C. Keith, Jr. (Refiner, 1934, IS, 252; J. Inst. Pet. Tech., 1934. 20. 
S28A; Chem. Abs., 1934, 28, 6291) have discussed the economic aspects of solvent extraction processes. 

*“S. W. Ferris and W. F. Houghton, Refiner, 1933. 12, 328; Chem. Abs., 1933, 27, 5526. S. W. 
Ferris and W. F. Houghton, Proc. World Petroleum Congr., 1933. 2, 370; J. Inst. Pet. Tech. 1934, 
20. 323A; Chem. Abs.. 1934, 28, 4874. S. W. Ferris. W. A. Myers and A. G. Peterkin, Refiner, 
1933. 12, 435; J. Inst. Pet. Tech., 1934. 20. 32A; Chem. Abs., 1934, 28, 1174. S. W. Ferris. /. Franks 
Itn /njL, 1934. 217, 591; Chem. Abs., 1934, 28, 5642; Brtl. Chem. Abs. B, 1934. 563; U. S. P. 
l‘?^l-801, Ian. 2, 1934. to Atlantic Refining Co., I. Inst. Pet. Tech., 1934, 20. 19!A; Brit. Chrm. 
^>4. B, 1934. 791. Y. A. Pinkevich, Neft. Khow^ 1935, 29 (11). 58; /. Inst. Pet. Tech., 1937. 2S. 29A. 
, A. Buchel and R. N. J. Saal. U. S. P. 1,945.516, Feb. 6. 1934, to Shell Development Co.; 

/. Inst. Pet. Tech., 1934, 20. 334A; Chem. Abs., 1934, 28, 2517. W. Grote, H. Krekeler and H. 
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greater solvent power than sulphur dioxide. Various modifications of solvent ex¬ 
traction with sulphur dioxide alone, or in admixture with other solvents have 
been suggested.-^® 

Phenol has been employed on a technical scale for several years.-^*^ Suggestetl 
modifications include the use of this compound admixed with 5-35 per cent of 



Courtesy Max li. Miller Ch., Inc. 

Fig. 7.—Solvent Extraction Plant Employing Duo- Sul PrcKcss. 


methanol,a mixture of liquid ethane and propane'-'-'’^ or diluted with cyclo- 
hexanol.^®*^ According to Kuezynski,*’’^ phenol cannot be used successfully with 

Ramser, Proc. World Petroleum Congr., 1933, 2. 359; Chem. Ahs.. 1934, 28. 4874 L. P. Stockman. 
Oil & Gas J., 1934, 33 (13), 6; J. Inst. Pet. Tech., 1934, 20. 615A. O. P. fottrcll. Refin^'r. 1933. 
12, 432; J. Inst. Pei. Tech.. 1934, 20. 34A; Abs.. 1934, 28, 1176. R. S. Fimtcig. Petroleum 

Eng.. 1936. 7 M3). 36; /. Inst. Pet. Tech.. 1936. 22. 548A, 

••• British P. 398,992, and 399,030, 1932, to Edeleanu G.m.b.H.; Brit. Chem. Abs. B. 1933, 1045. 
VV. Grote and P. Gbcrgfcli, U. S. P. 1.945.500. Jan. 30, 1934. to Kdclcami (i.m.b.H.; Hrtt. Qhem. 
Abs. B, 1934, 919; Chem. Abs., 1934. 28, 2520; J. Inst. Pet Tech.. 1934. 20. 192A. J. T. Rutherford. 
U. S. P. 2,024.476. Dec. 17, 1935. to .Standard Oil Co. of California; Chem. Abs., 1936. 30, 1219. 
U. B. Bray and C. E. Swift. Canadian P. 344.453. 1934. to Union Oil Co. of ('alifornia; Chem. Abs., 
1935. 29. 2346. F. B. Thole and S. F. Birch. British P. 433,197. 1934. to VokIo Iranian Oil Co.. 
Ltd.; Brit. Chem. Abs. B, 1935, 937. A. Lazar, Ind. Eng. Chem.. 1936, 28, 658; J. Inst. Pet. 
Tech., 1936, 22, 368A; Chem. Abs.. 1936. 30. 5433; Brit. Chem. Abs. B. 1936, 800. G. M. Woods. 
Petroleum Eng., 1936. 7 (9). 107; J. Inst. Pet. Teeh., 1936, 22, 364A. R. T. Uslic (J. Research Nat. 
Bur. Standards, 1934, 13, 589; Chem. Abs., 1935, 29, 987) has determined the critical solution tem¬ 
peratures of paraffin and naphthene hydrocarbons of the naphtha fraction of {>etrolrum in sulphur 
dioxide. 

***R. K. Stratford, O. S. Pokorny and J. L. HuKRCtt, Refiner, 1933, 12. 458; J. lust. Pet. Tech,, 
1934, 20, 33A; Chem. Abs., 1934, 28, 1176. R, K, Stratford, H. H. Moor and O. S. Pokornv. Pror. 
World Petroleum Congr.. 1933. 2. 362; Brit. Chem. Abs. B, 1934, 949; /. Inst. Pst. Tech.. 1934, 20, 
184A; Chem. Abs., 1934, 28. 4874. 

R. K. Stratford, Canadian P. 334,377, 1933, to Standard Oil Development Co.; Chem. Abs., 
1933, 27, 5530. 

»*J. M. Whiteley. Jr.. U. S. P. 2.025.965, Dec. 31. 1935. to Standard Oil Development Co.; 
Chem. Abs., 1936, 30, 1221; Brit. Chem. Ahs. B, 1936, 820. The soinhility of dotriucontane in pro¬ 
pane and Initanc has been investijrated by W. F. Sryer and R. Furdyce, J.A.C.S.. 19.1o, 5i, 2029. 

•“•D. F. Edwards and J. V. Starr, (*anadian P. 338,558, 1934, to Standard Oil Development (Ni.; 
Chem. Abs., 1934, 28, 2174. 
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oils containing very high proportions of aromatic hydrocarbons. As a substitute, 
cresol has been proposed either alone^®** or in conjunction with other solvents.^^ 
In particular, a mixture of cresol and propane is employed in the “Duo-Sol" 
process/-'**^ this combination having specific solvent powers for the unsaturated 
and cyclic con^tltucMits (in cresol) and for the saturated components (in the 
hydrocarbon). (See Fig. 7.) Since the two solvents are immiscible with each 
other, an effective separation of the two portions mentioned is said to be accom¬ 
plished, with a relatively low loss of solvent. The process is reported to be ap¬ 
plicable in the preparation of lubricating oils from heavy stocks, both residuals 
and distillates. A combination of liquefied hydrocarbon gases (ethane or propane) 
and phenol is suggested for the same purpose.-*'’^ 

One advantage of Chlorex (/3,^'-dichloroethyl ether) in solvent refining is its 
high specific gravity which promotes rapid separation of the raffinate and the ex¬ 
tract layers.-'’® A mixture of this compound with liquid sulphur dioxide with or 
without liciuefied, normally gaseous hydrocarbons, such as propane, is also pro¬ 
posed.-*’’'-* 

Another solvent-refining agent is furfural.-®® In this instance extraction is 
usually effected at about 200°F. though a temperature gradient is often employed 
in countercurrent operations. Aromatic constituents may be removed from naph¬ 
thas by the use of this liquid.-®*^ 

Crotonaldehyde and acrolein have been recommended for the solvent extraction 
of lubricating oils.^®^ The contact temperature in the case of crotonaldehyde is 
said to be 60°F,.70°F. 

Other organic solvents which have been advanced for the selective removal of 
hydrocarbons and undesirable non-hydrocarbons from lubricating stocks include 

-•*'*7. Knezyu^ki. Petroleum 7. , 1934. 30 (3». 9; Chem. Abs., 1934, 28, 3878; Brit. Cfttm. Abs. B, 
1^34, .UlS. 

H. and II. Poll. Petroleum 7., VM4. 30 (35). 4; Brit. Chem. Abs. B, 1934, 787; Chem. 

Ah.t., 193^, 29. 1J1.5, H. IUjr‘“tin, }'r:emy.^l Chem.. 1934, 18, 341 ; J. Jnsl. Pet. Tech., 1935, 21, 133A; 
Chem. Ahs . I‘v3>. 29. <>413, Ihit. Chem Abs. B. 1935. 133. 

A. Cl.iikc, r. !S. P l.'^74.<Sn5. Sei>t. 35. 1934, to Te.xas Co.; /. Inst. Pet. Tech., 1934. 20, 

58.1A; Brit Clem. Ahs B. 19 ?v 7i?; Chem. Abs., 1934. 28. 7516. H. Suida. H. Poll and .A. Nowak. 

Hritish P. 4 10.1V4. 19?>. Brit. Chem Abs. B. 1935, 1 127; /. Inst. Pet. Teeh., 1935, 21, 459A. 

M. R. .Mdlcr. Rebuer. 1933, 12. 453; Oil & Gas J., 1934, 32 (21), 11; Xat. Pet. Xctvs. 1933. 
2S (41), 26; Chem. Ahs., 1934, 28. 305. J. V. HiRhtower, Chem. Met. Pna., 1935. 42, 82; Brit, 
Chem. Ahs. B. V>M. 536; Chem. .ths.. 1935. 29, 3.503; /. Inst. Pet. Tech.. 1935. 21. 133A. 

British P. 421.123, 1934, to M. R. Miller & Co.; Chem. Abs.. 1935. 29. 3820; Brit. Chem. Abs. 
B. 1935. 1 36; 7. Itixf prt Terh . 1935, 21. lOOA. M. H. Tuttle. British P 424.000. 1935. to M. B. 

Miller & Co.; !. lust. Prt. Inh.. 1935, 21. 175A; Brtt. Chem. Ab.s. B, 1935, 346; Chem. Abs.. 193.5. 

29. 4 571. 

.A. L. poster. \(tt. Pet. .\r:es. 1933. 25 (33). 35. J. M. Pace. C. C. Biirhler and S. H. Hicffs. 
Xat. Pet. Xeu x. 1913, 25 (14>. 35; ./ lust. Pet. Tech.. 1933. 19, 190A. W. H. Bahlke. A. R. Brown 
and F. F. IlivM.kv, Kefxurr. I'H?. 12, 445; Oxl Gas 1933. 32 (23). 60; (hem. Abs.. 1934, 28, 
302; /. Inst. Pci'. Teeh.. 193|. 20. 3JA. C B. Bray. R C. PoIUkU and O. R. Merrill. Proc. Am. 
I*etroleum Inst., 5th Mul Year Mtelina. .^ect. Ill, 1936, 16, 135; Oil iS* Gas /., 1935, 34 (2), 18; 
Refiner. 1935. 14. 307; Chem. Abs. 1937. 31. 5.10. 

** D. R. Slcnill and P. SnlkoNs. V. S. P. 1.948.042, Feb. 20. 1934. to Cnion Oil Co. of California; 
Brit. Chem. Abs. B. 1934. 1048; Chem. Abs., 1934, 28. 2893; /. Inst. Pet. Tech., 1934. 20, 334A. 

E. Eichwaid. W .*5, P. 1,550.521. June 2, 1923, to Batanfsebe Petroleum Maatschappij; 7..9.C./.. 
1925, 44, 837B; Chem. Ahs.. 1926. 20, 108. R. E. Manley, B. V. McCarty and H. H . Cross. ReUncr, 

1933. 12. 420; Xat. Pet. Xetes. 1933. 25 (43). 26; J. Inst. Pet. Teeh . 1934. 20. 33A; OA & Gas .1.. 
193,1. 32 (23). 78, 79. 81. 82; Chem. Ahs.. 1934. 28, 302. H. H. Cross, U. .S. P. 1.962.103. |une 5. 

1934. to Texas Co.; Brit Chem. Ahs. B, 1935. 295; Chem. Abs.. 1934. 28. 4897; .1. Inst. Pet' Teeh., 

1934, 20, 504A. R. E. Manlev and H. H. Cross. U. S. P. 1.971,753. Aug. 28. 1934. to Texas Cc.; 

/. Inst. Pet. Tech., 19.14. 20. 541 A; Chem. Abs. B, 1935. 713; Chem. Abs.. 1934. 28, 6560. 

R. E. Manley, U. S. P. 2.000.707, May 7. 1935, to Texas Co.; Chem. Abs., 1935. 29. 4164; J. Inst. 
Pet. Tech.. 1935. 21. 26.8A. V. S. P. 2.054.433. Sept. 15. 1936; Chem. Abs., 1936. 30. 7840; /. Inst. 

Pet. Tech,, 1936. 22. 549,\. F. X. Covers. U. S. P. 2.054.052, Sept. 8. 1936. to Indian Rebninc Co.; 

Chem. Abs., 1936, SO. 7840; /. Inst. Pet. Tech., 1936, 22. 549A. British P. 454.690, 1936, to Texaco 
l>evelonmenl Corp.; J. Inst, Pet. Teeh.. 1937, 23. 30A; Chem. .'lbs.. 1937. 31. 1603. 

W. M. Stratford, Canadia.i P. 348.523, 1935, to Texaco Development Corp,; Chem. Abs., 1935, 
29, 3508, 

»«;. \V. Poole and T. M. Wadsworth. Refiner, 1933, 12. 412; /, In.st. Pet. Tech.. 1934. 20. 3IA 
T. W. Poole. C. S. P. 1.965.192. July 3. 1934; /. Inst. Pet. Teeh., 1934. 20. S40A; Brit. Chem Ahs 
B, 1935. 346; Chem, Ahs., 1934, 28. S6S5. 
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furturyl alcohol,furfuraldoxime,^^^^ tetrahydrofurfuryl alcohol, 2 ®® tetrahydru- 
furfuran benzoyl,- toluyl- or xyloylfurans,^®^ ethylene glycol monoacetatc,*®* 
ethyl lactate,liquid trimethylene,-®® benzaldehyde,*^® propionaldchyde,*^! methyl 
acetate^^a aliphatic or aromatic thiocyanates or isothiocyanates,^^® ketones,®^® 
propionitrile^^* and a mixed aliphatic-aromatic amine as phenylmethylamine*^® 



Courtesy Standard Oil Development Co. 

Fig. 8.—Phenol-extraction Plant. 


The relationship between aromaticity of lubricating oils and other oil properties 
has been discussed by von Fuchs and Anderson,particularly in connection with 
the measurement of the improvement attainable on solvent extraction. 


B. Hill, Canadian P. J34.46.1, 1933, to Atlantic Refining Co.; Chem. Abs., 1933, 27, 5530, 

M. T. Kendall, U. S. P, 1,973,683, Sept, II, 1934, to Tejua Co.; Brit. Chem. Ahs. B. 1935, 712; 
Chem. Abs., 1934. 28, 6994. 

"•J. (j. Detwiler, Canadian P. .347,767, 1935, to Texaco Development Corp.; Chem. Abs.. 1935, 
29. 3148. 

*«R, F. Pevere, U. S. P. 1.998.399. Aor. 16. 1935, to Texa* Co.; Chem. Abs.. 1935. 29. 3820. 

A. Clarice. U. S. P. 2.000,690, 7. 1935. to Texaa Co.; Chem. Abs.. 1935. 29, 4164. 

K, B. Edwarda and R. Lacey. J.S.C.I.. 1935, 54, 253T; Chem. Abs., 1935, 29. 6746; Brit. Chem. 
Abs. B, 1935, 836; J. Inst. Pet. Tech., 1935, 21. 34IA. 

French P. 798,304. 1936. to Bataafsebe Petroleum Maatachappij: Chem. Abs., 19.16. 30, 7320. 
•»W. M. Stratford. U. S. P. 1,962,622, June 12. 1934. to Texaa Co.; Chem. Abs., 1934, 28. 4898; 
Brit. Chem. Abs. B. 1935. 346. 

*»F. X. Govera, U. S. P. 1.995.147, Mar. 19. 1935, to Indian Refining Co,; Chem. Abs., 1935. 
29, 31.50. 

R. Birkhimer. Canadian P. 335.392, 1933, to Atlantic Refining Co.; Chem. Abs., 1933, 27, 


»**L. A. Clarke, Canadian P. 342,294, 1934, to Texaco Development Corp.; Chem. Abs., 1934, 28. 
5658. 

«»S. W. Ferria. Canadian P. 335.135. 193,1. to Atlantic Refining Co.; Chem. Abs., 1933, 27, J»530. 
"♦Britiah P. 413.307. 1934, to Standard Oil Co. of Ind.; Chem. Abs.. 1935. 29, 594; French P. 
748.925, 1933; Chem. Abs., 1934. 28, 313. F, F. Diwoky and A. B. Brown. Canadian P. 346.406. 
1934. to Standard Oil Co. of Ind.; Chem. Abs.. 1935. 29, 2347, 

ara H. F. Lindeke and B. S. Greenafeldcr. British P. 444.535, 1935, to Bataafache Petroleum 
Maatachaimi); Brit. Chem. Abs. B. 1936. 486; Chem. Abs., 1936. 10, 6547. 

2.024,221, Dec. 17, 1935. to Atlantic Refining Company; Chem. Abs., 
193^10, 1224; Bnt. Chem. Abs..B, 1936, 821. 

^ Fpeha and A. P. Anderson, paper preaented before the Petroleum Division of the 

A.C.S. in Pittsburgh on Sept. 7*1]. 1936. 
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It has been found that a partial segregation of the constituents of lubricating 
oils can be accomplished by saturating a solution of such oils in liquefied gases, 
such as propane, with natural gas under pressure. Early work along these lines 
is given by Todo.-^^ He obtained a product nearly equal to gasoline as a fuel by 
saturating hydrocarbons obtained by distillation of petroleum with artificial or 
natural gas under high pressure and at a low temperature. Neyman and Pilat^’’** 
have shown that the thermal effects of dissolving natural gas in hydrocarbons are 
practically restricted to the heat of compression. Manley^^ has proposed a 
method of precipitating wax from a hydrocarbon oil chilled to —*18®C. by direct 
vaporization from it of a liquefied normally gaseous diluent, such as propane, in 
the presence of an inert solid material. 

By increasing the pressure of the natural gas (mostly methane) up to 130 
atmospheres petroleum residues dissolved in liquid propane can be separated at 
room temperature into a series of fractions of decreasing density and viscosity 
Table 8 gives some results obtained by Pilat on the fractionation with natural gas 
of a Rumanian petroleum residue dissolved in liquid propane. 


Table 8,— Fractionation of a Rumanian Petroleum Residue. 


Press. 

in 

Ppt. 

in 

Yield 

Spec. 

Atmos. 

Gals. 


Grav. 

8. 

805 

27.35 



137 

4.65 

0 997 

40 

261 

8.85 

0 9845 

.SO . 

145 

4 95 

0 960 

()0 . 

278 

9 45 

0 9495 

70 . 

273 

9.27 

0.939 

80 . . 

206 

7.00 

0.9295 

90. 

188 

6.4 

0.9225 

100. 

128 

4.35 

0.9165 

130. 

154 

5.25 

0.909 

Residue .... 

122 

4.15 

0.908 

• Se e* Chapter 

50. 




V’^iscosity 


Pour 

Boiling 

(Saybolt) 

Viscosity 

Point 

Point 

at 37.8“C. 

Index* 

X. 

X. 


26,658 

10,366 

58 

-f 8 
-h 5.5 

275 

6,354 

61 

-f 4 

277 

3,703 

64 

+ 9 

267 

2,363 

64 

+ 3 

263 

1,602 

60 

0 


1,056 

62 

- 6 

249 

615 

57 

-13 



“At 8 atmospheres, which is the pressure of the propane fraction used, asphalts 
are precipitated ; methane is then charged, and at 40 atmospheres coloring sub¬ 
stances of highly aromatic character (molecular weight only about 450 to 500 in 
spite of high viscosity at room temperature) are precipitated. Upon further pres¬ 
sure increases, oily fractions appear as a second, heavier liquid phase.” These oil 


Todo, Japanese P. 32,460. 1918; dbs., 1918. 12. 2247. 

Neyman and S. Pilat. Oil cS* Cas 7.. 1935, 33 (49). 13; Brit, Oiem. Abs. B, 1Q36, 625; 
Chem. Abs,. 1935. 29. 6021. Oil A- Cas 1936, 35 (10). 54; /. Jnst. Pet. Tech., 1936. 22, 444A. 

R. E. Manley, U. S. P. 2,040.056. May 5. 1936, to the Texas Co.; Chem. Abs,, 1936, 30, 4313. 
/. Inst. Pet. Tech.. 1936, 22, 318A. Cf. S. A. Montgomery, U. S. P. 2.053.872, Sept. 8. 1936, to 
Standard Oil Co. of Ind.; Ckem. Abs,. 1936. 30, 7839; J, Imst. Pet. Tech.. 1936. 22. 549A. A1<k) D, B. 
B.'inlcA an<l P. P. Barton, l^. S. P. 2,059.166, Oct. 27, 1936. to Sun Oil Co.; Chem. Abs., 1937, 31, 
250. Canadian P. 360,668, 1936; Chem. Abs., 1936, 30, 7839. 

M. (iodiewicz and S. V'. Pilat. Prstmxsi Chem.. 1934. 18, 376; Brit. Chem. Abs. B, 1935, 131 ; 
Chem. Abs., 19,15. 29, 6408; J. Inst. Pet. Tech., 1935. 21. 60A. S. Pilat. Oct. Kohle, Erdoel, Tccr 
1935, 11, 655; Brit. Chem. Abs. B, 1935, 1030; Chem. Abs.. 1935. 29, 8302; J. Inst. Pet. Tech., 1935. 

21. 401A; Oit & Cas 1936, 35 (10), 54; Chem. Abs.. 1936. 30. 7825; /. Inst. Pet, Tech., 1936. 

22, 444A. Pilat has determined the pressure at which precit)itation is effected with other gases. He 

used a solution consisting of 1 part of de asphaltized Venezuelan residue to 6.1 narts of solvent (pro- 

l»ane*butane fraction). The pre-ssure of the gaseous precipitant required to effect the first sign of 

turbidity it indicated in the following table. 


Gas 

CO» 

Natural Gas 
(97.9^ methane; 
Nitrogen 

H. 


Pressure in 
atmospheres 
15 
18 

28 

no turbidity up to 
86 atmospheres. 




46 CHEMISTRY OF PETROLEUM DERIVATIVES 

fractions which separate out contain propane and small amounts of methane. 
Pilat remarks that very light heating easily removes the last traces of these 
solvents. 

The use of propane (or other liquefied gases) with oils refined with chloro- 
aniline^*^ has been proposed for improving lubricating qualities. In addition to 
being a useful constituent of a combination of selective solvents for such oils, this 
hydrocarbon may be employed for the precipitation of asphaltic substances from 
crude oils and for the dewaxing of residual or distillate oils.“^^ (For example, 
see Fig. 9.) 

Liquefied low-boiling hydrocarbons have also been applied as extracting’agents 
in the purification of rosin, with or without the use of an intermediate solvent, as 
gasoline^®^ and in the removal of resins and terpenes from coniferous wood, e.g., 
long leaf yellow pine.-^® 

Inorganic Constituents of Crude Oil 

Crude petroleum contains, in addition to water with which it frecjiiently forms 
stable emulsions, considerable proportions of inorganic materials. Up to 1913, 
the known inorganic constituents comprised the elements silicon, arsenic, phos¬ 
phorus, aluminum, iron, calcium, magnesium, copper, silver, gold, vanadium and 
sodium. This list has subsequently been increased by the addition of the elements 
titanium, lead, tin, nickel, manganese, chromium, barium, strontium, potassium ami 
lithium. The actual form in which these elements are present is not known; but 
certain of them, for example, vanadium and iron, may he organically combined. The 
iron content may be derived from pipe lines and tanks or from ferruginous rtKks, 
and silicates may be found in solution in small quantities owing to their saponaceous 
properties. In general, the composition of the lietroleurn ash probably bears a close 
relation to the class of rock with which the oil has been in contact. Thus, it is 
suggested that Ohio oils contain lime and magnesia as a result of solvent action on 
the dolomitic rocks of that region, 

The existence of vanadium in the ash of nearly all crude oils is of interest. 
Vinogradov and Bergman-^^ have examined the ash, particularly uranium and 
vanadium contents, of petroleums and bitumens of the U.S.S.R. They report the 
latter element (vanadium) is present to the extent of 0.1 per cent in asphaltitc^'^^ 
and 0.00001 per cent in petroleum and is proportional to the organic content and 
not to the ash. The theory that vanadium passes into petroleum as vanadium 
pentasulphide from aqueous solution in the presence of hydrogen sulphide, is con¬ 
sidered untenable by these investigators. It is suggested that the vanadium prob¬ 
ably came from organic material deposited in sea basins and was concentrated by 
marine organisms. 

According to Longobardi^^^ vanadium is present in organic materials including 

•"Britith P. 426.221. 193.1. Standard Oil Co. of Ind.; Brit. Chrm. Abs. B. 1*?35. 486. 

*iM. B. Bray. C. E. Swift and D. E. Carr, Rrfinrr. 19.14. 13. .133; /. Inst. Pet. Tech., 1934, 
20, 575A. R. C. Conine. Oil & Gas J.. 1934. 83 Ol). 17; /. Inst. Pet. Tech.. 1935. 21. 61A. W. H. 
Bahlke, R. N. Gil«* and C. E. Adams, Refiner. 1933, 12. 229; f/irm. Abs.. 1933. 27. 5524. 

•*1, W. Humphrey. U. S. P, 1.806.973, May 26, 1931, to Hercules Power Co.; Brit. Chem. Abs. 
B, 1932. 235; Chem. Abs.. 1931. 25. 4139. 

■■A. D. Little, U. S. P, 1.762,785, June 10, 1930, to A. D. Little. Inc.; Brit. Chem. Abs. B, 1931. 
154; Chem. Abs.. 1930, 24. 3898. 

••See also Carleton ElHa. *'The Chemistry of Petroleum Derivativea.” The Chemical Catalog Co., 
New York. W4, 

■•A. P. Vinofradov and G. G. Bergman, Compt. rend, ocod, sci. U.R.S.S., 1935, 4, 349; Brit. 
Chem. Abs. A. 1936. 701; Chem. Abs.. 1936. SO. 4655. 

••Atphaltite ij» a speclea of naturally-occurring bitumen. See H. Abraham, “A?»ph«lt« and Allietl 
SabfHtancen,** Third Edition. D. Van Nostrand Co.. Inc.. New York, 1932. 

■•E. Longobardi. Anates see. seient. Argentina, 1934. 117 (1), 5; J. Inst. Pet. Tech., 1935. 21. 
132, 127A; Chem. Abs., 1934. 29. 4577; 1935, 29, 2699; Brit. Chem. Abs. B. 1935. 391. 
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petroleum, liR^nites, bituminous sliales and natural asphalts, the quantities of this 
clement associated with these substances being too great to be explained by its 
wide diffusion in nature. Longobarrli found that San Rafael petroleum analyzed 
0.0377 per cent of ash. of which 11.0 per cent was vanadium pentoxide which cor¬ 
responds to 0.0045 i)er cent in the petroleum. A lignite from the same locality 



Courtt'xy Union Oii Co. of California 

Fic,. 9.—Plant ff>r Dewaxing with Liquid 

contained 53 times more vanadium than the petroleum. The investigations of 
Festcr^^'*“ indicated that the vanadium content in San Rafael petroleum was more or 
less proportional to the bituminous content, and independent of other organic mate¬ 
rial. He suggested tliat vanadium is present as a result of its precipitation, along 
with iron and nickel, from aciueous solution by means of hydrogen sulphide pro¬ 
duced by bacterial decomposition of the original organic deposits. 

The high vanadium content of some i>ctrolemn ash, particularly from asphaltic 
crudes, has been utilized industrially for the recovery of that element. The flue 

•••.See («. A. Frvter and J. ( rndbs, Hcv. facuiM quim. ind. aqr. (Univ. naci, litoral), 1934, 

1. 1-35; 1936. 4. IHo; Chom. Ahs., l'>35, 29, M79; 1936, 50. 75U5. 
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dust from the combustion of Mexican fuel oil in oil-tank ships has been collected 
and processed in British steelworks. 

Table 9 gives the limits of composition^^o of the ashes from fourteen Hungarian 
and one Californian crude oil samples. 


Table 9. —Approximate Composition of Ashes from Petroleum, 


Constituent 

% 

Constituent 

% 

SiO,. 

. 5.43-60.49 

K,0. 

0- 1.83 

Fe.0,. 

. 7.71-43.87 

Na,0. 

. 0.80-12.36 

AlA. 

. 7.51-38.82 

Li,0. 

0-0.14 

MnO. 

, 0.16- 0.47 

P,0.. 

0-0.02 

NiO. 

. 0.03- 4.35 

v, 0 .. 

0-5.07 

CaO. 

. 1.09-11.05 

so,. 

. 1.45-21.04 

MgO. 

. 0,78- 4.26 

Cl. 

0-0.20 


The ash produced during the combustion of certain oils can be a source of in¬ 
convenience owing to the formation of a deposit on the sprayer. This question 
has been discussed by Seiler,who considers that a proposed ash limit of 0.05 
per cent is far too high. 

The interesting observation has been made that sulphate-bearing waters suffer 
reduction to sulphides in contact with paraffin-base oils at temperatures of 30- 
122®C. even in the absence of bacteria.^^^ Analytical methods for the examination 
of oil field waters have been described by Wood and others.-®^ 

r Surti. Tcchnikai Kurir. 1935. 6 (1). 4; Chcm. Abs., 1935, 29. 2699. 

Seiler, Pharm. Acta Heiv., 1933. «. 223; Chem. Abs., 19.U. 28. 3568. 

«*C. H. Behre. Jr., and R. K. Summerbell, Science, 1934, 79, 39; Chcm. Abs., 1934. 28, 1848; 
Brit. Chcm. Abs. A, 1934, 276. 

»*I>. G. lones and C. E. W'ood, /. Inst. Pet. Tech., 1932, 18. 817; Chcm. Abs.. 19.?3. 27, 1741. 
See also A. H. K. Radjy and C. E. Wo^. J. Inst. Pet. Tech., 1933, 19, 845; Chcm. Abs., 1934. 28. 
1174. W. R. Wiggins and C. E. Wood. J. Inst. Pet Tech., 1935, 21. 105, 200; Chcm. Abs., 1935, 29. 
3816, 4564. 

















Chapter 2 

Thermal Decomposition of Hydrocarbons 

Paraffin Hydrocarbons 

The vast amount of fundamental research on various phases of thermal de¬ 
composition has resulted in a clearer insight on the complex series of reactions 
undergone by hydrocarbons when subjected to destructive heat treatment. The 
practical applications of pyrolysis in the production of various unsaturated and 
aromatic hydrocarbons are described in subsequent chapters, whereas the object of 
this chapter is to discuss the topic from the more purely scientific and theoretical 
viewpoints. 

If at first it appears that the numerous investigations have failed in several 
particulars to illuminate the whole field of pyrolytic reactions, it must be remem¬ 
bered that the subject is a most difficult and complex one, both theoretically and 
practically. In the cracking of any pure hydrocarbon, the reaction products vary 
both in kind and amount. The obtaining of any one substance at the expense of 
the other products depends upon an understanding of the primary and secondary 
reactions.^ For some liydrocarbons the primary reactions have been carefully 
studied, but for any single hydrocarbon the mechanism of the decomposition has 
not been definitely proved.- 

According to Travers and F’earce,^ the results obtained in any process do not 
represent an ultimate equilibrium; they relate only to a definite but unknown time 
interval. Other factors being identical, the composition of the product would vary 
with the time interval, and if any one of these conditions, such as pressure, tem¬ 
perature or concentration is altered, a different set of data results. 

Egloff and Wilson^ have enumerated the difficulties in correlating the data 
obtained on a single hydrocarbon under different reaction temperatures and contact 
times. They show that for the same temperature the nature and amounts of the 
products will vary widely with the contact time, depending on the primary and 
secondary reactions involved. For the same reaction period, the variation will 
depend on the energy available at a particular temperature. The significance of 
these factors may disappear if they are properly adjuste<l, so that a short contact 
time and high temperature may give the same products as a longer time and lower 
temperature. Further accurate data will undoubtedly help to account for the 
discrepancies encountered and to reconcile certain observations which do not seem 
to fit into any of the theories .so far proposed.® The relative stability of the lower 

' Primary rfaction products arc those sub.stances formed in the initial stafres of the pyrolysis of 
hydrocarbons at .small percentage decompositions. Secondary reaction products arc those which arc 
formfKl by interaction of prim.irv compounds. For a discussion of primary and secondary cracking 
reactions see Carleton Ellis. “The Chemistry of Petroleum l>erivativcs.*’ The Chemical Catalog Co., 
Inc., New York, 19.M. 96. 

•G. Egloff and E. Wilson. Ind. Eng. Cficm., 19.15. 27. 917; /. fmjt. Pet. Tech., 1935, 21, 369A; 
Brtt. Chem. Abs. A. 1935, 1206; Chem. Abs., 1935, 29. 6203. For a review of the reaction mech¬ 
anisms, sec G. Egloff, “The Reactions of Pure Hydrocarbons.** Reinhold Publishing Corp., New York, 
1927 • 

•M. W. Travers and T. J. P. Pearce, JS.CJ., 1934, 53, 321T; Chem. Abs., 1935. 29, 1057; 
Brit. Chem. Abs. A, 1935. 40. 

*G. Egloff and E. Wilson, toe. cit. 

• Reviews of pyrolysis have been given by P. K. Frolich and P. J. Wicsevich, Ind. Eng. Chem., 
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paraffins toward pyrolysis has been listed by Egloff and Parrish® in the following 
descending order: methane, ethane, propane, isobutane, butane, neopentane (tetra- 
methyl methane), f/-pcntane, isopentane, «-hexane and 2 -methyl pentane. 

Before discussing the experimental data accumulated on the various types of 
individual hydrocarbons, it is necessary to describe as briefly as possible the various 
theories of pyrolysis from a general standpoint. The application of such theories 
to special cases will be considered afterwards."^ 

Tiikorv of Free Radicals 

The actual exi>tence of free radicals during the thermal treatment of organic 
compounds has been demoiiNtrated chemically by Paneth and liofeditz’^ and spec¬ 
troscopically by Bonhoeffer and Habcr'^ and Hogness and Kvalues.*® The metho<l 
of investigation developed by Paneth and his collaborators consists in dissociating 
gaseous organic materials at low pressures and then passing the gaseous products 
over metallic mirrors. In this manner, volatile organometallic compounds are 
formed which can lx* subse(|uently identified. In principle, this procedure consists 
in 'allowing the free radicals to combine with various metals l)eforc the former 
have time to combine with themselves or with co-existing organic molecules. The 
experiments have shown that free radicals have an exceedingly short life, their 
half-period*^ being generally in the magnitude of 10 * second. Rice and his co- 
workers*** have applied this procedure to organic compoutuls. particularly hydro¬ 
carbons, heated to 700-11(X)°C\ at low pressures. Tlie radicals identified were 
methyl (CH 3 —), ethyl (CoH-—) and methylene The methyl radical 

appears to be the chief product of such decompositions. The higher alkyl radi¬ 
cals (except ethyl) could not be detected, probably because of their short life and 
instantaneous decomposition into unsaturated compounds and smaller free radi¬ 
cals.*® 

The methyl radical reacts with tellurium, selenium, arsenic, antimony, zinc, 
cadmium, mercury, thallium, lead and bismuth. For identification purposes, the 
products from tellurium and mercury are of particular value, the former giving 
dimethyl ditelluride (CH 3 TeTeCH 3 ) and the latter dimethyl mercury. Dimethyl 

1935. 27. 1055; Brit. Chem. Abs. B. 1935. 980; /. Inst. Pet. Tech., 1935. 21, 408A; Chem. Ahs.. 1935, 
29. 7624. G. Egloff and F.. Wilson. Ind. Eng. Chem.. 1935. 27. ‘0 7 ; J. hist. Prt. Tech.. 1935. 21, 
.369A; Brit. Chem. Abt. A, 1935, 1206; Chem Ahs . 1935. 29, 6203 F. I 1. T.qwrenrc, J. Inst Prt. 
Tech., 1935, 21, 790; Brit. Chem. Abs. B. 1935, 979; Chem. Abs., 1935, 29. 8305; J. Inst. Pet. Tech., 
1935. 21, 399A. F. K. Frey. Ind Hnq. Chem . 1934. 26 198; .Abs . 1934. 28. 2169; 1. Inst. 

Pet. Tech., 1934, 20, 158A; Brit. Chem. Abs. B, 1934, 438. E. Audibert. Ann. combustibles Hquides, 
1933.^ 8. 565 ; Ch-m. Abs. 1934. 28, 463. Sre aKo ('arlrfon F.llis. “The ( hemi'.try of Petrttlcum de¬ 
rivatives,'’ The Chemical Catalog Co., Inc.. New York, 1934, Chapter 2. 

•G. Egloff and r. I. Parrish, Chem. Kev., 19.16, 19, 145; Chem. Abs., 1937, 31. 94; /, Inst. Pet. 
Tech., 1937, 23. 22A. 

^ For a brief discus<«ion of the thermodynamic relationn between the equilibrium constant, heat of 
reaction and entropy and free energy changes in a system and applic.itions to a number of reactions 
involving the thermal decomposition of hydrocarbons, aiwi the beat of activation and the use of this 
concept, reference should be made to M. W. Travers. J. Inst. Fuel, 1935, 8. 157; Brit. Chem. Abs. B, 
1935, 391; Chem. Abs.. 1935. 29. 7935. 

•F. Paneth and W. Hofeditz. Ber., 1929, 62, 1335; Brit. Chem. Abs. A. 1929, 788; Chem. Abs., 
1929, 23. 5159. 

•K. F. Bonhoeffer and F. Haber, Z. physik. Chem., 1928, A137. 263; Chem. Abs., 1929, 23. 772; 
Brit. Chem. Ahs. A. 1929. 11. 

^T. R. Hogness and H. M. Kvalnes. Phys. Rev., 1928, 32. 943; Chem. Abs., 1929, 23, 2650; Brit. 
Chem. Abs. A. 1929. 242. 

“ In a unimolecular reaction, the rate of decomposition is proportional to the concentration of sub¬ 
stance remaining. In this type of reaction, the time of half-life, or the period of time required for one 
half of the quantity of material to decompose, is taken as standard. See F. O. Rice and H. C. Urey. 
“Reaction Velocity in Homogeneous Systems" in H. S, Taylor, “A Treatise on Physical Chemiatry.” 
n. Van Nostrand Co., Inc.. New York. 1930. 949. Also F. O. Rice and K. K. Rice, “The Aliphatic 
Free Radicals,” The Johns Hopkins Press, Baltimore, 1935, 56. 

MF. O. Rice. W. R. Johnston and B. L. Evering. /.A CS., 1932. 54. 3529; Brit. Chem. Abs. A, 
1932, 1108; Chem. Abs., 1932. 26. 5289. F. O. Rice and M. I). Dooley. J.A.C.S., 1933, 55, 4245; 
Brit. Chem. Abs. A, 1933. 1269; Chem. Abs., 1933. 27, 5713. F, O. Rice and W. R. Johnston, 
J.A.C.S.. 1934. 56. 214; Chem. Abs,. 1934. 28. 1655; Bnt. Chem. Abs. A. 1934, 276. 

»F. O. Rice. Trans. Faraday Soc., 1934, SO. 152; Chem. Abs., 1934, 28. 2319; Brit. Chem. Abs. 
A, 1933, 1270. 
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ditelluride is a deep red liquid freezing at —19.5°C. and boiling at 196°C. (with 
decomposition), comparatively stable in air, insoluble in water but soluble in most 
organic reagents.Dimethyl mercury will react with alcoholic mercuric bromide 
to give methyl mercuric bromide, melting at 160°C.^^ 

The methylene radical is formed when azomethane is decomposed below 500°C. 
in a current of diethyl ether or butane, it combines with tellurium, selenium, 
arsenic and antimony. The product of the action of methylene radical on tellurium 
is a polymer of telluroformaldehyde, (CH 2 =Te)n, a red solid of low vapor pres¬ 
sure and insoluble in the usual organic reagents.Evidence gathered by Belchetz 
and Rideal shows that telluroformaldehyde is reatlily reduced to dimethyl telluride 
and dimethyl ditelluride.*^ Eor this reason the use of icKline was preferred for 
the detection of methylene radicals, methylene di-iodide being formed even at 
-~65°C. The methylene radical does not combine with zinc, cadmium,^** mercury, 
thallium, lead or bismuth. 

Active particles consisting of atomic hydrogen, which might conceivably be 
formed during pyrolysis of hydrocarbons, have been shown not to attack zinc, 
cadmium or lead mirrors, 'fhe possibility of the formation of free radicals of the 
ethylene type (—CHmCHo—) has been suggested by Hurd^'^* but attempts by Rice 
and W haley-** U) isolate them were negative, perhaps due to an exceedingly short 
life period or to non-interaction with the metallic mirrors used. Experiments to 
isolate the ethylidene radical (CH 3 C’H = ) likewise proved unsuccessful.-* 

'I'lie Paneth effect may be utilized to determine experimentally activation ener¬ 
gies for the dissociation of hydrocarbons into free radicals. If the material under 
e-xamination is pyrolyzed under low pressure at two or more temperatures, the 
concentration of free radicals (at the end of the reaction tube) in each case can 
be measured from the times of disappearance of standard antimony mirrors. If 
/j and /.j are the observed times at the temperatures 7', and To (in degrees absf>- 
Inte), the activation energy, can be calculated from the formula. 



The above metho<l has been employed by Rice and Johnston-^ in the case of 
ethane, propane, //-butane, //-pentane and //-heptane, the values of H for these 
hydrocarbons being 79.5, 71.5. 05.4, 64.0 and 6i.2 kg.-cal. per mole, respectively. 

It has been shown by Rice and Iferzfeld--* that the monomolecular character 
of the pyrolysis of ethane and other hydrocarbons is consistent with a chain 

F. O. nice and A. L. (ilasehrook. J.A.C.S., 19.^4. 56. 24/2; Brit. Chrm. Abs. B, 1^S5. 62: 
Chem. Abs., 19.KS, 29, 72.?. 

F. O. Rice and B. L. Evering. J.A.C.S.. 19S4. 56, 2105; Cl.vm. Abs., 1955. 29. 447; Bnt. Chem. 
Abs. A. 19.14. 1541. 

F. O. Rice and A. T.. tlla^ehrook, J.A.C S , 1954. 56, 2581 ; Bnt. Chem. Abs. A. 1935, 62; Chem. 
Abs., 1935. 29, 723. As indicative of the fugitive character of these radicals, it is of interest to note 
that when decomposition is carried out at 650*C.. only methyl ra«licals arc formed. 

L. Belchetz and E. K. Rideal. J.A.C.S., 1935. 57, 1168; J. lujit. Pet. Tech., 1935, 21, 336.\; 
Chem. Abs., 1935, 29. 6128; Brit. Chem. Abs. A. 1935. 1085. 

“ Ciirioinily enough F. O. Rice and F. R. Whaley (J.A.C.S., 1934. 56. 151 1: Chem. Abs., 1934. 
28, 6697; Brit. Chem. Abs. A, 1934, 863) report that the fragments fornuti in the electrical decom|K)si- 
tion of various organic compoutids did not, for some unexplained reason, react with zinc or cadmium 
mirror* despite the fact that they were shown to consist partly of methvi radical.^. 

«r. n. Hurd. Iiiii. Bun. Chem., 1934. 26, 50; Chem. Abs.. 1934. 28. 1014; Brit. Chem. Abs B, 
1934. 228. 

R. O. Rice and F. R. Wh.nley. loe. cit. F. O. Rice and K. K. Rice. “The Aliphatic Free Radi 
cal*,“ The Johns Hopkins Press, Baltimore, 1935, 

F. O. Rice and A. I.. (Ilasebrook, J.A.C.S., 1934, 56, 741; Brit. Chem. Abs. A. 19.54 508; 

Chem, Abs., 1934, 28. 2o72. 

” F. O. Rice and W. R. Johnston. J.A.C.S.. 19.54. 56. 214; Chem. Abs.. 1934. 28. 1655; Brit. 
Chem, Abs. A, 1934. 2/6. F. O. Rice. Trans. Faratiav Soe.. 1934. 30, 152; Chem Abs 1934 28 

2319; Brit. Chem. Abs. A. 1933. 1270. . 

•F. O. Ricf and K. F. Herzfeld. J.A.C..^., 1934. 56. 284; Brit. Chem. Abs. A, 1934 369- Chem 
Abs., 1934, 28, 1655. 
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mechanism involving free radicals.^^ The essential condition is that the chain 
shall be terminated by a reaction between '^two different carriers of the chain/' 

From observations employing a molecular beam^® method, Beeck^® substanti¬ 
ates the free radical theory. Using a platinum or carbon filament covered with a 
unimolecular layer of water at 1S50®C., he found that hydrocarbons (except 
methane) are completely decomposed in primary reactions, indicating the formation 
of free radicals by the rupture of carbon bonds. Methane, however, dissociated 
into the free methylene radical and hydrogen under these conditions. Beeck be¬ 
lieves that dehydrogenation of paraffin and olefin hydrocarbons cannot occur unless 
traces of water or of another non-metallic hydride such as hydrogen sulphide are 
present, and that this unimolecular layer on the catalytic surface is the true seat of 
dehydrogenation. Bone-'^ contends that in the pyrolysis of the lower hydrocarbons 
it is necessary to assume the primary formation of free radicals such as methylene, 
methenyl (CHs) and methyl. The evidence is based on spectrographic data 
obtained in combustion of methane, ethane, ethylene and acetylene. 

Other Theories of Pyrolysis 

Kassel^® has proposed a theory based on fundamental valence considerations to 
account for the production of more than two molecules per molecule of higher 
paraffin hydrocarbon decomposed. It is assumed that, in the case of «-butane for 
example, two hydrogen atoms at opposite ends of the carbon chain are brought 
into close proximity and united to yield a hydrogen molecule. The resulting car¬ 
bon chain is broken in the center to furnish two molecules of ethylene. In the 
same way, n-pentane may yield methane and tw'o ethylene molecules. This theory, 
which ignores the role of free radicals, does not agree with experimental data on 
the two hydrocarbons cited. 

Criegee*® believes that the thermal rupture of carbon chains occurs by removal 
of hydrogen atoms in the 1,4 position, the resulting 1,4-di-radical undergoing 
stabilization b>Lcleavage between atoms 2 and 3. The decomposition of ii-hutane 
is interpreted in the light of this theory as follows: 

CHjCHjCHjCH, —H, + —CH,CH,CHzCHr- —H,-f 2CHt==CH, 


Methane 


Despite considerable experimental work on the thermal decomposition of meth¬ 
ane the exact cour.se of the reaction is still doubtful. Primary dissociation to 
methylene has previously been shown by Kassel®® and Storch.®^ Belchetz®^ sub¬ 
stantiated these findings by passing methane at 0.1 mm. pressure over a platinum 

For a dtscuMion of chain reaction!, see Carleton Ellis, “The Chemistry of Petroleum Deriva* 
tlv^“ The Chemical Catalog Co., New York, 19.14, S-S, 

*A discussion of molecular beams has been given by J. B. T.iylor (/»</. Eng. Chem., 1931. 23. 
1228; Chem. Abs.f \9i2, 26, 346). According to this investigator, they consist of a narrow ray of 
moleculef moving tn a unidirectional motion and are formed by poi^sage of molecules through a slit or 
series of slits in a highly evacuated anoaratus. 

••O. Beeck. Nainre. 1935, 136, 1028; Brit. Chem. Abs. A, 1936, 169; Chem. Abi.. 1936, SO. 1291. 

•^W. A. Bone, Tram. Faraday Soc.. 1934, SO. 148; Brit. Chem. Abs. A, 1934. 259; Chem. Abs., 
1934, 2S. 2319. 

■»L. S. Kassel. /. Chem. Pkys.. 1933. 1. 749; Chem. Abs., 1934. 28. 463; Brit. Chem. Abs. A, 

1934, 54; Chem. Rev., 1932, 10, II; Chem. Abs., 1932. 26. 2367. 

»R. Criegee, Ber., 1935, 6i. 665; Brit. Chem. Abs. A, 1935. 727; Chem. Abs., 1935, 20. 3975. 

»L. S. Kassel, J.A.C.S., 1932, 54. 3949; Chem. Abs., 1932, 26, 5797; Brit. Chem. Abs. A. 1932, 

1209. 

«H. H. Sior^jJ.A.C.S., 1932. 54. 4188: Chem. Abs.. 1933. 27. 15; BrU. Chem. Abs. A. 1933, 
32. See Carletcm Ellis. “The Chemistry of Petroleum nerivatives,*’ The Chemical Catatog Co.. Inc., 
New York, t9S4, 43. for a discussion of this work. 

•L. Bde^s. Trans. Faraday Sac., 1934, SO. 170; Chem. Abs., 1934. 28, 2321; Brit. Chem. Abs. 
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filament heated to 877 to 1027®C. and then over mirrors located 3 mm. from the 
filament. Since the free radicals combined with iodine mirrors to form methylene 
iodide and with tellurium to furnish a compound decomposable with bromine to 
give methylene bromide, Belchetz concluded that the reaction must be 

CH 4 —CH,+ H, 

The dimerization of methylene radicals on a cooled glass surface yielded ethylene, 
which further substantiated this proposed mechanism. 

In direct opposition to these results, Rice and Dooley^^ observed that only 
methyl radicals (identified as dimethyl ditelluride) were formed when using,a 
quartz tube at 1200®C. with the tellurium mirror located 1 cm. from the end of 
the furnace tube. Belchetz’s experiments could not be verified, for in the range of 
temperature (877-1027°C.) no mirror removal was experienced, even when using 
a larger reaction tube with and without platinum. Rice and Dooley consider that 
the primary rupture may be represented by: 

CH4 CH,+ H and H + CH4 —H,-h CH, 


These conflicting results have been discussed by KasseP^ who has shown that 
the experimental kinetics of the methane decomposition cannot be explained by any 
mechanism which involves methyl radicals but are perfectly explicable on the as¬ 
sumption that methylene radicals are the primary intermediates. It should be 
noted that the mechanism of Rice and Dooley involves the production of atomic 
hydrogen, but these investigators were unable to detect the latter and concluded 
that the hydrogen atoms initially formed recombine on the walls or react with 
methane before reaching the mirror. Kassel has pointed out that the non-appear¬ 
ance of hydrogen atoms in the products of pyrolysis is evidence against the mecha¬ 
nism of Rice and Dooley. 

Belchetz and Rideal^** have since demonstrated rather conclusively that methyl¬ 
ene radicals are formed in a dynamic or kinetic system at low pressures in contact 
with carbon and platinum filaments at temperatures of 1100® to 1750®C. The 
methylene radicals were identified by reaction with iodine to yield methylene di¬ 
iodide. It was further shown that, owing to the instability and ease of reduction 
of telluroformaldehyde, the tellurium test for methylene radicals is somewhat un¬ 
satisfactory. The gaseous products obtained by passage of methane at high ve¬ 
locity and a pressure of 0.1 mm. over a carbon filament at 1745®C. contained 17 
per cent ethane and 2.7 per cent ethylene. The energy of activation for the de¬ 
composition of methane on a carbon filament was found to be 95,000 cal. 

It is apparent that further work is necessary before the mechanism of the pri¬ 
mary dissociation of methane can be properly elucidated but there is no doubt that 
formation of highly reactive free radicals, either methyl, methylene, or both, repre¬ 
sents the initial step and that recombination of these radicals or reaction w^ith 
methane gives rise to the observed products, namely, ethane, ethylene and acet¬ 
ylene. 

It has been stated by Kobozev, Kashtanov and Kobrin®* that the velocity con¬ 
stants for the formation of ethylene and acetylene from methane (diluted with 40 
per cent of nitrogen) in quartz and porcelain tubes at 1160®C. are independent of 
the reaction chamber materials and are unaffected by the addition of mercury. 


•F. O. Rice and M. D. Dooley. J.A.C.S., 1934. 5®. 2747; 7, Inst, PeL Tech., 193S, 21. 47A; 
Brii. Ckrm. Abi. A. I93.‘5. 191; Chem, Abs., 1935, 29, 723. 

••L. S. Ka^nel. J.A.CS,, 1935. 57, 833; Brit Ckem, Abs. B, 1935. 827; 7. Jnst Pet Tech 
1935. 21. 252A; Chem. Abs., 1935. 29. 4325. 

•»!.. Belehetit and E. K. J.A.C.S., 7. Imst. Pet. Tech,, 1935, 21, 336A; 

Ckrm. Abs., 1935. 29, 6128; Brit. Chem. A, 1935, 1085. 

•N. I. Kobewev, L. I. KashUnov and S, M- 7. Gen. Chem. (U.S.S.R.}, 1935, 5. 143; 

Ckem, Abs,, 1935, 29. 4920; Brit Chem. Abs. B. 1935. 714. 
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bichloride of mercury, sodium or sulphur. Although the rate of ethylene forma¬ 
tion is considerably reduced by the presence of antimony and sodium chloride, this 
is attributed to side reactions rather than catalytic poisoning. The rate of carbon 
formation, however, is 50 to 100 times greater in quartz than in porcelain and is 
further accelerated by deposition of carbon in the reaction tube. Mercury va¬ 
pors act as inhibitors for this reaction, but although bichloride of mercury and 
sulphur are similar to mercury in their action in a porcelain chamber, nevertheless 
they do effect an increa>e in tlie rate of decomposition of methane in quartz ves¬ 
sels. Finkershtein and Zabolotzkii^^ noted that a 95 per cent carbonization of 
methane could be obtained at 1000°C. using a catalyst of fire clay containing \2 
per cent nickel monoxide. 2 per cent chromic oxide and 3 per cent copper oxide. 
This material is not poisoned by hydrogen sulphide and can be used repeatedly if 
the carbon is removed by superheated steam. 

The application of the glow discharge method to the cracking of methane was 
investigated by Kobozev, Vasil’ev and Garbraikh.^** Electrodes of aluminum, cop¬ 
per, zinc, lead or iron brought about a conversion of 1.5 per cent of the methane 
into ethylenic or acetylenic compounds, but when mercury electrodes were sub¬ 
stituted under the same conditions the conversion was 5.2 per cent. By warming 
the electrodes or employing intermediate mercury electrodes, this can be increased 
to 14 per cent. The effect is ascribed to an activation of the mercury vapor, from 
which the energy is transferred to the methane molecule. 

Kobayashi and others*^*^ have studied the range 800® to 1300®C. and found that 
at 1200®C. a maximum yield of ethylene (4 per cent) is obtained. Above this 
temperature the production of ethylene is lowered and that of acetylene increases 
reaching 17.4 per cent at 1300®C. The time of contact when varied between 0.05 
and 0.15 second was found to have very little effect. Tropsch and Egloff*^ ob¬ 
served that the time factor is extremely important. At 1400®C. and 50 mm. pres¬ 
sure the production of ethylene falls off from 2.2 to 1.2 per cent when the contact 
time is increa.sed from 0.0023 to 0.0141 second. Acetylene formation is favored, 
however, going from 1.6 to 6.0 per cent over the same range of time. Lowering 
the pressure has a like effect according to Frost^* who obtained a 95 per cent con¬ 
version at 1800®K. n527®C.) and one atmosphere and again at 1500®K. (1227®C.) 
and 0.1 atmosphere. 

The influence of various contact materials on the production of acetylene at 
high temperatures has been studied by Klyukvin and Klyukvina.^* Without cata¬ 
lysts at 1250®C., the yields did not exceed 4.2 per cent of the total methane passed 
or 11.2 per cent of the total reacting methane. When’ employing vanadium at 
1050®C., the corresponding figure.^ were 3.5 and 48.3 per cent respectively. The 
be.st coarse catalyst was kaolin which yielded 1.7 per cent acetylene on the methane 
passed and 16.9 per cent on the methane consumed at 1050®C. Wulff^ recom¬ 
mends packing the reaction chamber with .silicon carbide (Carborundum) particles. 
Introduction of methane and air at 1400®C. gave 5 to 6 per cent of acetylene. 
Fischer and Pichler suggest passing a mixture of methane and oxygen through a 

«V. 3. Finker»b(ein and T. V. Zabolotzkii, Vkrain. Khcm. Zhur., 1934, 9, 263; Brit. Chrm, 
Abs. B. J935. 258; Chem. Abs.. 1935, 29. 6023. 

**N. T. Kobozev, S. S. Van'I’ev and E. E. Garbr.'iikh, ComM- rend. acad. set. U.R.S.S., 1935 
2, 236; Brit. Chrm. Abi. A. 1935. 943; Chem. Abs., 1935. 29. 6152. 

** K. Kobaraahi. K. Yaniamoto. H. Ishikawa and S. HinonUhi. /. Chem. tnd., Japan, 1935, 

3$, 550 i.Snppt. bind.)-, Brit. Chem. Abr B. 1936. 133; Chem. Abs.. 1936. 30, 1210. 

Tropsch and G. Effloff, Jnd. Enp. Chem., 1935, 27, 1063; /. !nst Pet. Tech., 1935. 21, 
408A; Brit. Chem. Abs. B. 1935. 1035; Chem. Abs.. 1935. 29, 7935. 

•3 A. V. Froft, Matifiats an Cracking and Chemical Treatment of Products Obtained, Khimieoret, 
1935. 2, 98; Chem. Abs., 1935. 29, 5626. 

"N. A. Klytikvin and S. S. Klyukvlna. Khim. Tverdopo Topliva, 1935, 6. 130; Chem. Abs., 1935. 
29, 7617; Brit. Chem. Abs. B. 1937. 106, 

b917.627. July II. 1933; Brit. Chem. Abs, B. 1934, 409; Chem, Abs., 

1933, 27, 4656. 
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reaction tube heated above 1000® with a contact time of less than 0.01 second.^^ 
This results in partial combustion with the formation of acetylene and hydrocar- 
l)ons of a higher carbon content. Thus the o])tiinuni yields of acetylene are 6.2 
per cent at 1000®C. with 0.0085 second contact time, and 6.6 per cent at 1600®C. 
with 0.0029 second. Longer periocls of heating, however, cause a decreased 
conversion. 

Methane may be converted into liquid hydrocarbons by heat treatment between 
400® and 1100®C. in the presence of mercury or cadmium vapors.**® A yield of 
12 g. of tar and 12 ml. of oil per cubic meter of methane was obtained by Oda^® 
who used quartz tubes of 3 to 15.5 mm. internal diameter and catalysts of silica and 
pumice stone with and without ferric oxide and nickel. By diluting the methane 
with hydrogen the yield of oil and tar was lowered, even when larger reaction 
tubes, higher temperatures and longer heating periods were employed. Dilution of 
the feed gas with oxygen resulted in partial combustion with a negligible formation 
of tar and oil. 


Ethane 


The main reaction in the early stages of decomposition of ethane is one of de- 
hj^drogenation to ethylene, which occurs without catalysts at about 650°. Rice has 
suggested a mechanism involving the decomposition to two methyl radicals^ 
which then initiate chain reactions. Sachsse*^ determined the concentration of 
hydrogen atoms produced during the thermal decomposition of ethane at 560 to 
590®C. to be twice as great as corresponds with the equilibrium value for the dis¬ 
sociation of pure hydrogen. This shows that part of the ethane decomposes pri¬ 
marily into methyl radicals which form hydrogen atoms by chain r eactiohsi H^- 
ever, it was also pointed out that the concentration of hydrogen atoms is only 
abput 0.001 of the value calculated according to the Rice theory, which holds that 
all the ethane decomposes by chain reactions initiated by the formation of methyl 
radicals. Sachsse concluded,’ therefore, that only small part of tlte ethane deconi- 
|ipsc§^4>i4warily into radicals. 

Belchetz and Rideal,*® in studying the decomposition of ethane at low pressures 
in contact with carbon filaments at 1450 to 1800°C., have failed to obtain any evi¬ 
dence of the formation of methyl or ethylidene radicals. The very close agreement 
between the activation energy of 94.6 kg.-cal. for this reaction and that obtained 
for methane (95 kg.-cal.) using the same method, suggests the possibility that the 
same process is involved, that of the removal of two hydrogen atoms as a molecule 
from the same carbon atom as first suggested InJsUdiiftaL^ If this is the mechanism, 
the ethylidene radical must undergo tautomeric conversion to ethylene immediately 
after formation. However, Belchetz and Rideal consider it much more likely that 
ethylene is the primary product. 

The decomposition of a molecular beam of ethane projected on to a hot plati- 


FUchrr and II. Pichirr. U. S. P. 1.940.209. Dec. 19, 19.U; Chrm. Abs., 1934. 28, 1353; 
Brit, Chem. Abs. B, 1934, <J17. 

••F. Winkler and H. Hacuber, U. S. P. 1,986,238 and 1,986,239. Jan. 1, 1935, to I. G. 
Farbenind. A.-G.; Chvm. Abs., 1935. 29, 1098. 

R. Oda, J. Soc. Clicm, Ind., Japan, 1934, 37. 630 iSnppl. bind,); Clicm. Abs., 1935. 29, 1073; 
/. Jnsi. Pet. Tech.. 1915. 21. 49A. 

-»R. O. Rice, 1931. 53, 1959; Chem, Abs., 1931. 25. 2967; Bnt, Chem. Abs. A. 1931. 

819. Reference should he made to Carleton Kllis. “The Chemistry of Petroleum Derivatives,” The 
('hemical Catalog Co.. Inc.. New York. 1934, 47. for a discussion of this theory. 

*• H. Sachsae, physik. Chem., 1935, B3I, 79; Brit. Chem. Abs. A, 1936, 432; Chem. Abs, 
1936. 30. 2471. 

L. Belchetc and K. K. Rideal. J.A.C..^., 1935. 57, 1168; J. lust. Pet. Tech., 1935, 21, 336A; 
Chem. Abs., 1935. 29. 6128; Brit. Chem. Abs. A. 193.5. 1085. 

••L, S. Kassel, Chem. Per., 1932, 10, 11; Chem. Abs.. 1932, 20. 2307. 
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Table 11. — Pyrolysis of Ethane at 50 mm. Pressure. 


Temperature, ®C. *-1100-* ^-1400* 

Contact time, 


lO”"* see. 

1.53 

2.22 

2.48 

5.85 

10.5 

0.28 

0.41 

0.88 

1.64 

9.50 

Gas analysis, % 

C,H,. 

3.4 

2.2 

2.2 

4.0 

4.8 

3.2 

4.8 

12.0 

17.8 

15.4 

C,H,. 

28.4 

32.2 

33.4 

30.6 

27.4 

30.2 

32.8 

20.6 

5.0 

0.4 

C,H,. 

4.2 

4.2 

2.2 

2.4 

2.8 

2.2 

1.4 

0.6 

0.0 

0.0 

CoHin+t. 

— 

— 

— 

— 

— 

25.8 

13.4 

12.2 

— 

4.9 

H,. 

— 

— 

— 

— 

— 

34.6 

41.2 

5.2 

— 

70.7 

n of Paraffins*. . 
C formed, % of 

— 

— 

— 

— 

— 

1.7 

1.3 

1.1 

— 

1,0 

total C 

charged.... 

— 

— 

— 

— 

— 

0.0 

0.3 

8.0 

— 

440 

Liters of product 
per 100 1. 
ethane 
charged 

CiH,. 

5.4 

4.0 

4.1 

8.5 

10.6 

5.5 

9.8 

27.3 

.36.7 

47.8 

CtH,. 

45.2 

59.0 

62.0 

64.5 

60.7 

52.0 

67.3 

46.8 

28.6 

1.2 

C,H.. 

6.7 

7.7 

4.1 

5.1 

6.2 

3.8 

2.9 

1.4 

0.0 

0.0 


• Average nunil>cr of carbon atoms per molecule 


of ethylene at 900-950®C., the proportion increasing with the rate of flow. De¬ 
composition of etliylene to acetylene occurred above 830°C. Also, it was noted 





r 

1 

] 


1 “ 

Fic. 10. • 

Pyrolysis of Kthane at 1100®C. and 50 mm. Sco ' 
Pressure. (H, Tropsch and G. Kgloff) 


■vd 


H 






— 

rn'f 


r/y 

e 

i ' ! 

/ 




Lj 

i— 

.U 

1 

! 

Ileo' 

Courtesy Industrial and Engineering Chemistry jC ^ 





I 

I 


n 

1 

1 








1 


._J 

_i 







•^BTrLe/ya, 

'n. lit. 




/.o a 3 ^ ss e fao ao 
COr^TACT SeCONOS 


that some liquid products were formed by polymerization of butadiene and acetyl¬ 
ene resulting from dehydrogenation of ethylene. ^ 






Propane 


Propane pyrolyzes according to the following schemes at atmospheric pressure: 

(1) C,H, 

(2) C,Hs —-fCH4 

and (3) 2C,H* C,H, + C,H« ^ CHi 


According to Tropsch, Thomas and EgloflP,*® reaction (1) is a true equilibrium 
and should be suppressed by the application of pressure, whereas (2) should not 
be influcnced.*^^ Reaction (3) plays only a small role until the pressure is raised. 


In the first IniUoee.^the reterMa >eectioa ii^vct the union M hydro^ and propene to five 


win 
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Then it should predominate more and more, since it is bimolecular and its rate is 
proportional to the concentration of the substance undergoing change. This re¬ 
action is thermodynamically possible and also probable, as the calculations of Lang 
and Morgan^‘^ on the free energy change give —11,830 cal. at 627*^C. 

Using a carbon filament at 1650°C., Belchetz and Rideal'^^® were able to identify 
only propene in the decomposition products. At 1750°C., ethylene was also found. 
The energy of activation of propane on carbon was calculated to be 94.2 kg.-cal., 
which is very close to that obtained for methane and ethane by this method. 

Dintzes and Frost®^*‘ have pointed out that the pyrolysis of propane at 616- 
666°C. in a quartz tube at low pressure does not follow a unimolecular course 
but probably involves a chain mechanism. Paul and Marek^^ found that dissocia- 



Fio. 11. 

Pyrolysis of Kthanc at 1400® C. 
and 50 mm. Pressure. (H. 
Tropsch and G. pRloff) ^ 


Lourtrsy huinstrial and limtiin'crinff 
( hrmistry 


tion in copper and fused .silica tubes is not affected by changes of reactor surface- 
volume ratio. In the temperature range 550^ to 650^C. at atmospheric pressure 
the relation between the equilibrium constant and the temperature is governed by 
the equation, 


logjo* 


16.60 


74850 

2JRT 


The results of Tropsch, Thomas and Lgloff’'^ indicate that the bimolecular 
reaction (3) may account for as niucb as 70 per cent of the propane decomposed 
at 555-585®C. under a pressure of 725 lb. per sfj. in. At 555®C. with a contact 
time of 95 seconds, the proportions of propane decomposed (about 12 per cent of 
the total feed) according to reactions (1), (2) and (3) were 6.8, 33.0 and.54.0 
per cent, respectively. At 585°C. with 87 seconds contact 0.9 gal. of liquid hydro¬ 
carbons per 1000 cu. ft. of ^ was obtained and about 30 per cent of the propane 
was consumed per passage. 

The pyrolysis of propane at 600, 650 and 700®C. and under I and 7 kg. per sq. 
cni. pressure has been investigated by Egloff. Thomas and Linn.®<> At the lower 



Cliem. Ahs^A. 19J6. 169^. Insi. 

SIO: BriV. Ckfm. 

Bng, Cktm,, 1934, 2®. 454; BrU. Chem. A. 1934, 60.1; 
hf. cit. % ^ 

in, /nrf. B»g. Chtm., 1*83 j Chm. Abs., 1936, 


« V ana ««. iv. Kiaemi. IVJ5. >7, Brit. Chem ABm. A 1 

1^6. 22, 86A; Chem. Ah^., 1936, 30, 1641. S. 

.. Difitzei anH A. V. Froa^ rend. acad. sHy V.R.S.S., 1934, f. 

Abs.K IW, 1311; Chem. Abe., 193?; 2058. ' ’ ^ 

■•R. E. and .L, F. Marek. !nd. Bno* Cl 


Chem. Abt.,^34. 2$, .1973 


"H. Thomaa and G. E«l^. 

C. L. Tbomaa and C. B. Unt^ 
to* 7988; /. /nil. Prt. Tedk., 1937, 23. 21A. 
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pressure, the highest concentration of propenc (14 per cent) was attained at 700°C. 
and 5.4 seconds contact time, with 35 per cent of the propane undergoing decom¬ 
position. Optimum conditions for the formation of ethylene at 1 kg. per sq. cm. 
pressure were at 700°C. and a contact time of 19 seconds, corresponding to a 23.9 
I)er cent content in the exit gas. The application of pressure lowers the proportion 
of olefins and yields somewhat, but at the same time greatly increases the produc¬ 
tion rate. The investigators point out that the effect of increasing the reaction time 
increases the extent of the reaction and also the concentration of unsaturates up to 
a maximum, after which longer durations caused only a decrease in the latter. It 
was also noted that the propene maxima point always occurred at shorter con¬ 
tact times than that of ethylene. 

In the thermal treatment of propane at 650-860°C. under atmospheric pressure 
in a steel alloy (Sicronial) lube, it was noted by Schmieden®^ that the highest 



Courfi'sy hiduxtrial (tnd I'ntfiucrrttia Cht mistry 

Fio. 12,- I’yr(^ly^i^ of Pro|>aiK* at lllMl'C. and 50 nini. F^ressure. (H. Tropsch and 

(j. Kgloff) 


yields of uiisaturates occurred in the range 730-7^)0°C. Thus, at 760°C. with a 
contact time of 2 seconds a 72 volume i)er cent yield re>ulted. one-third of which 
was propene and higher olefins. Carbon deposition amounted to about l.^peii^ei^ 
(by weight) of the original propane. 

A 75-80 per cent yield of unsaturatcd hydrocarbons (ethylene and propene'I 
was obtained by Frolich and Wiezevich®- from propane diluted with 70 per cent 
air and heated to 675°C. lor 30 seconds in a copper reactor. Low yields of liquid 
pro<1ucts resulted with simultaneous cracking and polymerization at 1 atmosphere, 
and with pyrolysis at 840°C. and 1 atmosphere followed by polymerization at 
650°C. .and 48 atmospheres pressure, d'he optimum conversion (7.75 gal. per 
1000 cu. ft.) was obtained after cracking by dehydrogenation in the presence of 
copper oxide and subsequent polymerization at 4(X)°(', and 170 atmospheres. 

According to Lang and Morgan,®* varying the partial pressure of propane by 
dilution with steam clearly shows the importance of the himolecular reaction. Ex- 

•»\y^ Schnncden, Ocl w. KohU, 12. 9.t0; BriL Chcm. Jhs B. >0; /. lust. ^tt. Ttck. 

19.17. It. .S7A. \ \ ^ \ 

Frolich and P. T. }yic^ich. Ind. Chr^.. 27. 1055; J\]ust. Pet. TeHi.. 19A5, 

21. 40$Aj^kem. Ahs.. 1935. 29, 7^; Brit. Chem. 1935. 980. 

•J. and J. L Enfj. Chem., 19X5. 27. 937; J. lust. Pet. Tech.. 193S. II. 

370A; ChemrAbt,, 1935. 29. 6203; Chem. Abs. A. 1935. 1221. 
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periinents were carried out in the range of 600-700®C. at constant rate of contact. 
Up to pressures of 0,2 atmosphere, methane, ethylene, propene and hydrogen are 
produced in approximately equal amounts. Above this pressure the production of 
ethane becomes appreciable and that of ethylene and hydrogen tends to decrease. 

The work of Cambron and Bayley®^ indicates the necessity of employing condi¬ 
tions of turbulent flow of gases in hot tubes for optimum formation of intermedi¬ 
ate products. High conversions to aromatic hydrocarbons can be obtained by sub¬ 
jecting graseous propane to turbulent flow through alloy steel tubes (containing 18 



Fig. 11 

Pyrolysis of Propane at 1400®C. 
and 50 mm. Pressure. (H. 
Tropsch and G. Egloff) 
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per cent of nickel) at temperatures as low as 800®C. under slight positive pressure, 
f ields of 23.3 lb. of light oil per 1000 cu. ft. of propane passed were obtained at 
H00°C\. together with 10 lb. of liquid boiling above 200®C. The light oil contained 
64 i)er cent benzene, 14 per cent toluene, 7.8 per cent styrene and small proportions 
of cyclopentadiene, xylenes and higher aromatics. The higher-boiling liquid con- 


Table 12 .—Pyrolysis of Propane at 50 mm. Pressure. 


Temperature, ®C. 
Contact time, 

10~* sec . 

0.877 

1.25 

-1100- 

3.20 

11.5 

56.4 

0.39 

0.85 

-1400- 

1.83 

3.40 

5.23 

Gas analysis, % 
C,H,. 

0.0 

1.3 

4.1 

7.2 

8.1 

7.0 

12.6 

17.4 

20.2 

20.6 

C.H,. 

8.1 

18.7 

29.5 

28.4 

17.8 

28.2 

' 20.2 

10.4 

3.2 

1.8 

C,H,. 

5.2 

7.7 

6.2 

2.4 

0.0 

6.4 

1.2 

0.0 

0.0 

0.0 

CnHjB+j. 

74.7 

31.3 

30.2 

27.4 

24.8 

27.8 

22.4 

— 

15.8 

11.8 

H,. 

7.8 

23.6 

25.8 

31.2 

40.6 

27.0 

39.4 

— 

57.4 

61.2 

n of Paraffins*. . 

3.03 

2.01 

1.71 

1.22 

1.05 

1.4 

1.0 

— 

1.0 

1.0 

C formed, % of 
toUlC 
charged.... 

0.0 

2.0 

3.0 

7.7 

21.5 

2.3 

11.9 


26.4 

28.1 

Liters of product 
per 100 1 . of 
propane 
charged 

C,H, . 

0.0 

1.9 

8.6 

17.2 

23.2 

15.9 

35.8 

57.5 

70.0 

75.7 

C.H, . 

9.5 

27.9 

61.8 

68.0 

51.0 

64.0 

57.5 

34.4 

5.6 

5.6 

C,H.. 

6.1 

11.8 

13.0 

9.1 

0.0 

14.5 

3.4 

0.0 

0.0 

0.0 


• ^ermge 


number of 


c«fbon atoms per molecule. 


^A. Cmnbrofi and C.vH. 
Ahd Brit, 

VJ 34 , 20. 744. 


tern, Ai 


1b, 


Can. K Raseareh, mX 0. 583. 59li 1934, 10. 14$^ Brit, CAm. 
4. S934« 507; Chan. Aha,, 1934, 2lr. 1508; /. /ml. Pai, Tech., 
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listed of 25 per cent naphthalene, 12.5 per cent anthracene, and smaller percentapjes 
of mono- and dimethyl-naphthalenes, acenaphthene and phenanthrene. The gaseous 
products resulting were ethylene (which represented 30 per cent of the propane 
decomposed, butadiene (about 5 per cent) and small amounts of acetylene. 

High-temperature-low-pressure pyrolysis yields large quantities of ethylene and 
acetylene, as can be seen from the results of Tropsch and Egloff.®^ Table 12. 

The striking similarity between the pyrolysis of propane and that of ethane 
can best be noticed by comparing Figs. 10 and 12 for treatment at 1100°C. and 
Figs. 11 and 13 for pyrolysis at 1400°C. The maximum yields of ethylene are 
approximately the >ame in all four cases, but the contact times arc much shorter 
at the higher temperature. Caphonization is slightly more pronounced in ethane 
than in propane at 14(X)°C. 

X-Hr TANK 


In the initial stages (jf the thermal decomposition of /?-hutane the principal 
reactions are : 

(1) w-C 4 H 10 n-C 4 HH H 2 

(2) «-C4H,o CdU + ClIi 

(3) M-C 4 H 10 -^ C.;H4 + C 2 Hf. 

Reaction ( 1 ). accounting for 16 per cent of the products at normal pressure, is a 
true equilihrium and may he 'suppressed hy increasing the pressure.^*^' The others 
are non-reversihle and would not respond to pressure changes. Reaction (2) ac¬ 
counts for 48.5 per cent and (3) for 34.5 ])er cent of the products at 600°C. and 
atmospheric pressure. 

In arl(liti(»n. two himolecular reaction^ ha\e been proposed by Tropsch, Thomas 
and ICgloff. They are : 

(4) 2«-C4H,o - V n-(\Us 4- C%H, + CH 4 
and (5) 2 «-C 4 H|o —>- M-C 4 HR -f 2 C 2 H 6 
'I'he true significance of these latter ecjuations w ill he discussed suhse(|ucntly. 

The similarity in the primary decomposition of the lower paraffins has 1>een 
show'll by Belchetz and RideaF*" using a carbon hlament heated to 1400^ to 2000°C. 
The energies of activation calculated from the data obtained were: methane, 95, 
ethane, 94.6, jiropane. 94.2 and butane, 93.2 kg.-cal. per mole. It was concluded 
that because of the closeness of these values the primary dissociation mu'-t l>e of 
the same general type, i.e., the pnHluction of molecular hydrogen and the com¬ 
plementary olefin. The latter may decompcise to methylene and the next lower 
olefin. Methylene subsequently undergoes reaction with the surrounding mole¬ 
cules.®^ 

The data of Paul and Marek®® for the limif^d decomposition of f/-hutane in 

copper and fused silica tubes show that the reaction at atmospheric pressure is 

homogeneous and unimolecular, the velocity constants in the temperature range 

530-625®r. being represented hy the equation: 

1 L i-A- 73900 
log,o« « l/.O:) - 2 

«If. Trop-ch aiul Ktrloff, /«</, F.nn. Chem., 19.15, 27. J. Inst. Pet. Tech.. 19.15. 21. 

40SA; nrit. ( hem. Ahs. B. 19.15. 10.15; Chem. Ab.^.. 19.15, 29, 7915. 

•* n. Tropsch. C. I.. Thonuis and G. F.gloff, Ind. F.np. Chem.. lOlfi. 28, 124; Bn't. Chem. Ab.<(. B. 
1916. 515: Chem. Ab.r.. 19.16. SO. 1212; /. Inst. Pet Tech.. 1916. 22. 201.\. 

«^r.. Ilrichctr .and K. K. Ridc.il. /.A.C..S., 1915, 57. 1168. 2466; Bn't. Chem, Abs. A. r>16. 1p9: 
/. Inst. Pet. Tech.. 1916. 22. R6A ; Chem. Abs.. 1915, 29. 6128; 1916. 30, 1641. 

According to T.. S. Kchols. .Tr.. .and R. X. Franc, tJ.A.C.^^., 1916. 58, 1117: Brit. Chem. Ahx 
A. 1916. 1090; Chrnt. Ahs.. 1916. 30, 5911.). the cracking of propane, ii-hut.’inr and inoUutanr at 
425*r. is induced h.v the presence of ethylene oxide. Eth.ine, however, they report to l>e un.-iffrcte^l 
under thene conditions. . 

R. K. Paul and L. T*. Marek. Ind. Eng. Chem., 1914, 26, 454; Brit. Chem. Abs. A, 1914. 601; 
Chem. Abs., 1914, 28. 3973. 
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Variation of reaction surface-volume ratio, dilution with nitrogen and change of 
surface from copper to silica were found to have no effect on the reaction velocity. 

Hurd, Parrish and Pilgrini^^ have pyrolyzed u-butane at low temperatures in 
empty Pyrex tubes. The primary products at incipient decomposition temperatures 
includeil methane, ethane, ethylene, propene and traces of hydrogen. At 365®C.. 
0.46 per cent dissociation was noted: this was increased to 5 per cent at 415®C. 
No evidence could be found to support the statement of Norris and Thomson^^ 
that there is a scission at any specific C-C l)ond location in the molecule if tem- 
iwratures near the initial decomposition values are used. 
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Pyrolysis of w-Butanc at 1100°C. and 50 inm. 
Pressure. (H. Tropsch and G. Egloff) 
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Over the range 525® to 555®C\ at 725 lbs. per m|. in. pres.sure, Tropsch, 'I homas 
and ivgloff^^ found that butane was decomposed in the following manner: 1.4 per 
cent dehydrogenation to butene according to reaction (1 ), 33.6 |)cr cent demcthyla- 
tion to propene (2), 30.0 per cent to ethylene and ethane (3), 31.0 per cent to 
butene, propene and methane (himolecular) (4), and 3.2 |)er cent to butene and 
ethane (himolecular) (5). The importance of pressure can be seen in that reac¬ 
tion (1), a true e(|uilibrium, was greatly suppressed, the normal value at ordinary 
pressure in approximately t)ie same temperature range being 16 f)cr cent, whereas 
the himolecular reaction (4) which under f)rdinary conditions is usually negligible, 
becomes very nearly the preflominating one. The following ecjuation for evaluation 
of contact time was proposed: 

27^ 2 

Cm Kr X 60/ X -y- X P X yr:^ 7 o 

where C * contact time, in minutes 

Vr -■ volume in cc. of apparatus at reaction temperature 
/ » total time of experiment, minutes 

P m operating pressure, atmospheres 

F' » volume m cc. under standard conditions of gas charged to apparatus in time t 
F® * volume in cc. under standard conditions of gas and vapor recovered from 
apparatus in time t 
T - alwolute temperature 

n. Hurd. C. I. Parriih and F. D. Pilgrim, J.A.C.S., 193J. 55. 5016 ; /. Inst. Pet. Teeh., 
1934, 20, 162A; Brit. Chem. Abs. A, 1934. 167; Chem. Abs., 1934, 28. 737. 

F. Norrti and G. Thomaon, J.A.C.S., 1931, 53. 3108; Chem. Abs., 1931, 25. 4842; Brit. 
Chem. Abs. A. 1931, 1147. 

^H. Tropsch, C. L. Thomas and G. Eglolf, toe. eit. 
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This formula was developed assuming that the ideal gas laws hold under these 
conditions. With the gases ordinarily used, this is nearly true. The greatest 
error (about 5 per cent) was with «-butane at 55()®C. and 1000 lbs. per sq. in. 

It has been shown by Hurd and Pilgrim^® that the decomposition of w-butane 
at 6(X)®C. pursues the same course at roughly the same reaction velocity in iron, 
nickel and quartz tubes. Monel metal, on the other hand, violently catalyzes the 
decomposition of butanes at 600®C., resulting mainly in complete dissociation to 
carbon and hydrogen. At 500®C., however, it exerts very little action. Hurd and 
Pilgrim obtained their time of contact from the formula: 

/ - VTJFTi 

where t = contact time in minutes, V = volume of the tube in cc., Tj = absolute 
temperature of entering gas, To = absolute temperature of heated gas, F = average 
rate of flow of gas through the tube, cc. per minute. This equation, also based on 
the ideal gas laws, can be used only at atmospheric pressure. It shows, however, 
that if the rate of flow and the temperature of the incoming gas are maintained 
constant, the product of the contact time and reaction temperature will equal a 
constant value. This explains the fact that the products obtained from n-butane at 
about 400®C. are very similar to those formed at 600® and 700®C. using correspond¬ 
ingly shorter periods of contact. 

The pyrolysis of >i-l)utane in non-catalytic metal tubes at 6(X)® and 650®C. and 
at 1 and 7 kg. per sq. cm. pressure has been discussed by EglofT, Thomas and 
Linn."^® The concentration of w>butene in the exit gas reached a maximum 5 per 
cent at 750®C., 7 kg. per sq. cm. and a time of contact of about 5 seconds. Propene 
formation was highest under the same conditions of temperature and pressure, but 
with heating periods of 18 seconds, amounting to 17.5 per cent by volume of the re¬ 
action mixture. On the other hand, the optimum concentration of ethylene was 
attained at 660®, 1 kg. per sq. cm. and 142 seconds. In these tests, the rates of 
formation of the olefins at 7 kg. are from 8 to 10 times those at atmospheric pres¬ 
sure. High temperature-low pressure pyrolysis at short contact times distinctly 
favors the production of ethylene. .As mentioned previously, the importance of the 
duration of the reaction period is stressed by Tropsch and EglofT.^® Their data, 
corresponding to 1100®C, and 50 mm. pressure, are given in Table 13. 

Table 13.— Pyrolysis of n-Butane at iJOO°C. and 50 mm. Prtssure. 


Contact time, 10“’sec. 0 921 1.26 2.56 8.44 

Gas analysis, ^ i 

C.U. . 2 8 2.5 6 8 9.5 

r,H4. 17.1 28.4 35.8 33.2 

C,H«. 13 2 11.3 7.6 3.2 

C„H,„,2. 54 7 38 6 24.9 24.7 

H,. 11 5 17.4 22.7 27.0 

n of Paraffins*. 3 56 2.73 1.43 1.26 

C formed, % of total C charged . 0.0 1.2 2.5 5.7 

Liters of product per 100 liters of 
butane chargeii 

C,H,. 3.9 4.9 17.5 25 8 

C,H4. 24.9 55.5 92.3 90 3 

C,H«. 18.6 22.2 19.6 8.7 


* Average numl>er of carbon atoms per molecule 

’*C. I). Hurd and K. D. Pilgrim, J.A.C.S.. 1933, 55, 4902; /. Inst. Pet. Tech., 1934, 20. 102A: 
C/irm. Abs., 1934, 28, 737; Brit. Chem. Ahs. A, 1934, 167. 

3*C. I). Hurd and K. 1). Pilgrim; C. 1). Hurd, C. I. Parrish and F. D. Pilgrim, toe. cit. 

*’^**>ff* C- L. Thomas and C. B. I3tm, Ind. Enp. CAcm., 1936. 28, 1283; Chem. .dhs. 1936, 
80. 7988; /. Inst. Pet. Tech., 1937, 28. 21 A. 

H. Tropsch and Cl. Egloff, Ind* F.np. Chem., 1935, 27, 1063; Brit. Chem. Abs. B, 193.5, 1035; 
Chem. Abs., 1935, 29, 7935; /. Inst. Pet. Tech., 1935, 21, 408A. 
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Tropsch and Egloff believe the cracking into ethane and ethylene to be the pri¬ 
mary reaction, and dehydrogenation to ethylene a secondary one, although with 
short contact times it seems to them more probable that the decomposition is to 2 
molecules of ethylene and 1 of hydrogen, in accordance with the views of CriegeeJ*^ 
The relations between the yield of products and contact time are shown in Fig. 
14. Ethylene formation is the greatest with this hydrocarbon, being about 33 per 



Fig. 15. 

Pyrolysis of Isobutane at 650®C. and 
I kg. per sq. cm. (G. Egloff, C. L. 
Thomas and C. B. Linn) 


Courtesy Industrial and Engineering Chemistry 


cent more than in the case of ethane or propane. Under similar conditions, acety¬ 
lene and propene are produced in greater amounts than when using propane but 
carbonization proceeds to about the same extent. 

Criegee, Ber., 1935. 68. 665; Brit. Chem. Ahi. A. 1935, 727; Chem. Abs„ 1935, 29, .V/7?), 
lilt views have been discussed in the introtluction to this chapter. 
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Isobutane 

The two main primary reactions occurring in the thermal decomposition of 
isobutane may be represented by the equations: 

( 1 ) 150-C4H10 —^ wo-CiHg Hj 
and (2) i5<?-C4Hio —^ CgH# -4“ CH4 


Fig. 16. 

Pyrolysis of Isobutanc at 650® C. 
and 7 kg, per sq. cm. (G. Egloflf, 
C. L. Thomas and C. B. Linn) 


Courtesy Industriai and Engineering 
Chemistry 




% i-«UTANt MACTIO MK 


In addition, according to Tropsch, Thomas and Egloff,’* there is also a bimolccular 
reaction, 


(3) 2 + C,H, + CH« 

B ?o5: •'i Thom** and G. Ktloff, W. Ent- CHtm., I9J6. 2S. 324; Brit. Chtm. 

B. 1936. 535i /. liut. Ptt. Tteh., t936, 21. 203Ai Clktm. Abt.. 19i6. 10. 3212. 
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which becomes very prominent at high pressures. At 555®C. and 725 lbs. per sq. in. 
pressure, only 5.9 per cent decomposes according to e<jiiation (1), whereas reactions 
(2) and (3) represent 37.8 and 39.9 per cent of the dissociation. Small amounts 
of ethylene and ethane were also formed. 

The velocity of dissociation at 550® to 610®C. under atmospheric pressure has 
been investigated by Paul and Marek.^^^ As in the case of w-butane, the reaction is 
homogeneous and unimolecular, and is unaffected by change of surface or by dilu¬ 
tion with nitrogen. Under conditions of limited decomposition, the velocity con¬ 
stant and temperature are related by the equation: 


logio^ 


14.89 ~ 


66,040 

2.3/?r 


The results of Egloff, Thomas and Linn*® on the dissociation of isobutane at 
650®C. and pressures of 1 and 7 kg. per sq. cm. are represented graphically in Figs. 
15 and 16, respectively. From the latter figure, it will be seen that the maximum 
concentration of isobutene in the exit gas was 17 per cent, corresponding to a yield 
of 45 per cent with a 12 second heating time. On the other hand, at 1 kg. per 
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Fm. 17. 

pyrolysis of Isobutanc at 1100®C. and 50 mm. 
Pressure. (H. Tropsch and G. Egloff) 


Courtesy imiustrial and Engineering Chemistry 


sq. cm. pressure, the optimum content is about 21 per cent at 21 seconds. The pro¬ 
portion of propene reaches its greatest value (12 j)er cent) at the lower pressure 
with a contact period of 39 .seconds. 

High-temperature pyrolysis of isobutane takes a different path from that of 
the normal gaseous paraffins under the same conditions, propene and acetylene 
being formed in higher yields in this case. Tropsch and Egloff*^ have investi¬ 
gated the decomposition at 1100®C. and 50 mm. pressure. Their data are given in 
Table 14. 


Table 14. —Pyrolysis of Isobulans at IJ0(fC. and 50 mm. Pressure. 


Contact time. 10~* sec.. 

. .. 1.14 

2.03 

2.50 

8.85 

19.8 

Gas analysis, % 

C,H,. 

.... 6,9 

10.8 

11.0 

10.6 

8.8 

CtH.. 

.... 7.4 

11.0 

14.0 

14.0 

11.0 

C,H,. 

.... 19,0 

18.8 

16.6 

10.8 

4.0 

i3o-C4Hi. 

Liters of product per 

.... 4.8 

100 

0.0 

0.0 

0.0 

0.0 

liters isobutane 

C,H,. 

.... 10.9 

24.0 

26.6 

28.7 

20.4 

C,H.. 

.... 11.7 

24.4 

35.4 

37.9 

25.5 

C,H,. 

.... 30.0 

41.7 

40.2 

29.3 

9.3 

f30-C4Ha.. 

.... 7,6 

0.0 

0.0 

0.0 

0.0 


^•11. E. Paul and L. F. Marek, Ind. Eng. Chem., 1934, 2«. 454; Chem. Abi., 1934, 38, 3973; 
Brit. Chem. Abs. A, 1934, 603. 

«C. Egloi!. C. L. Thomat and C. B. Linn. Ind. Eng. Chem., 1936, 28, 1283; /. Inst. Pei. Tech., 
1937, 28, 21A; Chem. Abs., 19.16. 80. 7988. 

«H. TrofMcb ami (1. Eflog. Ind. Eng. Chem., 1935, 27, 1063; /. Inst. Pei. Tech., 1935, 81, 
408A; Brit. Chem. Abs. B, 1935, 1035; Cltem. Abs., 1935, 29, 7935. 
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It is interesting to note that equation (1) is entirely suppressed at contact 
times of more than 0.00203 second. The formation of ethylene is quite prominent, 
as will be seen from Fig. 17 showing the relation between yield and time of contact. 
From the graph, the maximum yields per 100 liters of isobutane charged with the 
corresponding contact times are: propene, 46 1. at 0.0035 second, ethylene, 44 1. at 
0.0048 second, and acetylene. 35 1. at 0.0045 second. 

PkNTANFS 

The primary products obUiined in the pyrolysis of the three isomeric pentanes 
are quite varied. Frey and Hepp*^ have studied the decomposition of these hydro- 



Courtesy Industrial and Engineering Chemistry 

Fig. 18.—Effect of Dilution on Decomposition of Pentane at 600®C (J. J. Morgan 

and J. C. Monday) 


carbons at relatively low tem|)eraturcs and pressures under conditions of limited 
dissociation. Their results are in direct conflict with the conclusions of Norris and 
Thomson’’^ that at low temperatures rupture of the carbon chain can be made to 
take place at preferred points. Frey and Hepp have established the fact that the 
carbon-carbon l)onds in all points in the molecule exhibit similar tendencies to 
break both in branched as well as normal chains. Under conditions of limited 
pyrolysis in cases where olefins capable of existence in several isomeric forms may 
be protluced, the double bond remains the point of rupture. Naturally, isomeriza¬ 
tion of such olefins may occur under more exacting pyrolytic conditions, but the 
normal paraffins yielded only olefins under the comparatively mild conditions used 
by these investigators. Where olefins were produced by the scission of a side chain 
from isopentane and neopentane, the double bond at the point of rupture was located 
in the inner and not the terminal position. 

n-Pentane. On the basis of the Rice mechanism,the decomposition of 
«-pentane may be summed up as: 


n-CiH,, — 2QH4 + CH4 

91 -C 4 H 1 S —V* C|Ht *4“ CtH* (or C 1 H 4 -f- Ht) 

n-CiH,, C 4 H,-|-CH 4 


•*?. E. Frey and H. J. Hepp, Ind. Eng. Chem., 1933, 25, 441; Brit. Chem. Abs. B, 1933, 5S1; 
Chem. Abs., 1933. 27, 2670. 

“ J* F. Norris and G. Thomson, J.A.C.S., 1931, 53, 3108; Chem. Abs., 1931, 25, 4842; Brit 
Chem. Abs. A. 1931. 1147. 

“F. O. Rice. J.A.C.S., 1931. 53. 1959: Chem. Abs., 1931, 25, 2967; Brit. Chem. Abs. A. 1931, 
819. See also F. O. and K. K. Rice, **The Aliphatic Free Radicals," The Johns Hopkins Press. 
Baltimore, 1933. 
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In agreement with these predictions, Frey and Hepp®® find that the primary prod¬ 
ucts at limited dissociation in the range of 396® to S60®C. are hydrogen, methane, 
ethylene, ethane, propene, 1-butene and pentenes, with only small amounts of other 
products, 

Morgan and Munday*® investigated the decomposition of pentane at 600-800®C. 
Dilution of the hydrocarbon with steam shows that the rate of dissociation is inde¬ 
pendent of the concentration, which indicates that the primary decomposition is 
essentially of the first order. See Table IS. The results are in accord with the 
Rice mechanism but do not agree with that proposed by Kassel The formation 
of propane is explained by the equation: 


C»H„ C,H,-fC,H4 


Table 15 .—Decomposition of n-Peniane. 


Temperature, ®C_ 

600 

600 

600 

600 

600 

600 

600 

650 

700 

750 

800 

Composition of 
cracking stock, % 

Pentane. 

100 

75 

50 

25 

16.7 

6.3 

2 

100 

100 

100 

16.7 

Steam. 

0 

25 

50 

75 

83.3 

93.7 

98 

0 

0 

0 

83.3 

Analysis. ■ mole % 

H,. 

5.6 

5.3 

9.3 

9.4 

11.4 

16.1 

16.8 

5.8 

7.3 

10.6 

18.9 

CH 4 . 

20.8 

20.8 

20.0 

20.3 

19.8 

18.1 

20.7 

23.5 

29.7 

36.4 

44.1 

GH,*-. 

19.3 

19.1 

19.7 

24.6 

24.2 

27.2 

30.6 

22.8 

27.4 

31.5 

35.0 

CtH*. 

19.8 

19.3 

18.1 

13.0 

10.7 

5.7 

2.7 

16.4 

10.6 

8.9 

1.6 

C,H.. 

22.8 

24.8 

22.2 

21.0 

24.5 

23.7 

19.4 

23.6 

20.3 

10.5 

0.3 

C,H, 

1.3 

1.2 

1.1 

0.7 

0.9 

1.1 

1.0 

0.8 

0.5 

0.4 

0.1 

C 4 H.«. 

10.4 

9.4 

9.2 

10.9 

8.4 

8.0 

8.8 

7.0 

4.2 

1.7 

0.0 

C 4 H.,. 

— 

0.1 

0.4 

0.1 

0.1 

0.1 

— 

0.1 

— 

— 

— 


• Does not include small amounts of liquid boiling hr^her than pentane and formed above 700*C. 
^ Includes some acetylene at 700®C, and above. 

• Includes some 1.3-butadiene at 700*C. and above. 



FlC. 19. 

Thermal Decomposition of Pentane 
at Atmospheric Pressure. (J. J. 
Morgan and J. C. Munday) 


Cimricsy Imtuiiriat and Engineering 
Chemistry 


Fig. 18 shows the effect of pressure on pyrolysis of pentane at 600®C. Increased 
dilution increases the formation of ethylene and hydrogen at the expense of the 
ethane, which is perfectly explicable in terms of the Rice theory. The effect of 
increased temperature can be readily ascertained from Fig. 19. 

Isopentane. Isopentane which contains primary, secondary and tertiary car- 


F. F. Frey and H. J. Henp. toe, cit. 

••j. J. Morgan and J. C. Munday, Ind. Eng. Chem., 19.15. 27, 1082; /. Inst. Pet. Teek.. 1935, 
21. 409A: Brit. Ckem. Abs. A. 19.15. 1348; Chem. Abs., 1935, 29, 7269. J. C. Mtmday, DiaatrU- 
tten. Columbia ITnivmity. New York City. 1924. 

•ft.. S. Kaasal. /. Chem. Pkys., 1933. 1. 749: Chem. Abs., 1934, 28, 463; Brit. Chem. Abs, A, 
1934, 54. Tbta theory baa been diacutsed brieSy in the Introduction to thia chapter. 
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bon atoms may be expected to undergo decomposition with rupture of the carbon 
chain at all of the available positions. Thus, in accordance with the Rice mech¬ 
anism, demethylation to 2-butene and isobutene, de-ethylation to propene, de- 
ethylenation to propane and dehydrogenation to pentenes may be expected.®® Prod¬ 
ucts obtained at 3^-575 ®C. by Frey and Hepp®® substantiate these reactions. 

Neopentane (tetramethylmethane). According to Rice®® the only chain 
reaction possible in the decomposition of this hydrocarbon should be one involving 
the formation of methane and isobutene. Again, Frey and Hepp®^ substantiate the 
Rice mechanism, at 575®C. the products being methane and isobutene together with 
traces of hydrogen and 1-butene.®^ 

The data of Frey and Hepp on the three pentanes are listed in Table 16. 

Table 16. —Pyrolysis of Pentanes. 

«-Pentane wo-Pentane Neopentane 


Temperature, ®C. 396 560 398 570 575 575 

Pressure, mm. 510 74 560 76 77 400-600 

Time of contact, see.14,800 27 14,400 16.1 12.2 95 

Analyses of products, mole 

H,. 0.04 1.58 0.03 1.23 1.37 0.3 

CH 4 . 0.47 3.08 1.04 5.14 4.39 18.3 

C,H 4 . 0 18 3.05 0.16 1.80 1,49 — 

CjHe. 0.60 2.32 0.16 0.91 0.59 — 

CaH«. 0.55 3.54 0.23 2.36 1.87 — 

C,Hg. 0 07 0.16 0.13 0.14 0.12 — 

C 4 H 4 . — 0 08 — 0.23 — — 

(CHj)aC=-CH,. — — 0.44 2.44 2.00 16.0 

C 4 H*. 0.23 1.86 0.25 1.70 1.71 <0.9 

CiHjo . ' 0.05 0.12 0.33 0.44 0.12 — 

. 0.01 — _ _ — 

CsHio. 0.30 0 39 0.36 0.25 0.17 — 


m-Hexane 


The pyrolysis of n-hexane at normal pressure and at temperatures slightly 
above incipient decomposition (520®C.) has been carried out by Dintzes and 
Frost.®® The results indicate four primary decomposition equations: 

M) n-C^Hn C4H,,-f H, 

i2) ll-CeHii — ^ CiHio “i" CH 4 

(3) «.CeH ,4 -V C 4 H. +C.H. 

(4) n-C«Hi4 —CiHe + CjHi 

which are always accompanied by secondary reactions, 


(5) 

C.H., 

- 

C,H, +C,H4 

(6) 

C,H„ 

-^ 

2C,H. 

(7) 

C.H„ 


C,H, + C,H, 

(8) 

C,H, 


2C,H, 


The latter equations are greatly affected by the temperature and the time of 
contact. 


•F. O. Rice and M. D. Dooley. J.A.CS., 1933, 55, 4245; Brit. Chem. Abs. A, 1933. 1269; 
Chem. Abs., 1933, 27. 5713. 

*F. E. Frey and H. J. Hepp, he. cit. 

“F. O. Rice and K. K. Rice, “The Aliphatic Free Radicals.*' The Johns Hopkins Press. Balti¬ 
more. 1935. 


•J F. E, Frey and H. J. Henp, he, rit. 

XT C. D. Hurd, *‘Tne Pyrolysis of Carlion Comiiounds.** The Chemical Catalog Co., Inc., 

York, 1929. 22. 

M *^*^*^’ (U.S.S.R.), 1933, 3, 747; Chem. Abs.. 1934, 

Abs. A, 1934. 151. A. I. Dintaes, Compt. rend. aced. set. U.R.S.S.. 1933. 4, 

*** Petroienm Tech., 1934. 

» (3), 81; J, Inst. Pet. Tech., 1934. 20, 404A. 
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In th^se experiments, the hydrocarbon was heated almost to the cracking tem¬ 
perature and then passed through copper-lined iron tubes immersed in a metal bath. 
At 525® to 565®C, and a contact time of 6.1 to 90.8 seconds, a 3 to 8 per cent disso¬ 
ciation was ol)taine<l. Hexane decomposes mainly according to reactions (2) and 
(3) and only slightly following (1) and (4). Secondary decompositions proceed 
to the extent of 40 to 60 per cent. Over this temperature range the energy of 
primary decomposition is given as 64.5±1.5 kg.-cal. per mole and the velocity 
constant as 

logio* - 14.22 - ± 0.031 

These investigations were furthered by Dintzes and Zherko**^ to include more 
profound decomposition. At 588®C. with a contact time of 20 to 200 seconds, 27 
to 60 per cent dissociation was observed. From the decomposition velocity con¬ 
stants calculated according to both first- and second-order equations, it was demon¬ 
strated that the cracking relations of this hydrocarbon and also of octane under 
the same conditions cannot be described by the classical equations of chemical 
kinetics. For a first-order process, the velocity constant falls off sharply with 
increase in per cent of decomposition from 10 to 60. This may be attributed to the 
retarding action of some of the reaction products. The equation, 



is adapted to the decomposition. 

The theory that the retardation is caused by inactivation of free radicals formed 
early in the decomposition by their recombination is not accepted by Dintzes and 
Zherko. Their conclusion is that the free radicals react with the products already 
formed to yield a complex which is not broken up in collision with a new molecule. 
The original hydrocarbon is decomposed unirnolecularly by heat into radicals by 
rupture of the carbon bonds. These radicals in turn are transformed into olefins 
and simpler jradicals, such as methyl and ethyl, which react with molecules of the 
original hydrocarbons, detaching hydrogen atoms and forming the corresponding 
complex radicals which decompose anew into olefins and simpler radicals. The 
interaction of the radicals with the original hydrocarbon accounts for the rapid 
increase in reaction velocity at the start of the decomposition, which period is of 
relatively short duration. At the same time the radicals begin to become inacti¬ 
vated by the interaction with other products. The result of these two simultaneous 
processes is that the reaction velocity passes through a maximum and then gradu¬ 
ally diminishes. 


As a result of their studies on w-hexane and «-octane. Moldavskii, Kobuil'skaya 
and Livshitz®® concluded that thermal isomerization of hydrocarbons is brought 
about chiefly as the re.sult of secondary decompositions of the reaction products 
and not by rearrangement of the hydrocarbon skeleton. This was based on the 
observation that heat treatinent at atmospheric pressure and temperatures up to 
about 600®C. produced practically no isomerization or change of the hydrocarbons. 
However, the factors that increa.sed the degree of cracking (i.e., time, temperature 
and catalytic action of iron chamber walls) also increased the isomerization. 

Griffith®® found that the decomposition of hexane at 500®C. is greatly influ- 
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cnced by the addition of silica to a molybdenum oxide catalyst The maximum 
effect is reached at a concentration of 4 moles of promoter to 100 of catalyst The 
same ratio holds when the oxides of sodium, chromium, cerium, aluminum, boron, 
barium and thallium are used as promoters, but it is one-half as high with easily 
reducible oxides such as those of lead, iron or copper. 

Pearce and Newsonie*^'^ have studied the effect of pressures of about 1000 atmos¬ 
pheres at temperatures between 430® and 520® C. at heating times varying from a 
few minutes to 2 hours. In the interval 460-490®C., the production of gaseous 
paraffins predominates, methane, ethane, propane and butane being formed in per¬ 
centages of 25, 47, 15 and 7, respectively. The amount of gaseous olefins pro¬ 
duced is very small and tends to diminish with rise in temperature. At 497®C. an 
abundant carbonization begins and the proportion of methane is noticeably in¬ 
creased and continues to do so with higher temperatures. Liquid hydrocarbons, 
including cycloparaffins, l)enzcne, substituted benzenes and higher olefins are also 
obtained. 

At 670® to 750°C., under atmospheric pressure, decomposition is essentially in 
accordance with the equation, 

C«H,4 CH 4 + C,H4 + C,He 

The formation of tar and coke, which are produced in small amounts, was inhibited 
by the dilution of the hydrocarbon with steam. 

Hir.HRK Paraffin Hydrocarbons 


Experimental data on the pyrolysis of higher paraffin hydrocarbons are appar¬ 
ently not available. T|ie primary decomposition of these hydrocarbons is best 
represented by a series of equations indicating the rupture of the carbon chain 
at any position with the formation of an olefin and the complementary lower par¬ 
affin, or, at the limit, hydrogen. This rule, though not entirely self-sufficient, satis¬ 
factorily represents the chief mode of decomposition, A more complete picture is 
furnished by the theory of free radicals. On the assumption that methyl, ethyl, 
isopropyl and /rr-butyl radicals are stable and that the relative chances of loss of 


primary, secondary and tertiary hydrogen atoms can he expressed quantitatively 
by the ratio 1 :2:10 at 600°C., Rice^’^ has calculated the proportions of various hy¬ 
drocarbons to he expected in the primary decomposition of certain higher paraffins. 
The results of this calculation are shown in Table 17. 

Heptane. Matignon and Seon**^ find that the pyrolysis of iieptane at 7(X)®C. 
in a quartz tulx' at atmospheric pressure furnishes large quantities of higher olefins 
but only small amounts of ethylehe. Dilution of the hydrocarbon with steam in¬ 
creases the formation of ethylene at the expense of the higher honiologues. At 
935®C. with about 80 per cent dilution, the yield of ethylene is 76 per cent.'®' 

It is interesting to note that //-heptane is isomerized to the extent of 20-25 jjer 

3649/BWf. CW * w. 

Walthcr. H. Schmidt. J. Pomeranicc and O. Foesaner, dl. «. Kohlc 19 U 2 2 
19.1S. 29. ti74.V. Brit. Chrm. ^bs. B. 10.15. .191. ' ' * 

28, 6990^ C/»rm. Abs, B. 19.14. 4«r>; Cliem. Abs.. 19.14. 


j Rnn Chem., 1915, 27, 915; Brit. Chrm. Abs. A. 19.15. 1229- 
. 1 • ^578) oMatned cyclohexane, n-heptane and tetradecane in th# nvrAlv*U 

di-H-heptvl mercorv. The formation of tfie cyclohexane is attributed to the direct decotTiiw>«i»}nn 
rf ^**^.t*®^^l»*’*^*^”** polvmerication of ethvlenc. F. O. Rice (Bn’ti^lTp 407 Olfi iQl!^ 

am. J9J4. 21. 4847; Brit. CTm, Ahs. B. 1934. 444; J. fnrt Prt 1914 M SMA 

*nn^nnnSl * Prrp«rinB or 9 «no-lc»<l cotnnonnd*. n»n>elv hy the 

iMd .V I’"”""'" ‘h* »'>«nce of .ir »nd p.iMin« fhi Siiirdi^ 

lead. The reaction mixture la cooled to low temperatures to separate the lead alkyls. ^ ««vlded 
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Tablb 17, —Products Formed in Moles fer Mole of Hydrocarbon Decomposed 
at 600 ^ C» and unaer Pressure, 


n • sec- iso - iso - Higher 
Hydrocarbon CH 4 C 1 H 4 CiH# CtH* C,H, C 4 H. C 4 H 4 C 4 H 1 C 4 H,o Otefin 

n-Hexane. 0.546 0.91 0.455 0.364 ~ 0.182 0.182 

a-Methylpentane. 0.74 0.223 0.26 0.223 — 0.111 0.148 — — 0,52 

2.3- Difnethylbutane... 0.81 — — 0.188 0.188 — — — — 0.81 

w-Heptane. 0.54 1.17 0 463 0.308 — 0 154 — — 0.308 

2.4- E)imethylpentane.. 0.445 — — 0.334 0.056 — — 0.556 — 0.278 

2.2.3- Trimethyl- 

butane.0.7 — — 0.12 0.18 — — 0.18 0.18 0.7 

n-Octane. 0.534 1.4 0.467 0 267 — 0.133 — — — 0.4 

2.5- E)imethylhexane... 0.75 0.15 — 0.15 0.75 — — 0.5 — 0.35 

2.2.4- Trimethyl- 

pentane. 0.656 — — 0.259 — — — 0.605 0.346 0.397 

n-Nonane. 0.53 1.65 0.471 0.236 0.118 — — — — 0.471 

2.6- Ehmethylheptane.. 0.455 0.591 — 0.364 0.546 — — 0.455 — 0.41 

n-Decane. 0.528 1.9 0 474 0 211 — 0.105 — _ — 0.526 

2.2.6- Trimethyl- 

hexane. 0.5 0.347 — — — — — 0.347 0.5 0.654 


cent by heating with zinc chloride at 300® to 400®C. for 6 hours.^®^ Molybdenum 
sulphide at 410-420®C. causes considerable rearrangement in both w-heptane and 
«-octane, and at slightly higher temperatures (440®C.) the latter hydrocarbon also 
undergoes considerable cracking in addition to isomerization. 

Octanes. According to Dintzes,^*^^ pyrolysis of «-octane and of 2,5-dimethyl 
hexane follows the reactions: 

(1) CsH„ C7H,4 4-CH4 (3) C*H,. CfcHio + C.H. 

(2) C.Hu ^ C«Hn -f QH. (4) C.H,. -> C»H,. -h H, 

In a copper-lined iron tube at 496-570®C. at normal pressure and with contact 
times of 6 to 130 seconds, equation (1) accounts for about 80 to 90 per cent of 
the total fi-octane decomposed. Secondary reactions involving decomposition of 
the various olefins proceed to the extent of 60 to 70 per cent. Over this tempera¬ 
ture range the energy of activation of n-octane is 64.5 kg.-cal. per mole and the 
primary dissociation constant is given by 

log,,* - 14.70 - —± 0.09 

At 570®C. with contact times of 4 to 215 seconds, «-octane undergoes 5,7 to 61 per 
cent dissociation.^®^ 

2,5-Dimethylhexane, at 492-576® C. for 3 to 38 seconds, decomposes to the extent 
of 75 to 80 per cent according to equation (1), and the olefins undergo 50-70 per 
cent secondary decomposition.^®® The activation energy for the primary dissocia¬ 
tion is related to the temperature by the equation: 

7215 

logjo^ - 6.553 - ± 0.05 

Nonane. The pyrolysis of n-nonane at 670-750®C. results chiefly in the forma¬ 
tion of pentenc and butene, octenc and methane, and hexene and ethane.'®® The 
primary reactions arc further complicated by secondary olefin decomposition, as 
noted with the other normal paraffins cited. 

**A. D. Petrov, A. P. Mcthcheriakov and D. N. Andreev, Ber., 1935, 6t. 1; Chem. Abt., 1935, 
29, 2145, BnV. Chem. Abe. A. 1935, 324. 

***A. I. Dintxet, Compt rend. acad. eci. V.R.S.S., 1933, 4, 153; Chem, Abe., 1934, 2t, 2169; 
Srii. Chem. Abe. A, 1934. 259. 

>mA. I. Dinteef and A, V. Bherko. /. Gen. Chem. rU.S.S.R.), 1936, 6, 68; Chem. Abe., 1936, 
10, 4745; Br/I. Chem. Abe. A, 1936, 939. 

^•A. I, he. cit. A. I, Dintaea and A. V, Froat, /. Gen. Chem. (U.S.S.R.), 1934, 4, 

610: BrU. Chem. Abe.. A, 1934, 1311; Cheim Abe.. 1935, 29. 2058, 4244. 

Term. C. WaHlier, H. Shmidt, J. Poroeraniee and O. PocMner, Oei. m. Xekie, 1934, 2, 
2, 53; Chem. Abe., 1935, H 6743; Brii. Chem. Abe. B, 1935, 391. 
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Higher Paraffins. Fischer, Peters and Winzer^®^ decomposed Kogasin II 
(the higher boiling fraction of the liquid hydrocarbon mixture obtained by the 
Fischer-Tropsch process^®®) by immersing an electrically heated wire into the 
liquid. The products consisted of 20 per cent of a highly unsaturated light oil and 
80 per cent of gaseous hydrocarbons, principally ethylene and its homologues. 
Other Kogasin fractions treated in this manner lead to similar results. 

Under high pressure (110 to 265 atmospheres) of hydrogen, at 440®C. octa- 
decane undergoes 88.5 per cent decomposition^^® yielding a continuous series of 
liquid products from pentane to heptadecane, the amounts of which decrease with 
increase of molecular weight. About 7 to 8 per cent of unsaturated compounds, 
small quantities of naphthenes and traces of benzene were obtained. The molecular 
yield^^® was 303 per cent, indicating that on the average each molecule was split 
twice. Gorniak and Szayna have obtained similar products with paraffin wax. At 
440® C. the latter underwent 96.5 per cent decomposition with a molecular yield of 
393 per cent, while at 446°C. the corresponding values were 98.6 and 465 per cent. 
With a rise in temperature the series of products contains an increased proportion 
of materials of low molecular weight at the expense of those of high molecular 
weight. 


Catalytic Cyclization of Aliphatic Hydrocarbons 


Moldavskii and Kamusher'^' report that when aliphatic hydrocarbons contain¬ 
ing 6 or more carbon atoms are heated to 460-470® C. and passed over chromic 
oxide, they are readily transformed into members of the benzene series. Thus, 
#f-hexane at 460®C., by undergoing ring formation and simultaneous dehydrogena¬ 
tion gave 17 per cent of benzene. At 470®C., «-heptane was converted into toluene 
(26 per cent). In the case of M-octane, however, at 460®C. the transformation fol¬ 
lowed two courses, resulting in the production of o-xylene (63 per cent) and small 
amounts of ethylbenzene. 2,5-Dimethylhexane and 2,7-dimethyloctane followed an 
analogous cyclization-dehydrogenation reaction, being converted into />-xylene (36 
[)er cent) and m-methylisopropyl benzene (82 per cent), respectively, according to 
the equations: 


(CH,),CHCH,CH,CH(CH,), - >- 


CH, 

HC CH 

I II 

HC CH 


\c/ 

CH. 


and (CH,),CHCH,CH,CH,CH,CH(CH,), — 


H 

.C, 


HC' ^CCH, 

H^ 


CH 


CHiCHCH, 

F. Fi»ch«r, K. Peters and K. Winzer, Brennsto§-Chcm., 1935, 16, 421; Bril. Ckem. Abs. B. 
1936. 133; Chtm, Abs., 1936, SO, 3991. 

This involves interaction of carbon monoxide and hydrogen. See Chapter S2. 

Gorniak and A, Ssayna, Prsemytl Chtm,, 1934, 18, 5Z; Ckfm, Abx., 1934, 28, 4876: Brii. 
Chtm. Abt. B, 1934, 442. 

By molecular yield is meant the number of molecules obtained in reaction. Thus in this case, 
one molecule gave rise to 3.03 molecules, or on a percentage baaia, 303 mdea of products per 100 moles 
of octadecane reacting. 

^B. L. M^daviJdi and H. Kamuaher, Cornet, rtmd onsd. set., U.RS.S., 1936, t, 355; Chtm. 
Abs., 1936, 80, 6713; Brii. Chtm. Abs. A, 1936, 818; Chtm. Xtntr,, 1936, 1, 2339. 
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Octane and butylbenzene underwent similar changes, the former giving rise to 
o-xylene and the latter to naphthalene. The presence of olefins in the reaction 
mixture was also noted. This was attributed to the simultaneous dehydrogenation 
of the paraffins. Cyclization of a gasoline fraction was also attempted, but the 
reaction was found to be greatly complicated by the dehydrogenation of naphthenic 
hydrocarbons. Moldavskii and Kamusher also investigated the use of zinc oxide, 
alumina, nickel chromate, and uranium oxide and fluoride, and report that all of 
these were without catalytic activity. Molybdenum sulphide, however, acts similar 
to chromic oxide, but becomes deactivated much more rapidly than the latter. 

Monolefin Hydrocarbons 

Three main types of reaction can be discerned in the pyrolysis of monolefin 
hydrocarbons under conditions of limited decomposition, namely: 

(1) Dissociation into hydrocarbons of lower molecular weight and hydrogen 
(true pyrolysis). 

(2) Isomerization. 

(3) Polymerization to yield hydrocarbons of higher molecular weight. 

To emphasize the greater complexity encountered in the decomposition of unsatu¬ 
rated compounds compared with the corresponding saturated hydrocarbons, it 
should be remembered that paraffins undergo only the first two of these three trans¬ 
formations; the higher-boiling polymeric products are not generated from the 
latter except as secondary effects.*’- Paraffins do not show polymerization reac¬ 
tions because the temperatures for their decomposition to olefins are higher than 
those at which polymerization occurs.”^ 

Frolich^'^ has pointed out how exceedingly complicated the pyrolysis of a simple 
hydrocarbon such as propene may l)ecome because of secondary decompositions. It 
is practically impossible to include the reactions which the unsaturated constitu¬ 
ents of all these secondary products may sul)sef|uently undergo, but the entire series 
of the primary compounds, most of which have been actually identified, can be 
explained on the basis of the Rice free-radical mechanism.”' This reasoning ex¬ 
plains why so many of the reactions appear to be non-reversible; although written 
as bimolecular for simplicity, in the light of the free radical clianges involved they 
really become monomolecular. The fact that free radical collision is such an im¬ 
portant factor helps to explain why diminished pressure and an equivalent dilution 
with inert material give such widely different results insofar as the product-con¬ 
sumption is concerned. Probability calculations will undoubtedly prove an aid to 
substantiate or disprove some of the reactions advanced. 

Such variables as temperature, pressure, time of contact and catalysts seem to 
have a more profound influence on polymerization than on cracking. It may be 
possible, by proper choice of conditions, to favor the formation of one or more of 
the cracking products at the expense of the others, hut the basic decomposition 
reactions remain more or less unaltered, according to Frolich.”® In the case of 
polymerization the course of the reactions fand therefore the products formed) 

a*C. D. Hurd. Ind. Eng, Chem., 19.H, 26. 50; Brit, Chem, Abs. B, 1934. 228; Chrm. Abs., 1934. 
28. 1014. 

M«C. EfloiF and E. Wilwm. Ind, Eng. Chem., 1935. 27. 917; /. Inii. Pei, Tech., 1935, 21. 369A; 
Brit. Chem. Abs. A. 1935. 1206; Chem. Abs.. 1935. 28. 6203. 

K. Frolicb. private commtinicatlon; citation from unpublished paper presented to Society of 
Chemical Industry, N. Y. Section, Apr. 3. 1936. See also V. Schneider and P. K. Frolich. Ind. Eng. 
Chem., 1931. 23. 1405: Chem. Abs., 1932. 26. 1257; Brit. Chem. Abs. A. 1932. 27. P. K. Frolich 
and P. J. Wictevich. Ind Eng. Chem.. 1935. 27. 917; Brit. Chem. Abs. B. 1935. 980; /. Inst. Pet. 
Tech., 1935, 21. 408A; Chem. Abs., 1935. 29, 7624. 

>^See #. O. Rice and K. K. Rice (**The Alinhatic Free Radicals.** The Johns Hopkins Press, 
Baltimore. 1939, Chapter 8) for a discussion of this theory. 

P. K. Frolich. he. eU. 
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may be entirely governed by the operating conditions. Low-temperature catalytic 
treatment gives primarily an olefin wdth some degree of branchiness. Increase in 
both temperature and pressure causes a growing tendency for ring closure with 
the corresponding formation of naphthenic structures. Increase in temperature 
alone permits additional hydrogen to split off with simultaneous ring formation, 
yielding aromatic type products. Although analytical methods are not so well 
developed that it is possible to identify all of the polymerization compounds and 
account for the composition of the entire product, certain typical substances can 
be isolated in sufficient quantities to substantiate his general conclusion. 

The more probable reactions in the decomposition of propene have been out¬ 
lined by Frolich. Simple dehydrogenation gives propadiene: 

( 1 ) CiH. —^ C,H 4 -h H, 

^cii^ion of the carbon-carbon bond would result in the formation of methyl and 
vinyl radicals, as 

: H 

CH,--C==CH, —CHr-fCH,=CH- 

Either of these radicals may be expected to have a strong tendency to saturate 
itself by removing a hydrogen atom from the other. On transfer of 1 hydrogen to 
the vinyl radical, ethylene is formed, while at the same time the methylene residue 
may attach itself to a propene molecule, giving butene: 

CHr-hCaHi C4H, 

with an over all effect: 

( 2 ) 2 C 4 H. C,H 4 4 * C 4 H. 

On the other hand, if the methyl radical succeeds in capturing a hydrogen atom, 
methane and acetylene become the products: 

( 3 ) Call. CH4 + QH, 

However, acetylene is extremely unstable so that Frolich believes it reasonable 
to assume that the primary acetylene residue will strive to combine with a molecule 
of propene with the formation of pentadiene: 

CjHj" -f CaHii —^ CiHn 

or (4) 2CaHe —CH 4 4 CJK 


which is evidently quite a prominent reaction. Still another jx^ssibility is for the 
primary radicals to react with themselves to give ethane and butadiene: 

2CHa’ — >- C,Hi 
an<l 2C,H,- C,\U 

or an over all effect: 


(5) 2 C,H. C,Hi 4 - C 4 H* 


If scission of the double bond occurs, a different pair of radicals result: 


CH,CH=- 


CH, 


CH,CH- 4 - CH,- 


which might react with propene to form butene and pentene as: 

( 6 ) 3C,H. C 4 H 1 4 - C|H,o 

Finally, polymerization of propene would explain the presence of hexene: 

(7) 2 C,H. ^ 
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Unfortunately, the necessary experimental data to substantiate all of these reactions 
is lacking. However, Froiich has applied this method of reasoning to the results 
obtained by Schneider and Frolich*^^ in the decomposition of propene at 725*C. 
and 0.2 atmosphere, as is shown in Table 18. 


Table 18. — Decomposition 


(1) C,H, 

(2) 2C,H. 

(3) C,H, 

(4) 2Cai. 

(5) 2C,H. 

(6) 3CJ1, 

(7) 2C,H. 


Reaction 

—> C,H, + H, 

—C,H4 + C«H, 
-> CH4 + C,H. 
—CH4 + C»H, 
—>■ C,H. + C4H, 

-^ C4Ht + CtHig 


C.H,. 


Products of Propene at 725'‘C. and 0.2 Atmosphere. 

Mole % Propene Reacting 
Product Determined Average 


C,H4 

4* 

c 

H. 

6 

0 

QH. 

46 

46 

C4H, 

46 

CH4 

5 

c 

C,H, 

5* 

•J 

CH4 

16‘> 

16 

C.H. 

16 

C,H. 

9 

10 

C,H4 

11 

C4H. 

3 

1 

C4H,. 

3 

0 

C,H„ 

9c 

9 


* Roughly estimated. 

^ By difference between analysis for total CHi and that required to satisfy Reaction (3). 

• By difference betsreen analysis for total '‘Ct and C« unsaturates" and that required to satisfy Reactions 
(4) and (6). 


As to the relative stability of the olefins towards decomposition at 600 to 700®C., 
El^off and Parrish^^* estimate them to be in the following descending order: 
ethylene, propene, isobutene, 2-butene, 1-butene, trimethylethylene, 2-pentene and 
1-pentene. 

Egloif and Wilson^^^ state that the nature of the reaction products is dependent 
upon temperature, pressure and contact time. The energy of activation is an 
important guide to possible reactions at a given temperature, but there is no cor¬ 
responding guide for the effects of pressure. The simple relation of a change in 
volume during a reaction measures only effects due to large variations in pressure. 
Although the latter greatly influence the nature of the substances formed, the exact 
relationships remain to be found. For a given temperature and pressure the contact 
time determines the actual products obtained. 

Polymerization of an olefin to nonaromatic compounds occurs at the initial tem¬ 
peratures of reaction. The relative ability of a particular olefin to polymerize 
wilt depend on its structure. In general, points of unsaturation are conducive for 
this action, provided the unsaturated carbon atoms are not too highly substituted 
with methyl or ethyl groups.'*® Points of unsaturation also promote isomerization 
and since these particular reactions have low energies of activation, the most 
favorable conditions arc low temperatures and long contact times.'*' 

With respect to catalysts, it has been pointed out'*'* that the characteristic ac¬ 
tion of such substances on olefins is the formation of carbon and hydrogen. How¬ 
ever, liquid products may be obtained when sodium, iron, cobalt, copper, nickel or 
A.scoloy is employed. Reduction in activity is observed when deposition of carbon 
on the contact agent occurs or when the latter forms stable compounds with the 


w V. Sebadder and P. K. Froiich. loe, cit. 

u*G. Effloff and C. I. Parriah, Ckem, Rev., 1936, 19, 145; Chem. Ahs., 1937, 11, 94; /. tnst. 
Fei. Tech., 1937, 2S, 22A. 

^G. Ealoff and E. Wilton, loc. cit. 

^See Chanter 26 {or e ditenatton of polymerication. 

RgUfg and E. WiK»n, hr. cit. 

Egloff and C. I. Parriah. J.S.C.t., 1937, 56, 321. 
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hydrocarbons undergoing treatment. Of the alloys studied, Monel metal, Chromel 
(nickel and chromium) and Alumel (nickel, iron and silicon) promoted decomposi¬ 
tion of the olefins into carbon and hydrogen. 

Ethylene 

Egloff and Wilson conclude that ethylene may be regarded as the basic hydro¬ 
carbon in thermal reaction. The key to the decomposition of most hydrocarbons 
can be found in a study of ethylene since the latter is an important product below 
750®C. and above this temperature the resultants are essentially all derived from it. 
This olefin undergoes five main types of transformation, (1) polymerization, (2) 
hydrogenation to ethane, (3) scission of one carbon-hydrogen bond, (4) scission of 
the double bond and (5) dehydrogenation to acetylene, and these are shown in 
Fig. 20. The principal products obtained at normal pressure'^z and the approxi¬ 
mate temperature ranges for their initial appearance and maximum formation are 
listed in Table 19. 

Tabi.e 19 .—Pyrolytic Products of EthyUne. 


Temperature, ®C. 

Product Initial Formation Maximum Formation 

Butane, butenes. . 350-400 650-750 

Ethane. 450-500 700 

Methane . 500 1000 

Acetylene . 650-700 1400 

Aromatics. 650 800-850 


Hurd and Eilers^^ have investigated the effect of various tube surfaces on the 
decomposition of ethylene in the range of 550-800®C. Ascoloy (a steel containing 
24-30 per cent of chromium), quartz and Pyrex tubes were found to he non- 
catalytic, while iron effected considerable carbonization. See Table 20. 

Table 20 .—Pyrolysis of FAhyUru in Various Tubes. 

Quartz Glass Ascoloy Iron 


Temperature, ®C. 575 650 775 802 550 550 

Contact time, sec. 240 350-450 11 10.6 5.8 11.8 

Extent of decomposition, 

%. 16 24 30 54 10.6 26.7 

Carbon formed, % total 

charged. — — — — 10 22 5 

Analysis of exit gas, vol¬ 
ume % 

Acetylene. Trace 3 9 0.31 0.43 — — 

Isobutene. — — 1.99 1.74 0.7 0.3 

Propene. 5.9 — 6.88 4.67 0.5 0.4 

Ethylene. 88.0 83.5 75,8 55.8 82.9 65.0 

Hydrogen — 3.1 3.76 13.1 14.6 33.1 

Methane 2.7 4 2 5.96 6.4 0.0 0.0 

Ethane. 3.3 2.9 1.88 14.8 0.0 0.0 


Pyrolysis at 700®C. for 1.5 to 6 minutes yields aromatic hydrocarbons almost 
exclusively, except for traces of unsaturated gases, according to Dubois.^** Ben¬ 
zene, toluene, xylene, naphthalene and anthracene were identified in the tar ob¬ 
tained. Liquid hydrocarbons may also be produced by heating ethylene to 4(X)- 

I. Waterman {Chtm. WetkbM. 1934, SI, 713; BtU. Ckem. Abs. B, 1935. 835; Ckrm. 
(ibf., 1935, 2f, 3162) has reported that for some unkown reason, ethylene heat^ to 250*C. at 175 
K8> per sq. cm. pressure, exploded, producing carbon, hydrogen and a little methane. 

“•CD. Hurd and L. K. Eilers, Ind, Eng. Ckem., 1934, t«, 776; /. Inst. Pet. Tech, 1934, 20, 
493A; BfU. Ckem. Abs. B. 1934, 792; Ckem. Abs.. 1934. 28, 5646. 

^J. Dubois, Prsemysi Ckem., 1933, 17, 188; Ckem. Abs., 1934. 20, 7490. 
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1100®C. in the presence of 2 per cent of mercury or cadmium vapor.'^** A yield of 
i to 4 per cent of butadiene has been obtained at 700-750®C. by usinj? a silica 
tube packed with copper gauze.Five consecutive separations and recirculations 
of the gas lead to 9-10 per cent conversion to the diolefin along with some aromatic 
hydnK'arlxms. Greater rate of flow increased the formation of butadiene at the 
expense of the aromatics. Diminished pressure had no effect on the butadiene yield. 




Hiacev AMafOfKIKA •*!«■ tNIffHAII AMO ITRINO 

ra»riA§f TtH • TATLOA AND VAN .ox 

Courtesy Industrial and Engineering Chemistry 

Fic. 20.—Thermal Reactions of Ethylene. (G. Egloff and E. Wilson) 


High-temperature-low-pressure pyrolysis completely masks the primary reaction 
products because of intensive decomposition which occurs. Tropsch, Parrish and 
Egloff^*^ studied the decomposition of ethylene at 1100® and 1400®C. under SO mm. 


Winkler and H. Haeuber, U. S. P. 1,986,238 and 1,986,239, Jan. 1, 1935, to I. G. Par* 
benind. A.-G.: Ckem, Abs., 1935, 29, 1098. 

N. Voranoe and A. V. Voranova, Sintet. Kauchuk, 1933(3), 5; Chem. Abs., 1934, 28, 
3378; Brit, Chem, Abs. B. 1934, 819. 

Tropach, C. I. ParHah and G. Eglofl, ind. Bug. Chem.. 1936, 28, 581; Brit. Chem. Abi. 
A. 1936, 818; J, Inst. Pet. Tech., 1936, 22, 255A; Chem. Abs., 1936, SO. 4147. 
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pressure with very short contact times. At the lower temperature, acetylene and 
hydrogen are the principal products, together with smaller amounts of paraffins. 
Longer periods of contact favor higher yields, amounting to 21 and 48.4 per cent 
for acetylene and hydrogen, respectively, and 14.2 per cent for paraffins at 0.044 
second. Formation of butadiene (about 1.5 per cent) and propene and butenes 
(3.0 per cent) is not greatly influenced by the contact time. At 1400®C., the results 
differ radically, in that no di- or monolefins (except ethylene) are found, the reac¬ 
tion being chiefly one of dehydrogenation to acetylene. Table 21 is a summary 
of the data obtained under these conditions. 


Table 21 .—Pyrolysis of Ethylene at 50 mm. Pressure. 


Temperature, ®C. --1100-^ -1400-^ 

Contact time. 10“* sec. 0.7 2 2 6.1 14 0 44.0 0.8 1.6 2.3 4.1 8.4 

Analysis, % 

QH,. 5.9 7.2 8.9 11.2 15.2 18.1 33.9 49.8 33.2 28.8 

C,H4. 88 5 77.5 61.5 48 5 35.1 47.9 14 0 11.3 6.0 6.1 

C,H6 + C4Hs. 0 9 3.2 2.5 3 0 1.7 0.0 0.0 0.0 0.0 0.0 

C4H. . 1.4 0.6 1.3 1.2 0.6 — — — — — 

H,. 0.2 4.7 17.5 24.1 34.6 28.0 45.9 29.4 52.6 54.0 

CoHin^i. 2.8 2.2 5.8 9.4 10.2 4.6 4.5 7.2 4.0 5.3 

ninParaffins*. 2.64 4 0 2.75 3.4 2.96 1.99 1.45 1.0 1.78 1.64 

Yield, liters per 100 1. 
of ethylene 
charg^ 

C,H*. 5.9 7.2 9.5 10.9 21.0 23.0 52 7 76.6 54.3 46 9 

C,H4. 88.0 77.0 65.8 61.0 48.0 60.8 21.8 17.4 9.8 9.9 

CiHi + CiH*. 0.85 3.2 2.7 2.9 2.5 — — — — — 

C4H4 . 1 4 0.6 1.4 1.4 0.8 — — — — — 

H,. 0 2 4 7 18.2 31.0 48 4 35.6 71.5 45.2 86.4 88.2 

. 2 8 2.2 6.2 7 1 14 2 5.9 7.0 11.1 6.6 8.6 


* Average number of carbon atoms per molecule. 

pROl’KNK 

The Iwu most probal>lc t>|)c> of decomposition for pro|>ene arc (H into hydro¬ 
gen and an allyl radical and (2) into methyl and a vinyl radical. Ricc'-^ e.stimates 
the energy of activation for these two transformations to be 91,000 and 85,000 cal., 
respectively. Dissociation begins at 350®C., .slightly lower than for ethylene, as 
might be expected from the asymmetry of the molecule. The thermal reactions 
of propene'^** are summarized in Fig. 21. 

Travers^*^ has shown that at 550®C, in the presence of hydrogen, decomposi¬ 
tion is principally to ethylene and methane, while at the same time hexenes and 
pentenes are formed by the condensation of molecules of propene alone and with 
ethylene. 

That the type of surface plays an important part in the pyrolysis of propene has 
l)een noted by Hurd and Filers.'*^* Monel metal is extremely destructive in its 
action, causing inten.Ne carhoni/.ation even at 350®C. Ascoloy (a chrmnium sleid) 
is practically non-catalvtic, and iron is intermediate l)etween the two, as summarized 
in Table 22. 


F. O. and K. K. Rice. “Aliphatic Free Radicals.*’ The Johns Hopkins Pre^s. Bahim«irc. lO.tS. 
“•n. EglofF and E. Wilson, htd. P.ng. Chem.. 1935. 27, 917; /. Inst. Pet. Tech., 1935. 21, 369A; 
Brit. Chem. Abs. A. 19.15. 120fi; Chem. Abs., 1935. 29, 620.1. 

M. W. Travers, Trans. Faraday Soc., 1936, 92, 236; Chem. Abs., 1936, 30, 2548; Brit. Chem, 
Abs. A, 1936. 309. 

n. Hurd and L. K, Eilert, Ind. Eng. Chem., 1934, 26, 776; /. Inst. Pet. Tech., 1934. 20, 
493A; Brit. Chem. Abs. B, 1934, 792; Chem. Abs., 1934, 22, 5646. 
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Table 22 .—Pyrclytis of Propone in Various Tubes. 


Glass < A scoloy-> Iron Monel 


Temperature, ®C. 

650 

700 

652 

700 

753 

805 

550 

600 

350 

Contact time, sec. 

30 

25 

7.1 

7.0 

7.7 

7.3 

27 

21 

25.8 

Oil formation, % by 

weight of propene 
decomposed. 

_ 

27 

. 


12.3 

37.2 

0.0 

0.0 

o 

o 

Extent of decomposi- 

tion. 

16 

51 

5 

19 

54 

82 

5.7 

15.3 

47.4 

Carbonization, % total 

C charged. 

— 

— 

None 

None 

None 

None 

l.l 

8.1 

Much 

Analysis of exit gases, 
volume % 

Acetylenes. 

0.9 

1.8 

— 

0.31 

0.44 

0.43 

— 

— 

— 

Isobutene. 

2.1 

2.1 

1.23 

1.87 

1.78 

1.95 

— 

— 

0.5 

Propene. 

82.0 

43.0 

96.1 

83.3 

47.6 

16.0 

96.8 

83.5 

37.6 

Ethylene. 

Hydrogen. 

4.9 

17.7 

1.64 

8.21 

20.7 

29.0 

0.9 

2.4 

0.3 

1.3 

6.6 

— 

1.66 

5.78 

12.2 

1.0 

9.7 

38.3 

Paraffins. 

6.5 

24.8 

— 

2.81 

20.5 

39.2 

— 

2.1 

21.7 

n in Paraffins*. 1.3 1.2 — 

» Avcraitc number of carlxin atoms per molecule 

1.86 

1.53 

1.14 


2.54 

1.81 



Courtesy luduetriel and Engineering Chemistry 

Fig. 21.—Thermal Reactions of Propene. (G. Eglof! and E. Wilson) 


Observations of pyrolysis at 1100*C. and low pressures (50 mm.) in conjunction 
with short contact times show that lower paraffins (methane and ethane), ethylene, 
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acetylene, hydrogen and small amounts of butadiene are formed.^®^ At 1400®C. and 
the same pressure, propene is completely decomposed, hydrogen and acetylene re¬ 
sulting mainly. Butadiene is produced in small quantities but its formation is en¬ 
tirely suppressed at contact times greater than 0.0022 second. Data obtained in 
this investigation are summarized in Table 23. 


Table 23. — Higk-Tetnperaiure Pyrolysis of Propene at 50 mm. Pressure. 


Temperature, ®C. --1100-- --1400 


Contact time, 10 “* sec... 

2.2 

2.5 

4.3 

5.8 

12.0 

0.9 

1.2 

1.6 

3.0 

3.8 

Analysis, % 

CtHj. 

8.9 

12.5 

13.9 

15.0 

14.8 

25.3 

26.1 

25.7 

25.4 

22.2 

CjH.. 

10.5 

13.1 

17.1 

18.9 

19.4 

14.0 

10.3 

7.8 

4.1 

2.1 

C,H,-hC4HH . 

64.9 

49.0 

35.9 

26.7 

19.2 

0.0 

0.0 

0.0 

0.0 

0.0 

C 4 H,. 

0.7 

1.8 

2.0 

2.2 

1.9 

2.2 

1.4 

1.0 

0.0 

0.0 

H,. 

4.1 

9.5 

12.4 

15.1 

17.4 

20.1 

41.5 

45.1 

57.3 

65.5 

CbHio+I . 

8.8 

13.9 

17.7 

20.5 

25.7 

36.7 

19.3 

18.6 

11.6 

8.0 

n in Parafh n . 

1.39 

1.27 

1.07 

1.23 

2.03 

1.41 

2.23 

1.6 

1.35 

1.06 

Yield in liters per 100 1 











of propene tharmed; 











QH; . 

9.9 

14.7 

17.2 

19.3 

21.8 

47.8 

54.5 

54.2 

56.4 

56.0 

C,H4 . 

11.8 

15.5 

21.2 

24.4 

28.5 

26.4 

21.5 

16.4 

9.1 

5.3 

C,H,. 

0.8 

2.1 

2.5 

2.8 

2.9 

4.2 

2.9 

2.1 

0.0 

0.0 

H,. 

4.6 

11.1 

15.4 

19.5 

25.6 

38.0 

86.8 

95.0 

127.0 

165.0 

C„Hjn+* . 

9.9 

16.4 

21.9 

26.4 

37.8 

69.5 

40.3 

39.2 

25.7 

20.2 


• Average number of carbon atoms per molecule 


Butenes 


'J'hc lliernial decoinpONition of tlie «-butenes is a complex process in which 
polymerization, isomerization and splitting of the carbon cliain take place simul¬ 
taneously. Because of the symmetry of the molecule, 2-butene is the more stable, 
initial decomposition (Kcurring at 350®C, while with 1-butene the temperature is 
25® lower. Since either of the two isomerizes into the other, a study of one is 
really a study of a mixture of both, according to Egloff and Wilson.Only at 
low temperatures in the early stages of the decomposition will differences due to 
the relative stability of the two appear. 

Figs. 22 and 23 are graphical representations of the reactions undergone to¬ 
gether with the calculated energy of activation. The products from 1-butene may 
be accounted for by reactions (1), (2) and (7) (Fig. 22) and from 2-butene by 
(1) and (2) (Fig. 23) although the exact mechanism is unknown. Absence of 
other possible radicals may be attributed to the fact that such radicals tend to 
undergo very rapid secondary reactions giving a more stable form. 

Wheeler and Wood'®^ have found that cyclohexene, cyclohexadiene, methyl- 
cyclohcxene and methylcyclohexadiene arc the chief polymerization products below 
650®C., while above this temperature aromatic compounds predominate in the 
liquids obtained. This is very unusual, as 8-carbon-molecule polymerization prod¬ 
ucts might be expected. However, the formation of the 6- and 7-carbon molecules 
shows that the free radicals from the primary dissociation, and not the butene 
molecule as a whole, are polymerized. 

The catalytic rearrangement of the tt-butenes has been studied by Ipatieff, Pines 

“•H. Troiwch. C. T. Parrish and G. Egloff. /wd. Bng. Chtm.. 1936. 2«. S81; Brii. Ckcm. Abi. 
A. 19.36. «1«; /. fust. Pet. Trek., 1936. 22 255A: Chrm. Abs,. 19.36. SO. 4]47. 

*»G. Egloff and E. \Vil»*»n. /ad. lino, Chrm.. 1935. 27, 917; J Inst. Pet. Tech., 1935, 21. 369A; 
Brit. Chem. Abs. A. 193.5. 1206; Orm. Abs., 1935. 29. 620.3. 

»»*R. V. Whwier and W. L. Wood. J. C. S.. 1920, 1819; Chem. Abs.. 1930. 24. 5715; BHS. 
Chrm. Abs. A. 1930. 1399. See al»o Carleton Ellta. 'The Chemistry of Petroleum Deriyative*,** 
The Chemical Catalog Co., Inc.. New York, I9S4. 
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and Schaad.'^^ In the presence of orthophosphoric acid, l-butene undergoes 4 
per cent isomerization at 26®C. and 60 per cent at 135®C. A catalyst of diatoma- 
ceous earth impregnated with phosphoric acid gives complete conversion to 2-butene 
at 249®C. and 7.8 atmospheres pressure. Pure /rawj-2-butene underwent rearrange¬ 
ment to the extent of 6.6 per cent to 1-butene and 6.0 per cent to cw-2-butenc when 
passed through orthophosphoric acid at 100®C. Aqueous solutions of perchloric 
acid (70-72 per cent) and benzene sulphonic acid (75 per cent) were also found to 
effect the transformation of 1-butene, the first giving 21 per cent isomerization at 
21®C. and the latter 13 per cent at 76®C. 




CM^CM«CMCHj (CIS) 
CN^CN*CHCH^(rilANS) 



CM^4CM^CM»CHj 

CK^CM^^CMj-CMj 


« MICH CNCKCV O# ACTIVATION 


Courtesy liidustruil and liuiiineerinu Chemistry 

Fig. 22.—Thermal Reactions of 1-Butcnc. ((i. Kgloff and K. Wilson) 


Hurd and Goldshy^^® have stated that extensive rearrangement of the gaseous 
decomposition products of the w-butenes occurs at 650®C. The ratio of cis to tram 
forms'-*^ in 2-butcne was found to be practically unchanged in the pyrolysis of the 
latter, indicating that the stereoisomers share equally in whatever changes occur. 
However, more cw than traus isomer was found in the 2-butene produced from 
1-butene. 

The kinetics of the isomerization of cis- and /r(i//i-2-butene at 345-390®C. hpyc 
been investigated by Kistiakowsky and Smiths** who report that the equilibrium 
mixture consists of 52.8 per cent irons compound at these temperatures. Although 
there was no evidence to indicate polymerization or formation of 1-butene, the 
mechani.sm of the reaction is thought to involve a chain because of the abnormali¬ 
ties observed. 

^»V. N. T]»atieff. H. Pine* «ti<t R. K. .'^cliaad. J.A.CS.. 19.t4. 56. 2696; Brit. Chem. Ahs. A. 
1935. 192; /. Inst. Pet. Teeh., 19.15. 21. 47A; Chem. Abs.. 19.15. 29. 724. 

D. Hurd and A. R. Golduby. J.A.C.S.. 19.14. 56. 1812; Brit. Chem. Abs. A. 19,14. 1080; 
/. Ifut. Pet. Tech.. 19,14. 20. 522A: Chem. Abs.. 1934. 28. 6101. 

^ The two strric modiScationa of 2-butcne are represented aa: 

HC—CH, CHr~CH 

I) and I! 

HG-CH, HC—CHi 

cis trans 

B. KistUkowaky and W. R. Smith. J.A.C.S.. 1936. 88. 776; 7. Inst, Pei, Tech,, 1936. 
22. 299A; Brit. Chem. Abs. A, 1936, 802; Chem. Abs., 1936. 80, 5104. 
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High yields of butadiene have l>een reported*®*^ from pyrolysis of J-butene 
diluted with an inert gaseous material at alKUit 700®C’. Passage of a 7 to 1 mix¬ 
ture of nitrogen and the hydrocarlKm through a porcelain tube at this temperature 
gave a 21 per cent yield t»f the diolertn with 18-24 per cent decoin|M)sition of the 
butene. 

Pyrolysis at 1100°C\ in conjunction with low pressure and slmrt contact times 
is reported to favor the formation of butadiene from both normal butenes.In 
the case of 1-butene, lower paraffins, hydrogen, acetylene and ethylene are all found 
in appreciable quantities, as would l>e expected in accordance with Reactions (1). 


CM^CM»CMCH^ 



H-fCMjCH«CHC>^W 

H*fCH^CCMCM^ W 
M^4CM^«C*CMCM^ (4) 

2CH^4>CHbCH C5> 


Courtesy Industrial and Engineering Chemistry 

Fig. 23.—Thermal Reactions of 2-Butene. (G. Egloff and E. Wilson) 


(2) and (7) (Fig. 22). At 1400°C. with 1-butene, only hydrogen, acetylene and 
paraffins are obtained in large proportions at contact times greater than 0.0036 
second, showing the dominance of Reaction (2). The large yield of acetylene may 
l)e attributed to the fact that at this temperature, acetylene formation from ethylene 
reaches a maximum,In no test, however, was any isobutene obtained. The 
data for these hydrocarbons are incorporated in Tables 24 and 25. 


Table 24. —Pyrolysis of I-Butene at 50 mm. Pressure, 


Temperature, °C. ^-1100-. -1400^ 


Contact time, I0“* sec . 

Analysis, % 

1 9 

3.7 

7 9 

13.0 

0 9 

3 6 

5 9 

9 8 

C,H,. 

13 4 

15.4 

15.9 

17.3 

25.7 

22.1 

18.4 

19.8 

C,H4. 

18.5 

18.5 

20.6 

21.1 

15 2 

2.3 

0.7 

0 4 

C,H*-hC4H.. 

18 4 

6.2 

5.5 

2.4 

1.7 

0.0 

0 0 

0.0 

C 4 H.. 

6 2 

10.1 

4.1 

2.7 

-- 

— 

— 

— 

H,. 

15 3 

17.8 

20.4 

27.8 

34 3 

60 2 

66.2 

70 8 

CiiHtn.*.!. 

27 4 

31 0 

31.8 

27.7 

20.9 

9.6 

7.2 

2.7 

n in Paraffins*. 

Yield, liters per 100 1. of 1-butene 
charged: 

C,H,. 

1.50 

1.70 

1.86 

1.03 

1.45 

1.02 

2.7 

2.2 

22.1 

26.5 

29.4 

35.0 

64,5 

57.6 

42.7 

50.6 

QH,. 

30.5 

31.8 

38.1 

42.6 

38,2 

6 0 

1.6 

1.0 

C.H, + C.H,. 

30.4 

10.7 

10.1 

4.8 

4 3 

0.0 

0.0 

0.0 

C,H,. 

10.2 

17.4 

7.6 

5.5 

— 

— 

_ 


H,. 

25 2 

31.6 

37.8 

56.1 

86.5 

157.0 

154.0 

181.0 

. 

45.2 

53.2 

58.9 

55.9 

52.5 

25.0 

16.7 

6.8 


• Average number of carbon atoms per molecule. 

'•B. P. Fedorov, A. I. Smirnova and P. A. Semenov, J, Appl, Ckcm, (U,S,S,R.), 1934 7 

1166; Brit, Ckcm, Abs, A, 1935. 324; Chem, Abs„ 1935, 29, 580S. 

H. Tropich. C. 1. Parrish and G. Egloff. Ind. Eng, Chem., 1936. 28, 581; Brit, Chem. Abs, A, 
1^36. 818; /. Inst, Pet. Tech., 1936, 22, 255A; Chem. Abs., 1936, 30, 4147, 

Egloff and E. Wilson, ind. Eng. Chem., 1935. 27, 917; /. Inst, Pet. Tech,, 1935, 21, 369A; 
Brit. Chem, Abs, A, 1935, 1206; Chem. Abs., 1935, 29, 6203. 
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Table 25. —Pyrolysis of Z-Butene at 50 mm. Pressure 


Temperature, ‘C. .-1100-. --1400-- 

Contort time, 10-* sec. 1.2 2.5 3.0 5.8 11.0 1.0 1.9 2.8 6.6 

Aiiiftlysis 

C,H,.’.. 6.8 11.3 13.9 13.3 15.4 23.4 23.9 22.3 15.6 

C.Hi.'. 5.6 12.5 16.8 18.6 18.5 5.0 3.7 2.1 0.0 

CiH. + C.H,. 53.2 20.0 12.2 8.3 5.5 1.1 0.9 0.6 0.0 

C«H,. 12.6 14.4 9.2 6.2 2.4 _ _ _ — 

H,. 7.0 15.0 19.8 21.2 24.0 43.6 51.8 60.3 49.1 

. 14.0 25.7 27.0 29.7 29.1 19.4 18.0 10.3 26.2 

ninParaffins*. 1.32 1.29 1.02 1 18 1.04 1.3 1.2 1.2 1.3 

Yield, liters per 100 1. of 2- 
butene charged: 

C,H,. 8 4 18.3 26.0 23.3 25.0 43.5 64.1 56.8 28.1 

C,H 4 . 7.0 20.2 31.4 32.6 30.2 9.3 9.9 5.4 0.0 

cm,+ C 4 H,. 66.0 32.4 22.8 14.5 9.0 _ _ — — 

cm, 15.6 23.3 17.2 10.8 3.9 _ _ _ _ 

H,. 8.7 24.3 37.0 37.0 39.1 81.0 139.0 154 0 88.5 

Cm,.+,. 17.3 41.6 50.5 .52.0 47.5 36.0 48.2 26 3 47.1 


•Average number of carbon atomu per molecule. 

Isobutene 

The thermal reactions of isobutene differ from those of the normal butenes or 
straight’chain olefins. As a result of its unsymmetrical character, the molecule 



Courtesy Industrial and Engmectinf/ Chemistry 

Fig. 24. —Thermal Reactions of Isobutene. (G. Egloff and E. Wilson) 


will tend to form more stable substances, either by losing the methyl groups or by 
adding hydrogen. The latter change and also the formation of propane are favored 
by relatively low-temperature treatment, and use of higher temperatures is marked 
by the increase in yields of acetylene and methane.'^^ The thermal reactions for 
isobutene arc shown in Fig. 24. 

Hurd and Filers^** have studied the thermal decomposition of this hydrocarbon 
l>oth from the standpoint of primary products and of catalytic influence of different 
tube materials. The results of their experiments at temperatures of 700-800®C. 
are shown graphically in Fig. 25, in which the Composition of the gaseous products 

^ ;«G. Egloff aiHl E. WUion. ind. Eng. Ckem., 1935, 17, 917; /. Inst. Pet. Tech.. 1935. 21. 369A; 
Abe. A. 1935, 1206: Ckem. Abe., 1935, 29, 6203. 

^ D. Hard and L. K. Eilert. Ind. Bng. Chtm.. 1934, 26. 776; Ckem. Abe., 1934, 26 , 5646; 

Bnt. Ckem. Abe. B, 1934, 792; /. Inet. Pet. Teek., 1934, 20, 493A. 
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is compared at various percentage conversions. Extrapolation to zero conversion 
would seem to indicate that methane, propene and ethylene are the important pri¬ 
mary gaseous products, while hydrogen and acetylene are not.^** Hurd and Eilers, 
however, believe that ethylene is not actually an initial product but is probably a 
secondary one derived from propene. An examination of the liquid obtained in 
pyrolysis at 700®C. showed the following substances: (in per cent) triraethyl- 
ethylene, 1.2; benzene, 10.3; toluene, 11.8; unsaturated oil b.p. 78-125®C. (di¬ 
isobutene?), 22.1; naphthalene, 8.75; anthracene, 3.0; unsaturated oils b.p. 125- 
190®C., 19.5; residue, 23.4. A number of comparative experiments in tubes of 



Percent Decomposition of Isobutyle:ne 


Courtesy Industrial and Ungiuccring Chemistry 

Fig. 25.—Gaseous Products from Pyrolysis of Isobutene at 700-800®C. (C. D. Hurd 

and L. K. Eilers) 


different materials show that Ascoloy (a chromium steel alloy), quartz and glass 
have little influence on the decomposition at 700®C. Monel metal and iron, particu¬ 
larly the former, favor considerable carbonization and entirely suppress oil forma¬ 
tion. Similarly, nickel at 700®C. inhibits the production of oil but its catalytic 
action is less marked than with Monel and iron. Table 26 lists the data obtained 
in these tests. 

The results of the high-tem|)erature-low-pressure pyrolysis of isobutene given 
by Tropsch, Parrish and Egloff**® are incorporated in Table 27. A com])arison 
of Tables 24 to 26 on the three butenes at similar conditions of thermal treatment 


Oirletoii Ellif, **The Chemistry of Petroleum Derivatives.** The Chemical Catalog Co., Inc., 
i'ew YorE 1934, for a diMCU!«sion of the method of lero extratmlation. 

^ *«H. Tronach. C. I. Parrish and G. Egloff. Ind, Ena. CArm,. M, .S81; Chem. Abs,, 193d, 

4147; BrU. Ckem, Ab*. B. 1936. 818; 7. Inst, Pel. Trek,, 1936, 83. 255A. 
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Table 26. —Decomposition of Isobutene in Various Tubes. 



Quartz 

Glass 

--Ascoloy-* 

--Iron-- 

Nickel 

Monel 

Temperature, ®C.. . . 

700 

700 

700 700 

550 

600 

700 

410 

Contact time, sec.... 
Liquids, % by wt. of 
isobutene decom¬ 

4.1 

12 

5 9.2 

22 

5 

5.2 

16.7 

posed. 

Carbon formed, % 

62 

47 

11 22 

— 

— 

— 

— 

by wt. 

Extent of decomposi¬ 

— 

— 

— — 

Trace 

28 

13 

33 

tion, % . 

21 

30.2 

31 33 

1.3 

25.5 

26 

24 


Analysis of exit gas» 


% by volume 


Acetylene. 

0.1 

1.2 

0.23 

0.94 

0.0 

0.0 

0.32 

0.0 

Isobutene. 

79,3 

63.4 

89.29 

80.56 

98.3 

49.2 

48.8 

45.9 

Propene. 

4 7 

6.0 

3.47 

6.36 

0.3 

0.7 

3.93 

1.96 

Ethylene. 

3.3 

1.9 

3.58 

4.24 

0.9 

1.3 

5.41 

2.27 

Hyorogen. 

2.4 

6.7 

1.05 

2.00 

0.0 

44.8 

31.95 

48.26 

Paraffins. 

7.9 

19.7 

2.46 

5.90 

0.0 

2.0 

8.49 

1.55 

in Paraffins*. 

1.5 

1.59 

1.6 

1.4 

— 

1.9 

1.55 

— 


• Average number of carbon atoms per molecule. 


Table 27 .—Pyrolysis of Isobutene at 50 mm. Pressure. 


Temperature, C. 

Contact time, 10~* sec. 

1.3 

- 11 

4.0 

00- 

7.1 

11.0 

0.8 

-1400- 

1.8 

3.1 

Analysis, % 

CtH, . 

7.8 

16.5 

18.6 

17.6 

19.8 

20.6 

20.2 

QH.... 

l.l 

8.8 

7.7 

8.8 

5.3 

2.8 

0.0 

C,H. + C.H,. 

16.1 

9.2 

6 1 

116 

1.2 

0.4 

0.0 

C.H,. 

4 1 

4.0 

2.2 

2.1 

0.3 

0.0 

0 0 

l50-C4Ht. 

46.1 

3.4 

1.1 

0.0 

0.0 

0.0 

0.0 

H,. 

5.2 

14.4 

16.9 

21.9 

39.3 

55.0 

62.7 

CnHjn+J. 

n in CaNtax}. 

18.1 

40.0 

42.8 

35.0 

26.4 

18.5 

11.2 

1.27 

1.33 

1.08 

1.66 

1.4 

1.15 

1.25 

Yield, liters per 100 1. of isobutene 
charge<l: 

C,H,. 

9 2 

37.6 

31 6 

30.2 

38.6 

57.8 

48.1 

C,H,.r. 

1.3 

20 1 

13.1 

15.1 

10.3 

7 9 

0 0 

C.H, + C,H,. 

19 0 

21 0 

10 3 

19 1 

2 3 

0 0 

0 0 

C,H.. 

4 9 

9 1 

3.7 

3 6 

0.6 

0 0 

0 0 

H,. 

6.1 

32.8 

28.7 

36.3 

74 6 

154.0 

149 0 

CbHjb+*. 

21.4 

91.2 

72.9 

60.1 

51.8 

52.0 

26 0 


shows the importance of the. relation of structure to decomposition products. In 
the case of the branched hydrocarlxin, the prrxluction of paraffins (mostly methane), 
acetylene and hydrogen predominate whereas ethylene, which was major resultant 
in the normal compounds is relatively unimportant. The yield of butadiene is 
quite good, but is slightly below that obtained with the other two butenes. 


Higher Monolefins 


It has been shown by Hurd, Goodyear and Goldsby'*® that partial isomerization 
of 1-pentene into 2-pcntene, and vice versa, takes place during the pyrolysis of 
these hydrocarbons at temperatures above 580®C. at atmospheric pressure. The 
gaseous products from both pentenes consisted of methane, 1-butene, propene, 
ethane and ethylene in the molar proportions 6, 2, 2, 2, 1, respectively. In addi¬ 
tion, small amounts of 2-butene, butadiene and hydrogen resulted. 2-Pentene was 
found to be somewhat more stable than 1-pentene under these conditions. 

^C. D. Hard. G. H. Goodyear end A. R. Mdrbj. J.A.C.S,, 1936. St. 2J5; /. Jnet. Pei. Tech., 
1936, 22, 2S$A; BrU. Chem. Abs. A, 1936, 4$ls Ckem. Abe., 1936, 10, 2911, 
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The pyrolysis of 2-pentene in glass, Ascoloy and iron tubes at 560-700®C. has 
been investigated by Hurd and Eilers.^^^ In iron tubes, pronounced carbonization 
with total suppression of oil formation occurred even at 560® C. Ascoloy did not 
appear to catalyze the decomposition to any appreciable extent. In glass or Ascoloy 
tu^s at 600-700®C. the main gaseous products were methane, ethane, propene and 
butenes, with only small amounts of hydrogen. The butene fraction consisted prin¬ 
cipally of 1-butene, with smaller amounts of 2-butene, isobutene and butadiene. 
Benzene, toluene and various unsaturated hydrocarbons were contained in the 
liquid fraction. 

Isomerization of 1-hexene has been shown to take place by heating at 400®C. 
and 140 atmospheres pressure for 1 hour, giving rise to 2-hexene and 3-hexene, 
but no isohexenes. In the presence of molybdenum sulphide, 1-hexene commences 
to polymerize at 350®C. and normal pressure.^^® The thermal decomposition of 
1-hexene in an excess of water vapor at 550-700® C. has yielded 40 per cent ethyl¬ 
ene, 30 per cent propene and 4.3 to 5.8 per cent butadiene. Like treatment of 
4-methyl-1-pentene gave 58-60 per cent propene.^^®® 

When /rr-butylethylene is heated to 160-170®C. in the presence of floridin, it is 
converted into tetramethylethylene, according to Lebedev and Kudrjavtzev.^^® At 
150-270®C. /cr-butylmethylethylene changes into trimethylethylethylene under the 
influence of this catalyst, while /cr-butylacetylene, tetramethylethylene and tri¬ 
methylethylethylene are unaffected by similar treatment, even up to 300®C. 

Lebedev and Slobodin^^® found that the passage of diisobutylene over a floridin 
catalyst at 205-210®C., at a velocity of 0.4 to 0.45 g. per minute, resulted in a yield 
of 70 per cent of diisocrotyl (2,5-dimethyl-2,4-hexadiene). Hurd and Eilcrs^®^ 
have pyrolyzed both technical diisobutylene (a mixture of 2,4,4-trimethyl-l-pentcnc 
and 2,4,4-trimethyl-2-pentene) and pure 2,4,4-trimethyl-2-pentene in Pyrex tubes 
at 700® C. The pure hydrocarbon decomposed more rapidly than the technical 
mixture and furnished a gas containing large portions of isobutene. The mix¬ 
ture, instead, yielded a gas consisting chiefly of methane and hydrogen, with only 
5 to 8 per cent of isobutene. The liquid products showed the formation of small 
amounts of aromatic hydrocarbons (much less than in the case of isobutene under 
similar conditions) and also large proportions of unsaturated liquids with boiling 
ranges lx)th below and above that of the diisobutylene used. Hurd and Eilers con¬ 
cluded that diisobutylene need not be regarded as an essential intermediate in the 
thermal polymerization of isobutene. 

Certain large molecular weight monoleflns with highly branclied chains undergo 
cleavage under special conditions with the production of a mixture of lower olefins. 
Nazarov*®^ has studied the splitting of several of these hydrocarbons, including 
di-/er-butylethylene, under the influence of 1-bromonaphthalene-4-sulphonic acid 
and similar acids, Unsymmetrical dimethylethylene is the chief product, with 
smaller amounts of tetramethylethylene, isopropylmethylethylene and /cr-butyl- 
ethylcnc. 

Pinene. Thermal decomposition of turpentine oil, which consists mainly of 

D. Hurd and L. K. Eilers. Ind. Eng. Chtm., 1934, 26, 776; Brit, Chrm, Abs. B, 1934, 792; 
Chem. Abs,, 1934, 28, 5646; J. Inst. Pti. tech., 1934. 20, 493A. 

D. Petrov, A. P. Meihcheriakov and D. N. Andreev. Ber., 1935, 68, 1; Ckem. Abs., 1935, 
28, 214$; Brit. Ckem, Abs. A. 1935. 324. 

M. Mikhailov and Yu. A. Arbutov, Compt. rend. oend. set. U.R.S.S., 1936, S, 423; Ckem. 
Abs., 1937, 81. 1354; Brit. Ckem. Abs. B. 1936. 1485. 

‘••S. V. Ubedev and N. A. Kudrjavtxev, /. Gen. Ckem. WS.S.R.), 1935, 5, 1859; Brit. 
Ckem. Abs. A 1936. 702: Ckem. Abs.. 1936, SO, 3402. 

“•S. V. Lebedev and Y. M. Slobodin. J. Gen. Ckem. (U.S.S.R.), 1934, 4. 23; Ckem. Abs., 
1934, 28, $399; Brit. Ckem. Abs. A. 1934, 864. 

w C. D. Hurd and L. K. Eileri. he. cit. 

. “•!. N. Natarov, Ber., 1936, 60, 18. 21; Ckem. Abs., 1936. to 2014; CemPt. rend. need, set., 
U.R.S.S,, 1936, 1. 79; Brit. Ckem. Abs, A. 1936 S88 
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two isomeric dicyclic monolefins, is of interest since it has been used as a source 
of isoprene. Mahood^®* noted that a maximum yield of isopreile of about 4.5 per 
cent may be obtained by pyrolysis in a Pyrex tube at 600®C. and in an iron tul)c 
at 4S0®C. Finely divided copper has been recommended as a catalyst for decom¬ 
position to aromatics (which may consume as high as 31 per cent of the pinene) 
at 500 to 630®Toluene, i«-xylene, cyniene, cumene and methylethylbenzene 
have been obtained in this fraction. Nickel causes an energetic reaction at 600®C. 
with the deposition of much carbonaceous material, a gas rich in hydrogen and but 
little liquid. Cobalt is intermediate between copper and nickel in its action, but 
iron resembles nickel and causes intense carbonization. 

Diolefins 

Extensive information on the thermal reactions of diolefins is apparently not 
available. The lowest member of the series (allene, CH.j=C=:CHo) is an isomer 
of both methylacetylene and cyclopropene. Isomerization of these three hydro¬ 
carbons, involving the shifting of hydrogen atoms in the molecule (which re(|uires 
only a small energy of activation), should occur at low temperatures.'*'’‘^* Like¬ 
wise, because of the unsaturated nature of the Series, polymerization of the diolefins 
should be expected, since the double bonds are conducive to this type of reaction, 
provided the compounds are not of high molecular weight.'®** 

Slobodin'®^ reports that methylallene begins to isomerize at 250°C. under the 
influence of activated floridin, and at 330®C*. undergoes 24.5 per cent rearrange¬ 
ment. The products obtained at the higher temperature were 20.6 per cent bivinyl 
and 3.9 per cent ethylacetylene (C 2 H 5 C:sCH). Dimethylacetylene was not de¬ 
tected, nor were any traces of dimers of bivinyl or methylallene. Unsymmetrical 
dimethylallene with activated floridin at 334®C. gives isoprene and isopropylacet- 
ylene, (CH3)2CHC3sCH, in 20.8 and 60 per cent conversions, respectively. 
Partial polymerization may also take place; resulting chiefly in a dimer of iso¬ 
prene.'®* 

Lebedev and Slobodin'®® obtained a 41.5 per cent yield of dipropenyl by 6 re¬ 
circulations of dialTyl (1,5-hexadiene) over a floridin catalyst at 225®(\ The 
isomerization was accompanied by a partial polymerization of the hydrocarbons. 

Acetylene 

According to Egloflf and Wilson, the reactions of pure acetylene should differ 
considerably from those observed with this hydrocarbon when it is a secondary 
decomposition product of ethylene. The reason for this is probably because of the 
small concentration of acetylene molecules in the latter instance, due to the dilu¬ 
tion with other molecules. Dissociation should take place through the same mecha- 

«*S. A. Mahood, Ind. Eng. Chrm., 1920, 12, 1152; J.CS., 1921, 120 (1), 116; Chem. Abt., 
1921, IS, 519. 

IMP. Sabatier, A. Mailbe and G. Gaudton, Compt rend., 1919, 168, 926; Chem. Abe., 1919, 13, 
1838; /.C.5., 1919. 116 (1), 336. 

»G. Egloff and E. Wilion. Ind. Eng. Chem., 1935, 27, 917; /. Inst. Pet. Tech., 1935, 21, 369A; 
Brit. Chem. Abs. A, 1935, 1206; Chem. Abs., 1935, 29, 6203. 

»*R. E. Meinert and C. D. Hurd, J.A.C.S., 1930, 52. 4540; Brit. Chem. Abs. A, 1931, 61; 
Chem. Abs., 1931, 25, 68. See Carleton EllU, ‘‘The ChemUirv of Petroleum Derivatives,*' The 
Oiemicid Catalog Co., Inc., New York, 1934. Sm also Chapter 26. 

M. Slobodin, /. Gen. Chem. (U.S.S.R.), 1935, 5, 48; Chem. Abs., 1935, 29, 4732; Brit. 
Chem. Abs. A, 1935, 957. 

»Y. M. Slobodin, /. Gen. Chem. (U.S.S.R.), 1934, 4, 778; Chem. Abs., 1935, 29, 2145; 
Brit. Chem. Abs. A, 1935, 62. 

"•S. V. Lebedev and Y. M. Slobodin, /. Gen. Chem. (U.S.S.R.), 1934, 4, 23; Chem. Abs., 
1934, 28, 5399; Brit, Chem. Abs. A, 1934, 864. 
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nisms, but the chances for methenyl (CHa=) radical formation are much greater.^®® 
Aromatic hydrocarbons, carbon, hydrogen and methane are the main products at 
650®C. or over.i®^ 

Because of its highly unsaturated nature, acetylene polymerizes very readily in 
the range of 400® to 800®C. Mignonac and Ditz^®^ obtained, along with other 
products, two gases corresponding to the empirical formula of butenyne (C 4 H 4 ) 
by passing acetylene rapidly through a narrow-bore silica tube at 750®C. The 
gases were cooled to —70®C., and liquefied, one into a colorless stable carbide 
(having the above formula), and the other into a substance known as chlorene (a 
polymer of C 4 H 4 ), a greenish-yellow gas, which on standing was converted into 
the first. These substances may be linear polymers of the type obtained by Mi¬ 
gnonac and de Saint-Aunay^®® by the action of the electric discharge on acetylene 
at low temperatures. 

Travers^®^ found that at 450® C. the addition of hydrogen to acetylene greatly 
influences the rate of reaction. Large concentrations of hydrogen suppress the 
formation of ethylene but do not change the yield of methane. The reaction ve¬ 
locity is decidedly affected by the surface conditions, as in the case of ethylene and 
ethane. 

Aromatics have been obtained in good yields by Klatt^®^ by passage of acetylene 
diluted with 10 per cent of steam through a porcelain tube at 650 to 700®C. and 
atmospheric pressure. Several runs were made, using coke, graphite, porcelain 
and earthenware fragments as packing, but the maximum conversion to liquids 
resulted with contact material consisting of graphitic carbon deposited on pieces 
of clay plate. Fujio^®® likewise reports good yields of aromatics by passing acet¬ 
ylene through an iron tube lined with silicon or an alloy of chromium and silicon, 
heated to al^ut 650®C. 


Cyclic Hydrocarbons 


Of the monocyclic saturated hydrocarbons those containing the cyclopentane 
and cyclohexane rings are by far the most heat-stable and differ greatly from the 
corresponding paraffins in this respect. This property complicates the study of 
primary reactions, since the initial products may be decomposed even under condi¬ 
tions where little of the cycloparaffin is converted.'®^ 

However, the lower members of the series, such as cyclopropane and cyclo¬ 
butane hydrocarbons, exhibit a tendency to undergo rupture of the ring, especially 
with the aid of such catalysts as alumina, at relatively low temperatures with the 
formation of the corresponding straight-chain olefin. Cycloparaffins of more than 
6 carbofl atoms are less stable than cyclopentane and cyclohexane.'®® Cyclo¬ 
hexane derivatives are characterized by the fact that with such catalysts as nickel 


ErIoAF and E. Wilson, /fk/. Eng. Cken^., 1935. 27, 917; /. Inst. Pet, Tech., 1935, 21, 369A; 
Brit. Chem. Abs. A. 19.15. 1206; Chrm. Abs.. 1935. 29. 6203. 

Tt hat been .shown by A, V. Frost (Khimteoret, Leningrad. 1935 (2). 98; Chem. Abs.. 1935. 
29, 5626) that whereas synthesis of acetylene from its elements sets in above 2500*K. (2227*C.>. the 
formation of this hydrocarbon from others proceeds at much lower temperatures, at which acetylene 
is thermodynamically unstable. 

«»G. MlRnonac and E. Dit*. Compt. rend., 1934, 199. 367; Chem, Abs., 1934. 2S. 6697; Brit. 
Chem. Abs. A, 1934. 990. See also Chanter 28. 

'•G. Mianonac and R. V. de Saint-Aunay, Compt. rend., 1929, 189, 106; Chem. Abs., 1929, 23, 
4668; Brit. Chem. Abs. A, 1929. 537. 

M, W. Travers, Trans. Faraday Soc., 1936, 32, 236; Chem. Abs., 1936, 30, 2548; Brit. Chem. 
Abs. A, 1936. 309. 
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»^P. E. Frey. Ind. Eng. Chem.. 19.34 , 26. 198; /. Inst. Pet. Tech., 1934. 20, 158A; Brit. Chem. 
Abs. B, 1934, 438; Chem. Abs., 1934. 28. 2169. 

»**A. Baever. Ber.. 1885, 18, 2269; /.C.S., 1885, 48, 1108. W. H. Carothers, J.A.C.S., 
1929, SI, 2548; Brit. Chem. Abs. A, 1929, 1165; Chem. Abs., 1929, 23, 4438. 
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or palladium they can be dehydrogenated to the corresponding aromatic hydro¬ 
carbons and that this process is reversible.^®® 

Cyclopropane. Chambers and Kistiakowsky^^® have investigated the kinetics 
of the thermal isomerization of cyclopropane into propene in a static system over 
the range 470-519®C. The reaction was found to be homogeneous and apparently 
unimolecular, the relation between the high-pressure velocity constant and tempera¬ 
ture being represented by the equation 


logioit - 15.17 - 


Cyclopentane. The results obtained by Frey^"^® indicate that this hydrocarbon 
undergoes decomposition in a silica tube at 575®C. at a rate only about one-sixth 
as great as that of ii-pcntane under the same conditions. At 574®C. and a pressure 
of 67 mm., with a contact time of 10 minutes, the dissociation amounted to 22 per 
cent, and from 100 moles of cyclopentane there were produced (in moles): hydro¬ 
gen, 23; methane, 5; ethylene, 20; ethane, 2: propene, 27; propane, 2; cyclopenta- 
diene and cyclopentene, 16; and higher hydrocarbons, 6. It appears, therefore, 
that the two main reactions involved are (1) dehydrogenation to cyclopentene and 
cyclopentadiene, and (2) rupture of the carbon ring to form ethylene and propene. 
Kazanskii and Plate^^® substantiate this mechanism by a study of the pyrolysis at 
590-800®C. in silica tubes using contact times of 0.5 to 20 seconds. 

Methylcyclopentane. In the decomposition of this hydrocarbon at 650®C.. 
Kazanskii and Plate^^^ obtained gaseous products consisting chiefly of propene 
with some isobutene. The content of saturated hydrocarbons was higher than 
in the gas produced by pyrolysis of cyclopentane, probably as a result of the split¬ 
ting of methane from some of the products. The two main reactions appear to be: 



IT 

H,C-ecu, 

and I I CH,=CH, + CH^(CH,), 

H,C CH, 

H, 


Other Cyclopentane Derivatives. Although in the presence of aluminum 
chloride, containing small amounts of water, methylcyclopentane is readily con¬ 
verted into cyclohexane,^^® even at low temperatures, when passed over platinum 
charcoal (18 per cent Pt) at 310-350®C., as noted by Nenitzescu and Cioranescu,^^® 

"•N. Zelmskii and N. Pavlov. Bcr.. 1923, 56. 1249; Chem. Abs., 1923. 17. 3124; /.C..S. 
1923, 124 (1), 767. 

S. Chambcrji and O. B. Kintiakowaky. J.A.C.S,, 1934, 56. .199; Chem, Abs., 1934. 26, 
2252; Bfi$. Ckim. Abs. A. 19,14. 369; /. Inst. Prt. Tech.. 19.14, 20. 23SA. 

*«C/. M. Trauta and K. Winkler. J. frakt. Chem., 1922, (2) 104, 53; Chem. Abs., 1923, 17. 722; 
1922, 122 (1), 926. 

E. Frey, loe. cii. 

»»B. A. KManakii and A. F. Plate. Ber., 1934. 67. 1023; Brit. Chem. Abs. A. 1934, 877; Chem. 
Ahs.j 1934, 28, 5048. 
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the former hydrocarbon is unchanged. Likewise, Tarasova^states that neither 
the ethyl, propyl, butyl, 1,2-dimethyl, 1-methyl-2-ethyl nor l-methyl-2-propyl de¬ 
rivatives of cyclopentane are dehydrogenated in the presence of platinum charcoal 
in a stream of hydrogen or carbon dioxide even at 300®C. 

On the other hand, the work of Zelinskii, Kazanskii and Plate*shows that 
methyl, ethyl and propyl-cyclohexane are readily converted into members of the 
paraffin series in the presence of hydrogen and platinized charcoal at 305-315®C. 
The reaction involved is thought to consist only of opening the ring, resulting in 
the formation of both normal and isoparaffins. Decomposition of the two lower 
members of the series was not believed to be of a complicated nature, because of the 
boiling range of the reaction mixture. However, from propylcyclopentane, appre¬ 
ciable quantities of lower molecular weight hydrocarbons were obtained. Subse¬ 
quent investigations**^® with ii-butyl-, .fcr-butyl- and isoamyl-cyclopentanes show 
that under the same conditions, not only paraffins but also aromatics are formed. 
In fact, aromatization could still be distinctly detected while hydrogenation to par¬ 
affins occurred to only a slight extent. Kazanskii and Plate point out that al¬ 
though the aromatic hydrocarbons might have been formed by expansion of the 
ring at the expense of the side chain, yet, if this is the mechanism involved, then 
it is difficult to understand why methylcyclopentane and the other lower homologs 
failed to undergo transformation to aromatics. They therefore suggest another 
possibility, that is, that a 6-membered ring is formed by closure of the butyl side 
chain, with the resulting hydrindane then changing into o-methylethylbenzene w^ith 
the opening of the S-memhered ring, as for example: 

H, 

H 

H,C-CCH,CH,CH,CHj H,C-C CH, 

II I I I + H, 

H,C CH, H,C C CH,' 

\c/ 

H, H, H, 




CH 

/ \ 

CH,C CH 


CH,CH,C CH 


+ 3H, 


The first mechanism mentioned above, that involving ring enlargement, should give 
only monosubstituted derivatives, whereas the latter (involving the rupture of the 
cyclopentane ring) would form disubstituted benzene homologs. A study of the 
products obtained from butylcyclopentane showed that the principal resultant was 
a methylethylbenzene, with a small amount of a monosubstituted aromatic, which 
upon oxidation gave benzoic acid, A branched paraffin, thought to be 4-methyl- 
octane, was also isolated from the reaction mixture. 

Denisenko**® has investigated the stability of phenylcyclopentane at 300-310®C. 
in the presence of platinized active charcoal (12 to 15 per cent Pt) and hydrogen. 
He reports that under these conditions the 5 membered ring is ruptured more 

E. M. Ttratova, Uchenuit Zapiski Ber. Moskam Staats CmvJ, 1934, 3, 173; Chem. 

ZfntK, 1935, 2, 3497: Chem, Abs., 1936, 30, 8173. 
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»»Yu. I. Deniienko. Ber., 1936, 69, 1353; Chem. Abs., 1936, 30, 5570. 
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readily than is cyclopentane. From the composition of the reaction mixture, which 
contained 1-phenylpentane (amylbenzene), 2-phenylpentane and 3-phenylpentane, 
the formation of these substances is explicable on the basis that the ring splits 
between the 1,2- 2,3- or 3,4- carbon atoms accompanied by the addition of one 
molecule of hydrogen. Such a transformation may be illustrated as follows: 


H H 
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Cyclohexane. Catalytic dehydrogenation of cyclohexane to benzene proceeds 
smoo^ly when aided by such metals as nickel or palladium.'**^ With a nickel- 
alumina catalyst at 200-270®C., the energy of activation is about 13,600 cal. per 
mole for the dehydrogenation of both cyclohexane and methylcyclohexane, although 
the reaction is much more rapid in the latter case.^®^ It has been noted, however, 
that with the latter catalyst at 330-350®C., cyclohexane in the presence of hydrogen 
undergoes a peculiar conversion with the formation of not only benzene but also 
methane, toluene, xylene, methyl- and dimethylcyclohexane. Ipatieff and Komarew- 
sky'*® have identified biphenyl among the reaction products. Zelinskii and 
Shuikin'®^ believe that in addition to undergoing dehydrogenation to benzene, part 
of the cyclohexane decomposes to form methylene radicals, which are either reduced 
to methane or combined with benzene and unchanged cyclohexane. 

Balandin and Brussov^®^* point out that there are two classes of catalysts in this 
reaction. Such metals as platinum, palladium and nickel at about 300°C. cause 
dehydrogenation of 6-membered rings to aromatic nuclei. Oxides of chromium, 
molybdenum and zinc, employed at 450°C., may give intermediate products, such 
as cyclohexene or cyclohexadiene. 

There is ample evidence to prove that, in the purely thermal decomposition of 
cyclohexane, direct dehydrogenation to benzene is not the primary process. Buta¬ 
diene and ethylene appear to be the most important products, although these may 
subsequently be converted into aromatic hydrocarbons by secondary reactions. 
Thus, Zelinskii, Mikhailov and Arbuzov*®* pyrolyzed cyclohexane, admixed with 
an excess of steam (1.5 to 4 volumes), to obtain at 750°C. a molar conversion of 
92 per cent to ethylene and 39.9 per cent to butadiene. Kazanskii and Plate*®* re¬ 
ported that at 650®C. in silica tubes the gaseous products were mostly hydrogen, 
lower paraffins, ethylene and a little isobutene. Whitby and Katz*®*^ cite a 60.8 per 

N. Zelinskii and N. Pavlov, loc. cit. . 
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r. Gen. Chem. (U.S.S.R.), 1934, 4 .1385; Chem. Ahs., 1935, 29, 3648; Brit. Chem. Ahs. A, 1935, 
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cent conversion to butadiene (based on cyclohexane decomposed) by noncatalytic 
processes. 

By treatment of cyclohexane at 622® C. and 68 mm. pressure, Frey^®* obtained 
24 per cent decomposition. A mixture of liquid and gaseous products had the fol¬ 
lowing percentage molar composition: hydrogen, 8.1; methane, 3.3; ethylene, 8.4; 
ethane, 3.7; propene, 5.6; butadiene, 5.6; butenes, 5.0; pentenes, 1.6; unchanged 
cyclohexane, 57.0; hexenes and hexadienes, 2.1; higher hydrocarbons, 0.5; and 
l)enzenc, 0.4. It is evident that under these conditions, benzene production is almost 
negligible and that hydrogen, ethylene, butadiene and butenes are the main reaction 
products. 

On the other hand, chromium-copper catalysts at 500-550®C. are said to cause 
only dehydrogenation, forming 80 per cent aromatic compounds.^®® Other catalysts, 
for example, alumina, alumina-zinc chloride and alumina-phosphoric acid are less 
effective, giving rise to some gaseous and liquid saturated and unsaturated hydro¬ 
carbons and partly isomerized paraffins. 

Investigations on the decomposition of cyclohexane at 600 to 700®C. indicate 
that the compound is progressively dehydrogenated, first to tetrahydrobenzene 
(cyclohexene), then to dihydrobenzene (cyclohexadiene) and finally to benzene 
itself.^®® Decomposition of the tetrahydrobenzene may also proceed in another 
manner to yield butadiene and ethylene. The formation of naphthalene in this 
reaction is believed to be the result of polymerization and condensation of free 
radicals formed in the energetic decomposition of the cyclohexane. 

Other Cyclic Hydrocarbons. Relatively high conversion of both saturated 
and unsaturated cyclohydrocarbons into butadiene and isoprene has been obtained 
by pyrolysis oi these hydrocarbons admixed with steam as diluent.^®^ For example, 
the yields of butadiene (expressed as molar percentages of the hydrocarbons de¬ 
composed) from methylcyclohexane, ethylcyclohexane and decalin at 750®C. were 
34.8, 41,2 and 11.6, respectively. Cyclohexene at 650®C. gave molar yields of 78.3 
per cent ethylene and 65,2 per cent butadiene, whereas 1-methylcyclohexene at 
690®C. furnished 75.1 mole per cent ethylene and 35.3 mole per cent isoprene. 

Ethylcyclohexane undergoes decomposition similar to that of cyclohexane in 
the presence of a nickel oxide-aluminum contact agent at 350®C., according to 
Ipatieff and Komarewsky.^®- Benzene, toluene, methane and hydrogen were 
found in the reaction mixture. 

The dimethylcyclohexanes have been pyrolyzed at 675-750°C. in the presence of 
2 to 4 times their weight of water by Arbuzov and Mikhailov.*®® Conversions to 
butadiene, in mole per cent of the hydrocarbon decomposed, were: from 1,2- 
dimethylcyclohe.xane, 20.7; from 1.3-dimethylcyclohexane, 18.4 and from 1,4- 
dimethylcyclohexane, 23.9. Large amounts of ethylene, propene and butene and 
saturated hydrocarbons were also obtained. 

Levina and Tzurikov*®^ found that vinylcyclohexane when passed over a palla¬ 
dium asbestos catalyst at 200®C., was converted into ethylbenzene and ethylcyclo¬ 
hexane. Analogous to this, allylcyclohexane gave propylbenzene and propylcyclo- 

** F. K. Frey. he. cit. 

^V. T. Karzhev, V. 1. Sever’yanova and A. N. Sivova, /. Applied Chem. (U.S.S.R.), 1936. 
•. 269; Chem. Ahs., 1936, SO. 5570. 

E. Terres, C. Walther. H. Schmidt. J. Pomeraniec and O. Foesaner, Ocl. u. Kohle, 1934, 2, 
2, 53; Chem. Abe., 1935. 29. 6743; Brit. Chem. Abs. B, 1935, 391. 

D. Zelinskti. B. M. Mikhailov and Y. A. Arbuzov. J. Ccn. Chem. (U.S..^.R.), 1934. 4. 
S56; Chem. Abs., 1935, 29. 2152; Brit. Chem. Abs. A. 1935, 73. 

^•V. N. IiMitieff and V. I. Komarewsky, J.A.C.S., 1936, 58, 922; /. lust. Pet. Tech., 1936. 22. 
395A; Brit. Chem. Abs. A, 1936. 975; Chem. Abs., 1936, SO. 5189. 

*“Y. A. Arbuzov and B. M. Mikhailov, Compt. rend. acad. sci., U.R.S.S., 1935, 4. 337; 
Brit. Chem. Abs. A, 1936. 712; Chem. Abs.. 1936, SO. 4472. 

Y. Uvina and F. F. Tziirikov. .f. Cen. Chem. (U.S..S.R.), 1934, 4. 1250; Brit. Chem. 
Abs. A, 193S, 611; Chem. Abs., 1935. 29, 3314. 
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hexane under the same conditions. Subsequent investigations'®® show that the 
isomers allylcyclohexene, cyclohexylallene and cyclohexylallylene when contacted 


H 

C 


/ \ 

H,C CCHiCH^H, 


Hti in, 


\ / 


c 

H, 


allylcyclohexene 


C 

/ \ 

H,C CHCH=C=CH, 
H,C 

\ / 

C 

H, 

cyclohexylallene 


H, 

C 

H,C^ ^CHCH,C*CH 

Hii (!:h, 

V 

H, 

cyclohexylallylene 


with platinum-carbon agents (containing about 30 per cent Pt) at 200-205®C. 
in a weak current of carbon dioxide are completely decomposed into identical 
products of irreversible catalysis, namely, 35 per cent propylcyclohexane and 65 
per cent propylbenzene. The mechanism of the conversion is explained by isomer¬ 
ization with a transposition of the double bond into the ring, thus forming an 
intermediate cyclohexene or cyclohexadiene structure, which immediately undergoes 
further reaction. The acetylenic side chain is believed to isomerize to the allene 
type, and then react as above. 

The dehydrogenation of 7- and 8-carbon rings to aromatic hydrocarbons has 
been investigated by Ruzicka and Seidel.'®® Using selenium or palladium char¬ 
coal, at 390-440® C. cycloheptane was readily converted into toluene, and cyclo¬ 
octane to ^-xylene. The mechanism may have involved ring opening followed by 
closure to a smaller ring or by closure followed by cleavage. Heating methylcy- 
cloheptane with selenium for 27 hours at 440® C. resulted in the production of a 
mixture of ethylbenzene and o- and />-xylene. The formation of these substances 
is explicable on the basis of rupture of the 7-membered ring and subsequent 
closure between the various positions relative to the attached methyl group. 
Treatment of 1,1,4-trimethyl cycloheptane gave />-methylethylbenzene and 1,2,3-tri- 
methylbenzene, whereas 1,1,4-trimethylcycloheptene under similar conditions 
formed a hydrocarbon which, on oxidation with potassium permanganate, gave 
isophthalic acid (indicating a 1,3 structure). 

Selenium and palladium charcoal are .said to be very effective in causing ring 
increments, especially in the case of a 6-carbon ring from a cyclopentane deriva¬ 
tive, as is evidenced from the ready conversion of 1- or 2-methylhydrindene into 
naphthalene at 450®C. with these catalysts.^®' Likewise naphthalene can be ob¬ 
tained from 1- and 2-ethylhydrindcne, l-wo-octylhydrindene and methylisopropyl- 
hexahydrofluorene or 1,2-diethylcyclohexene-l with selenium at 420®C. The yields 
of naphthalene varied from 5 to 50 per cent and were generally twice as great with 
selenium as with palladium. The methyl derivatives give the largest proportion 
of naphthalene, and, in general, the conversion to aromatics decreases with in¬ 
crease complexity of the hydrocarbon. However, at temperatures above 350®C., 
secondary reactions, such as those involving the cleavage of alkyl chains, become 
quite prominent. In view of this decomposition, Ruzicka and Peyer point out that 
at temperatures in excess of 400®C., the results obtained in the aromatization of 
cyclopentane derivatives require careful interpretation. Nenitzescu and Ciora- 
nescu'®® also report the formation of amounts of naphthalene from both 1-methyl- 

Y. L€vin» tnd D. M. Trakhtenberg, /. Gen. Chem. (U.S.S.R.), 1936, 6, 764; Chem. 
Abe., 1936. SO, 6338; BHt, Chem. Abe. A, 1936, 1238. 

Rusicka and C. P. Seidel, Helv. Chim. Acki, 1936. 19. 424; Chem. Abe., 1936, SO. 6343. 

^L. Ruzicka and E. Peyer, Hefv. Chim. Acta, 1935, 18. 676; Brit. Chem. Abe. A, 1935. 738; 
/. Inet. Pet. Tech., 1935, 21, 371A; Chem. Abe., 1935, 29, 5082. 

^C. D. Nenitzeacu and E. Cioraneacu, Ber., 1936, 09, 1040; Chem. Abe., 1936, SO, 4824; Beit. 
Chem. Abe. A, 1936, 831. 
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hydrindene and 1-methylhexahydrohydrindene using platinum charcoal at 310- 
350®C. By passing indene or hydrindene over dehydrogenating catalysts, such as 
magnesia, or magnesia-zinc oxide, at 500-750®C., chrysene is said to result.'^ 


Aromatic Hydrocarbons 


The aromatic hydrocarbons as a class are characterized by high thermal sta¬ 
bility. On pyrolysis, they tend to yield more complex aromatic hydrocarbons with 
the liberation of hydrogen. Rupture of the Aromatic ring does appear to take place 
to some extent, and aliphatic side chains (if present) are usually split off. 

Benzene. The statement that the thermal decomposition of benzene is a 
homogeneous reaction^®! is not substantiated by the kinetic measurements of Mead 
and Burk,2®2 who studied the decomposition at 750 to 852®C. in a silica tube. The 
heterogeneous nature of the reaction was demonstrated by the increased reactivity 
when using a tube packed with quartz, but the change in rate was not proportional 
to the variation in surface. Filling the tube with steel chips caused a larger amount 
of decomposition than would normally have been expected. The velocity data were 
accommodated by the equation: 


4 . 2.3 logfl 

which suggested that this decomposition is a bimolecular surface reaction strongly 
retarded by the products. The apparent energy of activation is about 50,000 cal. 
Mead and Burk noted that the materials formed consisted of hydrogen, acetylene, 
small amounts of other unsaturated gases and methane, biphenyl, />-diphenylben- 
zene and a few higher condensation products. The ratio of weight of gaseous 
products to weight of solids lessened with increasing partial pressure of benzene 
at a given temperature but carbon deposition was slight even at 850®C. 

The pro<luction of biphenyl by pyrolysis of benzene is of technical interest.^*^ 
The yield may l)e increased by the use of elevated pressures, amounting to about 
4 to 5 per cent at 440-450®C. under 170 atmospheres pressure.^®^ Catalysts such 
as nickel and iodine are favorable, a concentration of 6 per cent of the latter giving 
a 14-17 per cent conversion at 420-440®C. and 125 atmospheres. Iron and nickel 
are said to be superior to brass, aluminum, copper and chromium for this reaction 
at 470®C., a 0.5 per cent conversion l>eing obtainerl with the first two.^®^* High 
pressures of hydrogen inhibit the reaction. In no case was hydrobiphenyl detected, 
but the deposition of soot shows that some carbonization was undergone as a result 
of the catalytic action of these metals. 

Other Aromatic Hydrocarbons. The results of Pease and Morton^®® in¬ 
dicate that the lower aromatic hydrocarbons may be listed in the following order 
of decreasing thermal stability at 630®C.: o-xylene, toluene, benzene, m-xylene, 

'“British P. 409.837, 1932 to I. G. FarUenind. A.G.; Brit. Chem. Abs. B, 1934, 618; Ckem. 
Abs., 1934. 28. 6160. French P. 761.7.S5. 1934; Chem. Abs., 1934, 28, 4073. 

For a review of the pyrolysis of benzenoid hvdrocarhons. consult G. ErIoAF, B. L. T^evinson 
*nd H. T. Bollman. “Thermal Reactions of Aromatic Hydrocarbons,” Universal Oil Products Co.. 
Chicano, 1934. See also. Carleton Ellis, “The Chemistry of Petroleum Derivatives.” The Chemical 
Catalog Co., Inc.. New York. 1934, 87. 

R. N. Pease and T. M. Morton, J.A.C.S., 1933, 55. 3190; Brit. Chem. Abs. A. 1933, 1017; 
Chem. Abs., 1933. 27, 4992. 

•“F, C. Mead. Jr., and R. E. Burk, Jnd. Eng. Chem., 1935. 27. 299; I. Inst. Pet. Tech., 1935, 
21, 290A; Brit. Chem. Abs. B. 1935, 539; Chem. Abs.. 1935, 29, 2826. 

See Chanter 5. Also Carleton Ellis. “The Chemistry of Petroleum Derivatives.” The Chemical 
Catalog Co.. Inc.. New York, 1934. For u«e of Arocnlors (chlorinated biphenyl products), see 
Carleton Ellis, “The Chemistry of Synthetic Resins,” Reinhold Publishing Corp.. New York, 1935. 

*“J. P. Wibaut. H. M. Romijn and H. D. T. Willink, Pec. trav. chim., 1934. 53, 584; Brit. 
Chem. Abs, A, 1934, 763; Chem. Abs., 1934. 28. 4725. 

*“0. I. Krasnokutski and M. S. Nemtoa. J. Gen. Chem. (If. S. S. R.), 1934, 4, 132; Brit. 
Chem. Abs. A, 19.34. 851; Chem. Abs., 1934. 28. 5743. 

•“ R. N. Pease and J. M. Morton, loc. cit. 
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and ethylbenzene. A study of the decomposition of the latter hydrocarbon from 
the kinetic standpoint showed the reaction at S40-580®C. to be homogeneous and 
pseudo-unimolecular.*®^ The velocity constants for the dissociation of ethylbenzene 
in this temperature range can be accommodated by the equation: 


lOgio^ 


15.01 - 


70,000 

l^RT 


which is almost identical with the corresponding one for the dissociation of 
ethane.^® Examination of the products of decomposition of ethylbenzene at 550- 
600® C. showed that, at small conversions, hydrogen and styrene^®® are the main 
products. The gaseous hydrocarbons contained small amounts of lower olefins, 
methane and ethane. These products are accounted by the following reactions: 

(1) C.HftCjH. —C,H,CH=CH, + H, 

(2) CtHsCaH* —> C.H.4-C,H4 

(3) 2C|H»C,H» —CtHjCHjCHiC.H* + CH 4 

(4) 2C*H|C,H4 C.H*C»H4C,Hi -f CjH. 

of which the first is thought to be the most important. An 827 per cent yield of 
styrene was obtained by 2^rkind and Bulavsky*^® by passage of ethylbenzene di¬ 
luted with nitrogen over a catalyst of 10 per cent zinc oxide and 90 per cent 
alumina at 660-670®C. under a pressure of 10 to 13 mm. With nickel oxide- 
alumina, however, the decomposition of ethylbenzene follows a different course. 
Thus with this material at 3S0®C., Ipatieff and Komarewsky^^^ identified hydrogen, 
methane, ethane, benzene, toluene and naphthalene, but no styrene. 

Baddeley and Kenner®^^ decomposed /^-xylene by passing it through a silica 
tube heated to 800®C. Benzene, toluene, 2,6-dimethylanthracene and a small 
amount of »«-xylene were obtained. Under similar conditions, 2,6-dimethylanthra¬ 
cene yielded benzene, toluene, naphthalene and anthracene, but apparently no m- 
or ^-xylene. 

Hurd and Bollman^^^ have examined the products of pyrolysis of 0 - and />-allyl- 
toluenes at 600-700®C. in a quartz tube. The gas was principally methane with a 
considerable'^quantity of hydrogen and olefins, ethylene predominating in the lat¬ 
ter. The liquid obtained consisted of toluene, o~ and />-xylene, naphthalene and 
traces of benzene. The results seem to indicate that alpha bonds are more re¬ 
sistant to heat than the beta bonds. Although 4-phenyl-1-butene is less stable than 
o-allyltoluene, it could not be isomerized to tlie latter hydrocarbon. 


^ A ptetido-unimolecxilar reaction it a special type of decomposition represented by the general 
equation: 


A+B —C4-0 

in which the substance B it. a catalyst, or is present in high concentration as compared with A, to 
that its concentration will not change appreciably throughout the experiment, thus ^ving the effect 
of a unimolecular reaction. Sec F. O. Rice and H. C. Urey, ‘‘Reaction Velocity in Homogeneous 
Systems,'* in H. S. Taylor, “A Treatise on Physical Chemistry,” D. Van Nostrand Co., Inc., New 
York. 1930, 959. 

Pease and Morton give the equation 


logitk-15.12- 


73,200 
2.3 Rr 


••See Chapter 5. Alto Carleton EIHs, ‘‘The Chemistry of Synthetic Resins.’* Retnhold Publish¬ 
ing Corp., New York, 1935. 

••Y. S. Zal*kind and G. L. BuUvsky, PlasHchtskie Massni, 1935, (3), 9; Chem. Abt., 1936, 
30, 1368. 

*»V. N. Ipatieff and V. I. Komarewsky, J.A,C.S., 1936, 58. 922; Brit. Chem, Aht. A, 1936, 975; 
Chem. Abe., 1936, 30, 5189; /. Inet. Pet. Tech., 1936. 22, 395A. 

••G. Baddeley and J. Kenner, Ber., 1936, 69, 902; Brit. Chem. Abe. A, 1936, 714; Chem. Abe., 
1936. 30, 4461. 

•«C. n. Hurd and H. T. Bollman. J.A.C.S., 1934, 56. 447; Brit. Chem. Abe. A. 1934. 398; 
/. Inet. Pet. Tech., 1934, 20, 240A; Chem. Abe., 1934, 28, 1669. 



Chapter 3 

Cracking Processes and Some of Their Products 

The term ‘^cracking” is commonly used to denote the conversion of petroleum 
fractions to motor fuels through the application of heat and pressure.^ The pro¬ 
duction of optimum yields of high grade gasoline from various crudes or their 
fractions is the aim of practically all of these operations, although there are excep¬ 
tions to this generalization.- Eglofif, Crandal and Doty^ remind us that kerosene, 
gas oil, fuel oil, tractor fuel, furnace oil, Diesel oil, road oil, asphalt and high 
grade coke may also be produced in these operations. According to Auld^ cracking 
is not only a method for augmenting the proportion of gasoline obtainable from 
crude oil, but it is “one of the most important means we have for adjusting the 
yields of the various products of petroleum to meet the ever-changing demands of 
the market.” 

Investigations in the field of cracked gasoline have been promoted largely by 
the demands for 100-octane fuel desired by the aviation and automotive industries. 
As a result, isooctane; which formerly cost $20 a gallon and was used only for the 
standardization of the antiknock ratings of secondary fuels, is now being produced 
in substantial quantities at a comparatively low price level. The effect of this 
development is shown not only in the increase in automobile top speed from 60 
miles per hour in 1925 to over 100 in 1936, and in the cruising speed of airplanes 
from 80 to 260 miles per hour over the same period, but also in the gain in power 
output of 20 to 30 per cent for 100-octane fuel over 87-octane commercial gasoline. 
The latter fact is important in the field of aviation as this reduction in fuel con¬ 
sumption permits the transportation of larger pay loads.® The enormous scale on 
which the cracking industry is conducted has also led to the production of another 
type of motor fuel, “polymer gasoline,” which is prepared from cracking gases. A 
discussion of this topic will be considered subsequently under polymerization.® 

The importance of cracked gasoline can be readily ascertained from Table 28, 

Table 28.— Production of Motor Fuel in the United States in Thousands of 
Barrels (42 gallons) and Per Cent of Total. 

1933 1934 1935 



Barrels 

Per Cent 

Barrels 

Per Cent 

Barrels 

Per Cent 

Straight run. 

. . 19.S,622 

48.2 

206,337 

49 5 

219,583 

48 0 

Cracked. 

. . 180,623 

44 4 

182,433 

43.8 

207,537 

45.3 

Natural Gasoline... 

.. 30,319 

7.4 

28,162 

6.7 

30,572 

6.7 

Total. 

. . 406,564 


416,932 


457,692 


Daily Average. 

1,113 


1,142 


1,254 



' P. C. Keith and W. B. MontRomery, Ind. Ehq. Chem., 1934, 26. 190; CArw. Abs., 1934, 28, 
1848; Brit. Ckem. Abs. B, 1934. 438; J. Insi. Pet. Tech., 1934, 20. 179A. 

• See Chapters 4, 5 and 7 for the production of olefins, aromatics and hydrogen and carbon, 
respectively. 

• G. Egloflf, E. E. Crandal and M. M. Dotv. "The Cracking Art in 1935," Universal Oil Prod¬ 
ucts Co., Chicago, 19S6. See also Carleton Ellis, "The Chemistry of Petroleum Derivatives.” The 
Chemical Catalog Co.. Inc., New York, 1934. 

• S. J. M, Auld, "Cracking.” in "Petroleum, Twenty-Five Years RetrospetH. 1910-1935," The 
Institution of Petroleum Technologists, London. 1935, 86. 

•G. Egloff. E. E. Crandal and M. M. Doty, loc. cit. 

*S€c Chapter 26. 
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which shows the production of motor fuel from the three major sources in the 
United States during 1933, 1934 and 1935. The quantity of cracked fuel amounts 
to approximately 44 per cent of the total output, and i.s just slightly under the pro¬ 
duction of the straight run fuel.®* However, in 1934 the cracking processes led 
to a conservation of 792 million barrels of crude oil, or 46.92 per cent of the total 
crude oil consumed.®** In this respect, a 13.7 per cent increase in the output of 
cracked gasoline during 1935 as compared with 1934 is noteworthy. 


Table 29. —Distribution of the Cracking Capacity of the World, 1935. 




Daily Crude 

Refineries 

Daily Cracking 


Number of 

Oil Capacity 

with Crack- 

Capacity 

Country 

Refineries 

Barrels 

ing Plants 

Barrels 

Argentina. 

16 

80,000 

8 

34,050 

Australia. 

3 

5,100 

1 

800 

Austria. 

8 

8,150 

— 

— 

Bahrein Island. 

1 

10.000 

— 

— 

Belgium. 

7 

7,625 

3 

2,300 

Belfpum Congo. 

1 

250 

1 

150 

Bohvia. 

2 

400 

.— 

— 

Canada. 

42 

159,400 

14 

73,150 

Canary Islands. 

1 

5,000 

1 

2,000 

Chile. 

2 

475 

— 

— 

Colombia. 

1 

9,000 


— 

Cuba. 

1 

5,000 

1 

1,800 

Czechoslovakia. 

11 

10,225 

1 

1,100 

Ecuador. 

3 

850 


— 

Egypt. 

2 

11,500 

1 

2,000 

Prance. 

17 

122,550 

14 

55,950 

8,000 

Germany. 

29 

46,000 

4 

Hungary. 

4 

6,600 

— 

— 

India. 

7 

34,500 

3 

6,600 

65,500 

Iran (Persia). 

2 

168,000 

1 

Iraq. 

2 

2,500 

— 

— 

Italy. 

9 

34,000 

4 

10,700 

Japan. 

13 

28,800 

200 

7 

8,000 

g**f'**”..... 

Latvia. 

1 


Manchukuo . 

2 

6,000 

1 

850 

Mexico. 

8 

106,300 

3 

17,000 

Netherlands. 

Netherlands (Dutch) 

1 

10,000 

1 

9,000 

East Indies. 

9 

137,500 

3 

26,000 

West Indies. 

3 

350,000 

3 

98,000 

Norway. 

1 

1,000 


— 

Peru. 

2 

17,000 

1 

6,800 

Poland. 

16 

20,750 

2 

2,000 

Rumania. 

42 

240,050 

7 

35,850 

Spain. 

1 

1,500 

_ 

_ 

Sweden. 

1 

1,200 

39,500 

1 

600 

Trinidad. 

5 

1 

10,000 

Union of South Africa. . 

1 

1,000 


U. S. S. R. 

10 

517,300 

7 

65,500 

United Kingdom. 

13 

78,600 

3,815,470 

4 

11,500 

2,095.521 

United States. 

496 

211 

Uruguay. 

1 

5,000 

1 

1,200 

Venezuela. 

6 

25,000 

3,400 



Yugoslavia. 

2 

1 

1,000 

Total. 

805 

6,132,695 

311 

2,652,921 


The above table it>cludee plant* under conitruction. 

G. R. Hopkitt* and A. B. Coon*. Statiatical Appendix, Minei»l* Yearbook, 1934, 24J; 1915. 
404. A. G. White, G. R. Hopkin* and H. A. Brcakey, Mineral* YearUxik, 1956, 715, U. $. Govern* 
ment Printing Office, Waihington. 

**Ci. Egloff, £. K. Crandal and M. M. Doty, toe. cit. See alno Oil & Cos /., 1936, 54 (55), 22. 








































CRACKING PROCESSES AND SOME OP THEIR PRODUCTS 99 


Although the United States produces almost 80 per cent of the total world 
supply of cracked gasoline, the advances made in other countries during 1935 were 
quite significant, according to Egloff, Crandal and Doty. They summarize the 
reasons for the increased capacity in other countries as: (1) refiners have realized 
that balanced operation necessitates the inclusion of cracking, (2) the demand for 
motor fuel is constantly increasing and (3) higher antiknock-rating fuels are de¬ 
sired. The distribution of the cracking capacity of the world is shown in Table 29. 
It will be seen that the output of the Dutch West Indies (which ranks second) is 
less than 4 per cent of the total, or about one-twentieth of that of the United 
States. Canada, Russia, Iran (Persia), France and Argentina are the only other 
important producers, and their total is only about 11 per cent of the figure for the 
world. 

Egloff and Nelson^ have pointed out that the cracking processes employed 
during 1935-6 are highly flexible in their application. Due to the introduction of 
multiple heating coils, different time-temperature-pressure conditions dependent 
upon the nature of the cracking stock are possible. Furthermore, these are not 
limited to the production of gasoline. A large variety of liquid fuels, ranging from 
kerosene to fuel oil, can be made, depending upon the operating conditions.® 
Whereas in 1913 cracking runs of 2 days’ duration were considered maximal, units 
now in use are capable of operating continuously over spans of more than 150 days. 

Thk Thermodynamics of Cracking®* 


A study of the thermodynamics of cracking leads to several interesting con¬ 
clusions. Considering the thermal cleavage of the members of the paraffin series, 
two types of reaction are possible: dehydrogenation and true chain rupture. 
Schultze^^ has represented the variation of free energy change with temperature 
and composition for these two types of reaction (under equilibrium conditions) by 
the equations, 

(1) - CnHjcr-f H,; SF = 33400 - 27.9T - (500 -h T)n 
and 

(2) C( m-fn)4^3 ■“ CmHtni+-J 4" C„H,„; 18700 ~26.9r-(500 -1-r)» 

In order for reaction (1) to take place at 400®C. (673®K.), that is, to give nega¬ 
tive value for the free energy change, the molecules must be of the size of dodecane 
(n = 12) or tridccane (n = 13). Similarly, dehydrogenation of heptane to hep- 
tene should occur only at temperatures in excess of 600° C. On the other hand, 
reaction (2) is thermodynamically possible for all paraffins above propane at the 
temperatures encountered in commercial cracking (390-630°C.) and is much the 
more probable of the two. The peculiarity of the latter reaction is that only the 
size of the olefin molecule produced and the temperature are decisive for eval- 

EgloflF and E. F. Nelson, Oil & Gas J., 1936, 35 (6), 50; (7), 34; (8), 43; Ckcm. Abs., 
1936. 30, 7828; /. Inst. Pet. Tech., 1936. 22. 446A, 447A. 504A. Chem. Eng. Cong. World Power 
Conf,, 1936, Cl3, 1; Brit. Chem. Abs. B, 1936, 774. Also “The Modern Cracking Process,** Uni¬ 
versal Oil Products Co., Chicago, 1936. 

•Reviews on cracking processes have been given by: G. Egloff and E. E. Crandal, /. Inst. Pet. 
Tech., 1935. 21. 334; J. Inst. Pet. Tech., 1935. 21. 304A; Chem. Abs., 1935, 29, 4928. G. Egloff 
and B. L. Uvinson, /. Ifut. Pet. Tech., 1934, 20. 343; J. Inst. Pet. Tech., 1934, 20. 414A; Chem. 
^bs., 19.14, 28. 4581. P. C. Keith and W. B. Montgomery, Ind. Eng. Chem., 1934, 26. 190; Chem. 
^bs., 1934, 28, 1848; Brit. Chem. Abs. B. 1934. 438; /. Inst. Pet. Tech., 1934, 20. 179A. R. 
Fu.ssteig. Mat. grasses, 1934. 26, 10295; 1935, 27, 10380, 10465; Chem. Abs.. 1935, 29, 3815; 1936, 
SO. 1547. F. Kosendahl. Asphalt Teer Strassenbanteeh., 1934, 34. 217; Chem. ASs., 1935, 29, 1615. 
T. Siftar, Arhiv. Hem. Farm,. 1934, 8. 121; Chem. Abs., 1934, 28, 5971. A, Sachanen, Chim. Sr ind., 
1934. 31, 32: Brit. Chem. Abs. B. 1934, 308: Chem. Abs., 1934. 28, 3879. 

For a discussion of thermodynamics and its application to petroleum technology, see Chapter 54. 
‘G. R. SchuUie. Chem.. 1935, 48. 567; 1936, 49. 268; /. Inst. Pet. Tech., 1935. 21. 

413A; Chem. Abs., 1936, 30, 6175; Brit. Chem. Abs. B. 1936, 535, Also Oct, Kohle, Erdoet, Tetr. 
1936, 12, 267; Chem. Abs.. 1936. 30, 6175; Brit. Chem. Abs. B. 1936, 535. ^. Elektrochem., 1936. 

92. 674; BHt. Chem. Abs. B. 1936, 1138; Chem. Abs., 1936, $0, 8587. See also Chapter 54. 
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uating the free energy change in this case. However, even the most improbable 
case, involving the formation of a large paraffin molecule along with a small olefin 
molecule, is thermodynamically more favored than dehydrogenation according to 
equation (1). In addition, it will be noted that there are several possibilities as to 
the nature of the decomposition into complementary olefins and paraffins, as given 



ICMPtfWTURC kt [kMt3 Kll Wft 


Fic. 26.—Variation of Molal Free Energy with Temperature for Typical Cracking 

Reactions. 


by the expression (m -f n — 2). The limiting case for the dissociation is when m 
is equal to unity (corresponding to methane). 

Fig. 26 is a graphical representation of equations (1) and (2) using tetra- 
decane (Ci^H^o)! octane and propane as examples. In the ordinary range of 
temperatures used in commercial cracking (390-630®C.) the AF values obtained 
from equation (2) for the decomposition of tetradecane to methane and tridecenc 
and of octane (all six possibilities of this hydrocarbon) are decidedly negative, 
indicating that adl paraffins higher than heptane or octane will readily tend to crack 
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to lower molecular weight products. Dehydrogenation of tetradecane is also pos¬ 
sible, but that of octane is quite improbable except at temperatures above 600^C. 
Under these conditions, propane should not be expected to undergo dehydrogena¬ 
tion but will break down to give methane and ethylene. However, at temperatures 
of about 900®C., such as those encountered in pyrolysis, dehydrogenation of these 
paraffins (especially the higher molecular weight members of the series) does be¬ 
come a prominent type of decomposition, although the thermodynamic tendency is 
still not as high as that for the rupture of the chain.** 

Demethylation, that is, the case in which the olefin resulting from the rupture 
of the original molecule is as large as possible, is the type of splitting best favored 
thermodynamically. This theoretical conclusion tends to be confirmed by the pres¬ 
ence of methane as the major ingredient of cracking gases. According to Schultae 
such deductions are in complete agreement with Haber's cracking rule,^* which 
states that of the two molecules formed in the cleavage of a paraffin, the smaller 
should be paraffinic and the larger olefinic. However, the differences in the free 
energy changes for the various possibilities for the fracture of a molecule (at a 
given temperature) are so small that by the application of pressure the breaking 
point in the molecule may be shifted. Following LeChatelier's principle, the appli¬ 
cation of pressure should favor the formation of products having the lowest vapor 
tension. In this case the resultants would be those compounds formed by central 
fracture. 

Schultze has also demonstrated the impossibility of the immediate formation of 
condensation products from paraffins according to the reaction: 

mC.H,n 44 - + (m - 1)H,; AF « (m - 1)(14,700 - T) 

This reaction is unfeasible at any temperature. When condensation products are 
formed, Schultze believes that they result indirectly from the decomposition of 
olefins. 

The dimerization of olefins according to the scheme: 

2CoH,„ • CioH4»; AF « -18,700 + 26.9T 


is interesting because, as the first approximation, the free energy is independent of 
the size of the olefin molecule. Above 425®C., how^ever, depolymerization occurs, 
but this tendency for decomposition may be retarded by the application of pressure. 
Likewise, disproportionation according to the equation: 

AF - 34500 - 33.7r + (500 - T)n 


yielding one molecule of a paraffin and one of an acetylene hydrocarbon, is prob¬ 
able at temperatures above 800®C., in the case of propane. Similarly, the forma¬ 
tion of naphthenes by condensation of ethylene is quite likely at low temperatures, 
especially under high pressure.*' 

According to Parks and Huffman,** at temperatures below 500®K. (237®C.) 
paraffins and cycloparaffins are more stable than olefins and aromatics. At higher 
temperatures, however, this stability is reversed and olefins and aromatics become 
the more permanent hydrocarbons. Thus, Schultze** shows that the dehydrogena¬ 
tion of cyclohexane to benzene should be expected at temperatures above 200®C. 
In both cycloparaffin and aromatic hydrocarbons having long side chains, the tend¬ 
ency is towards splitting off the chain rather than rupturing the ring. 


** It should be borne in mind that such high temperatures, though attainable in the laboratory, are 
**®l.fmployed In commercial cracking oper.’*tions. 

«F. Haber, Brr., 1896, 19, 2691; /.C.5.. 1897, 71 (1), 133; Chtm, Zmtr., 1897, I, 86. 

See Chapter S4. 

^ “G. S. Parks and H. M. Huffman, '*The Free Energies of Some Organic Compounds,'* The 
Chemical Catalog Co.. Inc.. New York, IMl. 

“C. R. Schttlttt, toe. of. 
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Kinetics of the Cracking Process 

In the early stages of reaction and at small percentage decomposition, cracking 
of pure hydrocarbons and also petroleum fractions follows a unimolecular law. 
However, at more pronounced cracking, secondary reactions, involving the inter¬ 
action of the primary products, proceed to a marked extent. Many of the latter 
reactions and also the dimerization of olefins are of a bimolecular nature.^^ This 
fact greatly complicates a study of the rates of reaction. Dintzes, Eshevskaya and 
Klabina^® have reported that the velocity of the cracking reaction is practically 
independent of the degree of cracking or duration of the reaction, provided the 
percentage decomposition is kept small. Their experiments were carried out with 
various petroleum fractions, using a vapor-phase cracking system. The extent of 
decomposition in all cases was limited to 10 or 15 per cent. 

The influence of temperature on tlie velocity of the cracking reaction is ex¬ 
pressed by the integrated form of the Arrhenius equation, 

log.A: » ^ - C 

where K is the monomolecular velocity constant, ll is the energy of activation, R, 
the gas constant (1.985 cal. per degree), T, the absolute temperature (®K.), and C 
is the integration constant. (The important physico-chemical constant, E, the 
activation energy of the reaction, must be clearly differentiated from the heat of 
reaction.) The energies of activation of a wide variety of pure hydrocarbons'® 
and of various petroleum fractions in both liquid and vapor phase processes have 
been determined, and although these values may be fairly close to one another, 
they are by no means identical. 

For the formation of gas, gasoline and coke from gas oil, Geniesse and Reuter'^ 
found a value of E equal to 53.400 cal. On the other hand. Keith, Ward and 
Rubin'® obtained 57,100 cal. for £, considering only the formation of gas and gaso¬ 
line. Huntington and Brown*® report values of E and C of 59,2(X) cal. and 32.55, 
respectively, for the commercial production of gas, gasoline and coke from a feed 
stock containing 75 per cent of recycle material, and having an A.P.I. gravity of 
24.8 at 60®F. A critical review of this question has l>een contributed by Obryad- 
chikov-® who concludes that the energy of activation is higher for light products 
and lower for heavier ones. He also states that aromatic fractions require a higher 
degree of activation than paraffins of the same molecular weight. The activation 
energy of cracked naphtha is lower than that of straight-run naphtha. However, 
this condition is reversed for heavier hydrocarbon fractions. 

The actual data for E are higher when gasoline is taken as the sole product 
than when all the decomposition products are included in the calculation.^' The 
temperature coefficients of cracking velocity arc naturally in the reverse order of 

**Sec Carletofi EIH*. “The ChemUtry of Petroleum Derivative*,” The Chemical Catalog Co., Inc., 
New York, 19J4, for a di«cujuiion of the Physical (Tiemistry of the Cracking Pr<»ce*’*. 

**A. I. Dintzes. M. P. Eshevskaya and T. I. Klahtna. Khim. Tverdofio 19.15. 6, 428; 

Chem. Abt.. 1935, 29. 7623; /. J»st. Pet. Tnh., V)M>, 22. 9.5A; Brit. Chem. Ahs. B. 19.17, 108. 

See Chapters 2 and 54. 

C. G^tesae and R. Reuter, Ind. Bttp. Chem.. 1930, 22, 1274; Bril. Chem. Ahs. B, 1931, 
327; Chem, Ab$„ 1931. 25. 1368. 

«P. C. Keith, J. T. Ward and I.. C. Riihin, Proc. Amcr. Pet. lust., 193.1. 14 (3). 49; J. lust. 
Pet. Tech., 1934, 20, 95A. 

R. L. Huntington and O. (J. Brown, lud. Bun. Chem,, 1935, 27, 699; Chem. Abs., 1935. 29, 
5257; Brit. Chem. Abs. B, 1935. 709. 

»S. N. Obryadchikov, Neft. Khoa., 1934, 26 (12), 35; Brit. Chem. Abs. B, 1936, 402; Chem. 
Abt., 1935, 29, 4926. 

«S. N. O^yadchikov and S. Hetman. Seft. Khes., 1935, 29 (10), 60; J. lust. Pet, Tech., 1936, 
22. MSA; Chem. Abs., 1936, 20, 3985. 
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the activation energies, being lower for the lighter fractions than for the heavier 
ones and also lower for aromatic charging stocks than for paraffinic ones. A value 
of £ = 65,800 cal. per mole has been found by Lederer^^ for the cracking of a 
paraffin base oil at 450® C. and of mazout at 425 ®C. 

On the basis of experiments with various hydrocarbons, Pease and Morton-^ 
suggested that the ratio of the energy of activation to the integration constant of 
the Arrhenius equation was a constant. This view has been discussed by Dintzes, 
Eshevskaya and Klabina^* who found that the values of the ratio varied from 4.16 
to 4.94. These same investigators report that individual narrow cuts of straight- 
run Grozny and Baku petroleums of boiling ranges 100-270®C. are characterized 
by activation energies varying between 46,000 to 54,000 cal. 

In general, the cracking process is decidedly endothermic, although certain of 
the reactions involved, such as polymerization, are actually exothermic. On ac¬ 
count of its complex nature, the heat of reaction of a cracking operation depends 
greatly upon the degree of cracking as well as upon the character of the charging 
stock. In this respect, Butkov and Chechkina^^ have stated that when cracking a 
Baku kerosene distillate feed at 20®C., the following heat input is retjuired: 941- 
944 cal. per kg. if cracked at 625®C., 1052-1095 cal. at 675®C. and 1284-1337 cal. 
at 725®C. 


Fundamkntal Factors Influencing Cracking 


The fundamental variables in all types of cracking operations are temperature, 
time of reaction, pressure and the character of the charging stock. Although cata¬ 
lysts naturally affect the velocity and course of cracking, their influences are gen¬ 
erally of secondary importance. This topic will be considered subsequently in this 
chapter. In addition to the four variables mentioned above, it is necessary in 
industrial operations (involving recycling) to specify another factor, the conver¬ 
sion per pass, or the extent to which the reactions are allowed to proceed before 
the products arc separated from the cycle stock which is returned to the system. 
Although this quantity is a function of the other variables, its influence on the 
characteristics of the operation is best considered independently.^® 

Temperature variations affect both the velocity of the cracking reaction and 
also the nature of the hydrocarbons formed. Thus, high-temperature (1000®F.) 
treatment results in high olefin and aromatic content liquids. On the other hand 
low-temperature (750-850®F.) cracking furnishes principally paraffinic and naph¬ 
thenic hydrocarbons. 

The velocity of cracking depends markedly upon the temperature of the reac¬ 
tion. Expressing the rate of change of the velocity with respect to temperature by 


■E. L. Lederer, Petrointm 1935, 31 (12), 1; /. Inst. Pet. Tech., 1935, 21, 167A; Chem. Ahs., 
1935, 21 7624; Brit. Ckem. Abt. B. 1935. 581. 

“R. N. Pew tnd J. M. Morton. J.A.C.S., 1933, 55, 3190; Chem. Ahs., 1933, 27. 4992; Brit. 
Chem. Ahs. A, 1933, 1017. 

** A. I. Dintxet, M. P. Exhevskaya and T. I. Klabina, loc. cit. 

N. A. Butkov and O. M. Chechkina. Neft. KMos.. 1933, 25. 92; Ckem. Ahs., 1934. 21 3227; 
Brit. Ckem. Ahs. B, 1934, 820; /. Inst. Pet. Tech., 1934, 2(b 413A. 

*Reviewa on the influence of these factors have been given by H. Sydnor. I mi. Eng. Chnm., 
1934, 26 , 184; Ckem. Abt., 1934, 28. 1849; Brit. Ckem. Abs. B. 1934, 438; /. !nst. Pet. Tech., 
1934. 20 , 158A. A. W. Truxty, Nat. Pet. News, 1935, 27 (45), 34; Chem, Abs., 1936, 30, 2734. 
2- G. Brown, W. K. Uwia and H, C. Weber. !nd. Eng. Chem,, 1934, 26, 325; Brif. Chem. Abs. 
B, 1934, 486; /. Insi. Pet. Tech., 1934. 20, 234A; Ckem. Abs., 1934, 28. 3567. A. I. DinUes. 
Cstekhi Kkim., 1934. 3, 936; Ckem. Abs., 1935, 21 6743. A. Sachanen. Erddi u. Teer, 1934. 10, 
105; Ckem. Abs.. 1934, 21 7499; Bnt. Chem. Abs. B, 1935. 7; /. /mst. Pei. Tech., 1934, 20. 412A. 
H. Otauki, /. Fuei Soe. Japan, 1936. 15. 59; Brit. Chem. Abs. B. 1936. 818. E, G, Ginzburg. 

N. Popov and T. V. Prokof’ev, Aeerb. Neft. Khoe., 1935 (10 11). 73: Chem. Abs., 1936, 31 
8587. alto Carleton Ellis, **The Chemistry of Petroleum Derivatives,'* The Chemical Catalog 

Co.. Inc., New York. 1M4. 
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the Arrhenius equation and integrating between temperature limits gives the 
rdation: 


. ^ E/ T,-T, \ 

■ R\ TtTi ) 

where ki and k 2 are the velocity constants at the absolute temperatures Ti and 
72, respectively, E is the energy of activation in calories, and R is the gas con- 
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Fio. 26A.—Effect of Time and Temperature on Gasoline Yields in Cracking Crude Oils. 

(A. W. Trusty) 


stant (1.985 cal. per ®K.). For an increase of 10®C. (18®F.) the velocity constant 
is doubled at room temperatures. However, at the temperatures encountered in 
cracking, this approximation is often not very accurate. Egloff and Nelson*^ re¬ 
port that the rate is doubled by a rise of 21®F. at 8(K)®F. and 26®F. at 900-950*F. 
The variation of cracking velocity with temperature is also dependent upon the 
character of the charging stock. In general, lighter fractions have lower tempera¬ 
ture coefficients than the heavier fractions, so that a smaller increase in tempera¬ 
ture is sufficient to double the reaction velocity in the former case. Obryadchikov** 

•VG. EfM ftiMl E. F. Ndton, Oil & Gas /.. 1936, IS (6), SO; (7), 34; (8), 43; 

1936. SO. 7S7S; /. tmst. Pet Tech., 1936, 12. 446A, 447A, WA. Ckem, Bng. Ceng. 


1936. SO. 7S7|; /. Inst. Pst Tech., 193^ 22. 446A, 447A, 
CM., 1936, CIS, 1: Brit. Ckem. Abe. B, 1936, 774. 

•$. N. ObryMiddliov, Neft Kkos., 1914, 20 (12), 3S; 


, Chem. Abe, 
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Abe., 1935, 20, 4926. 
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reported that in reforming*® of a gasoline, requiring an activation energy of 70,000 
cal. per mole, at 400®C. the reaction will 1^ doubled for a 9®C. rise in temperature, 
and at 500®C., for a 12®C. rise. 

The effect of temperature and time in cracking gas oil has been discussed by 
Trusty.*® At about 800®F., a 10 per cent yield of gasoline is obtained with a 
heating time of 30 minutes, but at 890® F. this may be accomplished in 10 seconds. 
Similarly, to form 30 per cent gasoline at 800®F. requires about 2 hours heating, 
yet at 8^®F. the time is reduced to less than 3 minutes. 

In commercial cracking units, the time element varies considerably. High 
temperature operation (say at 1100®F.), as exemplified by the Gyro vapor-phase 
unit, is usually carried out with heating times of 1 to 2 seconds. Vapor-phase 
processes operating at 825®F. ordinarily employ an average of 15 to 20 minutes 
for an 18 per cent yield of gasoline, according to Trusty.*^ However, for mixed- 
phase processes at 900®F., the same conversion is obtained in 1.5 to 2 minutes. On 
the other hand, with low temperature operation (about 820®F.), as with the Cross, 
Dubbs or Tube and Tank units, the reaction time is generally in the magnitude of 
20 minutes and may even be as long as 6 hours. 

Geniesse and Reuter** have shown that the influence of both time and tem¬ 
perature on the yields of cracked products (i.e., the conversion per pass) may be 
expressed as a composite variable, termed the *‘time-temperature index.** Arbi¬ 
trarily taking 480®C. as the standard cracking temperature, and assuming that the 
rate of cracking is doubled for a 17®C. rise, the time-temperature index, B, is 
given by the relation: 

e » 2^t 

7 430 

where x = —^—, T is the cracking temperature, ®C., and t is the time of con¬ 
tact in minutes. For a given cliarging stock the extent of cracking is approxi¬ 
mately the same for a given value of the time-temperature index. In effect, this 
means that analogous results may be obtained by cracking at low temperatures 
with long contact, or at higher temperatures in corresponding shorter heating 
times. On the basis of this index, Turner and LcRoi** have correlated octane 
number improvement in naphtha reforming under high pressures at temperatures 
up to 1025®F. These investigators used approximately the same reference tem¬ 
perature, 900® F. (482®C.), however they assumed that the velocity of reaction 
doubles for a 25®F. rise in temperature. The corresponding value of x in this 
case is 


* 


r- 900 
25 


where T is the temperature in ®F. From experimental data obtained in reforming 
both straight run and cracked naphtha in a Tube and Tank unit, these investiga¬ 
tors arrived at an empirical relation between the octane number and O (the equiv¬ 
alent seconds at 900® F.) as shown in Fig. 27. Thus, if it was desired to improve 
the octane number of a naphtha from 60 to 70 by reforming, the time necessary 
for the operation was estimated from this chart by taking the difference between 


•The term **reforminf” U u»ed to denote the cracking of naphthas and low grade gasolines to 

produce higher octane number motor fuels, . _ 

•A. W. Trusty, Afef. Pet. Sews, 1935. 27 (45). 34; Chem. Abs., 1936, SO. 2734. 

•A. W. Trusty, Afo#. Pet, Sews, 1935, 27 (45). 34; Ckem, Abs,. 1936, SO, 2734. 

•J. C. Geniesse and R. Reuter, he, cit. See also Carleton Ellis, **Tho Chemistry of Petroleum 
Derivatives,** *nie Chemical Cataloe Co.. Inc . New York. 19S4. 

•S. D. Turner and E. J. LeRoi. Ind, Eng. Ckern,, 1935, 27. 1347; Cbem. Abt., 1936, SO, 275; 

Jntt, Ph, Tec*., 1936, 2l 20A; Brit. CMem. Abs. B, 1936, 178; Sat. Fet. Sews, 1935, 27 (24), 

30; /. Inst. PH. feck., 1935, 21. 339A. 
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the abscissae corresponding to the above octane number ordinates (that is, 560 — 
200 = 360 seconds, required in this case). The average deviation from these 
values was found to be about 1 octane number. Turner and LeRoi state that 
variations in pressure, temperature and charging rate exerted no apparent influ¬ 
ence on the results. In their opinion, equivalent time^^ is the decisive factor in 
determining the detonating quality of the reformed gasoline. 

The results of Schutt^® on the influence of various factors on the vapor-phase 
cracking of oils indicated that the ratio of gas to gasoline in the products could 
not be correlated with the time-temperature index. The octane number of the 
product was a function of the temperature, but was not particularly related to the 
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Correlation of Octane Numbers with Cracking 
Conditions. (S. D. Turner and E. J. Le Roi) 
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time factor or recycle rate. The temperature was also considered by Sydnor** 
to be the controlling factor for determining the octane number in mixed phase 
cracking at 860-900® F. under 200 lbs. per sq. in. pressure. On the other hand, 
Keith, Ward and Rubin*'* concluded that the temperature had apparently no effect 
on the octane number but that the latter was closely related to the conversion per 
pass. 

Pressure. Sachanen and Tilicheyev** reported that pressure has no sub¬ 
stantial influence on either cracking or on the character of the product obtained. 
The primary reaction taking place during the destruction of the hydrocarbon chain 
is of a monomolecular type, consequently the application of pressure (i.e., the con¬ 
centration of the reacting molecules in the reacting lone) should not affect its 
velocity. Nemtzov,** however, does not agree with the above conclusions of 


.« «Mwi" ‘'I? of t*""! (in Mcondi) rtquircd 
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Sachanen and Tilicheyev. From the results of high pressure cracking experi¬ 
ments, he states that not only the character of the resultants but also the reaction 
velocity is dependent upon the pressure. The olefins formed in the cracking 
operation have a tendency to polymerize, and since polymerization reactions are 
bimolecular, they v\nll be favored by the application of high pressure. For in¬ 
stance, in the case of simple dimerization the rate of the reaction is proportional 
to the concentration of the reacting molecules and, therefore, the square of the 
pressure. Because of this fact, the products obtained by cracking under high 
pressures should contain much larger proportions of polymerized olefins than the 
corresponding low pressure treatments. 

One direct effect of pressure, according to Nerntzov,**® is the increased yields 
of gasoline in place of gases. The suppression of gas formation by higher pres¬ 
sures is in accordance with the observations of Keith, Ward and Rubin, who 
found that the gas yield varied inversely as the pressure.*^ Their conclusions 
were based on data obtained by cracking gas oil at 800-1100® F. under pressures 
of 100 to 1000 lbs. per sq. in. 

That the pressure exerts a considerable influence on the character of the product 
has also been noted by Trusty.^- The readily condensable hydrocarbons, paiticu- 
larly the diolefins, are polymerized under pressure and are eliminated from the 
gasoline in the form of high-boiling heavy residues. The stability of the liquid 
products, with respect to gum formation, is thus greatly increased. As an ex¬ 
ample, gas oil cracked at 1075°F. under 15 lbs. per sq. in. pressure resulted in a 
gasoline with a gum content of 600 mg. per 100 cc. (copper dish method), whereas, 
when operating under 100 lbs. per sq. in. at the same temperature, the gum value 
was reduced to 100 mg. per 100 cc. 

Sydnor^^ observed that distinctly higher yields of gasoline are obtained at low 
than at higher pressure for operations carried out at the same temperature. The 
data obtained in his experiments with a Mid-Continent gas oil of 33.7® A.P.T. 
gravity, using a Tube and Tank unit, are given in Table 30. Both at 860 and 
900®F. conversion to gasoline was decreased about 10 per cent by an increase in 
pressure from 200 to 750 lbs. per sq. in. However, the formation of gas and coke 
was decreased by the application of higher pressures. 

Table 30. —Effect of Pressure on Cracking Gas Oil Using Tube and Tank Unit, 


Pressure, lbs. per sq. in. 200 200 200 750 750 750 750 

Reaction temperature, ®F.. . 860 900 900 860 860 900 900 

Conversion per pass, % . 7.5 7.5 20 7.5 20 7.5 20 

Gasoline, 400®F.E.P., %.... 69.3 67 62 63 59.5 61.5 57.9 

Fueloil, 12®A.P.I., . 24 27 23.4 30 32.4 29.6 32 

Gasandcoke, %. 13.2 U 6 20 11.4 12.2 12.6 13.4 

Octane number of gasoline, 

CFR. method. 63.5 69 69 — — 67 69.6 


Trusty^^ has summarized the advantages of the use of pressure as (1) better 
conditions for heat transfer, (2) absence of local overheating and (3) increased 
yield of gasoline products.^® 

Character of Charging Stock. The character of the charging stock is of 


^ M. S. Xemtsov, toe. cit. 

« P. C. Keith. J. T. Ward and L. C. Rubin, he. ctt. 
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much greater importance in influencing the yields of products of mixed^phase 
rather than of vapor>phase cracking. In the case of vapor-phase treatment, Trusty 
states that the character of the charging stock has no effect. Wagner,^* however, 
disagrees with this observation on the basis of data obtained by vapor-phase 
cracking at UOO^F. and low pressure (50 lbs. per sq. in.). The analysis of the 
exit gases from the cracking operations under these conditions, using three differ¬ 
ent charging stocks, is given in Table 31. Acording to Wagner, the variation in 
the composition of these gases is illustrative of the corresponding changes in the 
liquid product. The increase in the per cent of methane and hydrogen (perhaps 
due to splitting of side chains from ring compounds) with increased carbon-hydro¬ 
gen ratio in the feed stock is very marked. The corresponding decrease in the 
percentages of both ethylene and propene is also noteworthy. 

Table 31.— Analysis of Exit Gas from Vapor Phase Treatment of Different Charging Stocks 
Under the Same Cracking Conditions. 

Cabin Creek Spindletop Polymerized 

Gas Oil Topped Crude Olefins 


CH 4 +H,. 35.0 38.8 48.4 

C,H 4 . 24.6 20 3 14.2 

CfH... 11.9 13 2 12.3 

C*Hf. 18.0 13.1 12.6 

Crfl». 2.5 5.7 2.8 

C 4 fraction. 4.7 6.4 7.4 

C»fraction and heavier. 3.1 2.5 2.3 


Aleksandrov^^ found that the gasoline yield could be increased by cracking 
narrow petroleum cuts under different thermal conditions. Low-boiling fractions 
gave optimum results when treated at high temperatures with long heating periods. 
High-Filing fractions, however, produce best yields of motor fuels when cracked 
at low temperatures with short times of contact. 

Trusty^® has shown that the chemical composition of the charge is quite impor¬ 
tant in Ftermining the operating conditions. Since the paraffin hydrocarFns 
crack more readily than any gther group, paraflintc base oils should be the easiest to 
decompose. The paraffins between dodecane (C] 2 H 26 ) and cetane (CieH 24 ) are 
the most stable of these hydrocarbons. However, the stability decreases with the 
paraffins of higher molecular weight. The resultants of the cracking of paraffins 
are smaller paraffins and olefins. Naphthenes are more heat resistant than the par¬ 
affins and are dehydrogenated to aromatics during cracking. Cyclic hydrocarFns 
may occur in the feed stock or may be formed in the course of the reactions by 
polymerization of olefins resulting in the decomposition of the paraffins. Aromatics, 
however, require heating to a high temperature before undergoing rupture. The 
differences in the ease of cracking straight run gas oil and cracked gas oil are very 
marked and may be attributed directly to the difference in the chemical nature of 
these two substances. The former oil is of a paraffinic nature and tends to undergo 
decomposition quite readily. The latter oil* which is recovered from the reaction 
mixture of the straight run gas oil, is much more on the aromatic side and is 
considerably harder to crack. 

Effect of Conversion Per Pass. The extent to which the cracking reac¬ 
tions are allowed to proceed before the tarry bodies and gasoline fractions are 


R. Waffier, Ind. Ena, Ckem., 1934, 26, 1S8; Chem. Abt., 1934, 2S, 1S49; Brit. Chem. Abe. 
B, 1934, 438;T Inst. Pet. Tech^ 1934, 20, 178A. Set also A. F. Dobrranikii, £. K. Kanep and 
S. V. KaUman iMateriaii on Crocking and Chem. Treatment of Prodmeit Obtained. Khimteoret 
{Leningrad^. 1935, 2, 60; Ckem. Abt., 1935. 29, 5639; Brit. Chem. Abt. B, 1936, 483) wIm tbow 
Inat th« yield of aromattc producta oUained tn vapor-pbaac cracking of rarioua atocka ia due directly 
•9 the amoitftt of tar produced in the cracking operation. 

A. AMnandrov, Nefi. Khoe., 1934, 26 (f), 57; Ckem. Abt., 1935, 29. 4557. 

W. Tmaty, Nat. Pet. Newt, 1935, 27 (45), 34; Chem. Abt., 1936, SO, 2734, 
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separated from the recycle oil is known as the conversion per pass. Sydnor^^ 
defines this quantity as the product of the percentage gasoline and the percentage 
fresh feed. Most cracking systems involve recycling or the return of a portion or 
all of the heavier residual oil produced to the feed stock, generally straight-run 
distillates. In these systems, the total feed rate (straight-run plus cycle oils) is 
maintained constant, and the quantity of straight-run gas oil added per unit of 
time must be the equivalent of the total material removed from the system in the 
form of gasoline, fuel oil, cycle gas oil, gas and coke. Keith and Montgomery^ 
have stated that increasing the conversion per pass results in (1) a lower total 
yield of gasoline, (2) gasoline of a higher octane number, (3) a greater gas pro¬ 
duction and (4) an increased tendency toward coke formation. 

This factor is important because, if the cracking is carried out too far, the 
heavy residues will form coke. However, by removing the products from the zone 
of reaction and separating the objectionable materials, undesirable residues can be 
avoided to a large extent. In fact, only a limited amount of gasoline can be formed 
in each cracking stage.^^ The actual degree of cracking is, therefore, dependent 
upon the type of charging stock.®^ Thus, with a paraffinic base oil, a conversion 
per pass as high as 20 to 25 per cent can be used without excessive coke formation. 
On the other hand, with asphaltic base stocks this value should not exceed 10 to 
15 per cent.®*'* Dobryanskii, Kanep and Katzman have stated that too high a con¬ 
version per pass tends to “burning" the paraffinic constituents and condensing 
them to the more stable cyclic compounds.^^ 

The diminution in the gasoline yield with increasing conversion is attributed 
primarily to the decomposition of the product already formed. According to 
Sachanen'"*® the decomposition of the gasoline is negligible with conversions up to 
20 per cent. However, for a 50 per cent possible yield per cycle the actual quantity 
of gasoline obtained is only al)Out 41 per cent, the remaining 9 per cent being 
cracked to still lower molecular weight hydrocarbons. 

Significance of Coke Formation in Cracking. The reactions involved 
in the cracking of an oil are of a progressive type. The resultants (e.g., gas, gaso¬ 
line, intermediate oil, tar, coke and residue) do not form simultaneously during 
the breaking up of the original hydrocarbons. Especially in the case of coke 
formation, decomposition appears to proceed through the stages of intermediate 
oil, tar and finally coke. 

However, as shown previously, coke will not be formed unless the conversion 
per pass is carried out beyond a definite point. This limit is determined by the 
composition of the compounds in the charging stock. Due to the fact that asphal¬ 
tic base oils naturally contain tars, coke formation sets in more rapidly, in this 
case than when cracking a paraffin base or a distilled oil.®® Coke does not result 
from the primary decomposition of paraffins. On the other hand, a high tempera¬ 
ture is required to crack the aromatics, and all of the coke formation is said to be 
traceable directly to this class of hydrocarbons. Hence the more aromatic the 

«»H. Sydnor, ind, Bng. Chem., 1934, 26, 184; Chem, Abs„ 1934, 28, 1849; Brit, Ckem, Abs, B, 
1934. 438; /. t%st. Pet. feck., 1934, 20, 158A. 

•®P. C. Keith tnd W. B. Montjromery. Ind. En 0 . Chem.. 1934. 26. 190; Ckem. Abs.. 1934, 28. 
1848; Brit. Ckem. Abs. B, 1934. 438; J. Inst. Pet. Tech., 1934. 20, \79,K. 

■»S. N. Obryadchikov and M. M. Karasik (Neft, 1936, 7 (6), 17; Ckem. Abs., 1936. SO. 6175; 
/. Inst. Pet. Tech., 1936, 22, 448A) have shown that the conversion per pass mav be increased by 
about 3 per cent in vanor-phase treatment by the introduction of a reaction chamber. 

“The relationship of conversion per pass to allowable Imilinff range of charging stock for various 
cracking nrocesaea is discussed by P. C. Keith and W. B. Montgomery, loc. cit. 

•• A. W. Trusty, loc. cit. 

•* A. F. Dobryanskii. E. K. Kanep and S. V. Kattman, Matcrieds on Crocking and Ckem. Treni- 
of Products Obtained, Kkimteoret {Leningrad). 1935. 2. 60; Ckem. Abs., 1935, 29, 5639; 
Brit. Ckem. Abs. B. 1936. 483. 

“ A. N. Sachanen. Erdd! u. Terr. 1934, 10. 105; /. Pet. Teck., 1934, 26. 412A; Brit. Ckem. 
Aht. B. 1935. 7; Chem. Abs., 1934. 28. 7499. 

“A. W. Trusty, toe. cit. See also A. N. Sachanen, loc. cit. 
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stock is initially the greater will be the proportion of coke. However, as was 
shown by Trusty in the case of cracked gas oil, coke can be obtained from an 
aromatic-free stock by prolonged heating which changes the nature of the stock 



Courtety Standard Oil Co. of California 

Fig. 27A. — Welded Steel Pressure Vessel Being Raised into Position. 


to an aromatic type. Gerr®’ has suggested eliminating coke formation in high 
temperature vapor-phase cracking by vaporising the oils and separating the vapors 

»V. F. G«rr, Trant. ist All Vnitn Sei.-Ena.-Ttch. Soc. Ptlrolnm Workers, Boko, 1933, Cosni. 
.Vaoek. Ttkh. Gorno Gtol., Neil. Icdot,, 19M <J), 137; Ckem. Abs., 1935. 3*. 4557. 
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from the residue in a step previous to the cracking. Light preliminary cracking 
in order to break down the heavy oil fractions has also been proposed to prevent 
excessive carbonization.®® 

Butkov and Ostrovai®® reported that coke exerts a strong catalytic action on 
the secondary reactions in high temperature cracking. Condensation reactions, 
according to the views of these investigators, are heterogeneous and are catalyzed 
by the coke formed in the retort. Consequently a small amount of coke in the 
apparatus promotes higher yields of aromatic compounds. On the other hand 
larger quantities effect more pronounced condensation, which is accompanied by 
lower yields of aromatic compounds, gas and light oils. Heavy cracking carried 
out in a retort free of coke results in a low yield of aromatics and a high yield of 
gas. Butkov and Ostrovai have stated that the amount of coke produced in com¬ 
mercial cracking operations depends upon the stock and in general varies from 
1.2 to 9 per cent. 


Catalysts 

A large number of substances have been suggested as promoters for the crack¬ 
ing of petroleum fractions.^® Borisov and Gaverdovskaya®^ investigated the 
vapor-phase catalytic cracking of gas oil, kerosene and various hydrocarbons found 
in petroleum (such as hexane, cyclohexane, methylcyclohexane and dimethylcyclo- 
hexane). In these tests, zinc oxide, nickel oxide (Ni20s), alumina, uranyl oxide 
(UO 3 ), titanium dioxide, thorium dioxide, nickel wire and nickel precipitated on 
alumina, activated carbon, activated bone charcoal, glass chips and fused borax 
were used. The best yield of gasoline from gaa oil was obtained by cracking at 
550®C. in the presence of nickel oxide and amounted to 38.0 per cent. Under the 
same temf)erature conditions without an activator, the conversion was only 18.2 
per cent. In the case of kerosene, the effect of catalysts is even more pronounced. 
Pure thermal treatment at 500°C. gave a gasoline yield of 7.8 per cent. With 
uranyl oxide, the gasoline yield was increased to 26.4 per cent, and with activated 
carbon, 33.8 per cent. In the presence of uranyl oxide, branched cycloparafiins 
underwent demethanation in addition to dehydrogenation. 

The use of coke formed in the reaction chamber as a catalytic agent has al¬ 
ready been discussed. The action of a wide variety of forms of activated carbon 
has also been investigated. Morrell®^ suggested mixing finely divided solid bi¬ 
tuminous mater it'll, such as coal or lignite, with the oil. The low-boiling products 
obtained by cracking this mixture are said to be of high antiknock value. Fields®® 
has mentioned the addition of a small percentage of finely divided vegetable mate¬ 
rial, such as sawdust or beet pulp, to the oil. The suspension is heated to 750®C. 
to effect simultaneous cracking of the oil and carbonization of the solid material. 
Cotton wool may also be employed at temperatures of 300-350®C., according to 
Oppenheini.®^ Zurcher®® proposes to utilize petroleum coke, activated by treat- 

•• Y. Blyiitcher. S. N. Ohryadchikov. K. Smidovich and S. Khaiman, Ncft, Khog,, 1934, 26 ( 9 ), 
51; Ckcm, Abs„ 1935. 29 . 4557; Bnf. Chtm Abs. B, 1936. 227. 

"• N. A. Butkov and E. S’. Ostrovai, Xeft. Khos., 1935. 27 (2), 75; Chcm. Abs., 1935, 29 , 4926; 
Brit. Ckfm. Abs. B. 1936, 402. 

••In this connection see the so-called Houdry Process, which is discussed on the followinr nairea. 
•'P. P. Boriaov and M. V. Gaverdovskaya. bTeff. Khos., 1934, 26 (10). 37; Chrm. Abs., 1935. 
29, 4556; Bnt Ckrm. Abs. B. 1936. 227. 

^ “J. C. Morrell, U. S. P. 1.972.944. Sept. 11. 1934. to Universal Oil Products Co.; Ckems. 
Abs., 1934. 28 , 6985; /. Inst. Pet. Tech., 1934, 20 . S79A. British P. 409,969. 1934; Brit. Ckcm. 
Abs B. 1934. 708. 

, « T. n. Fields, U. S. P. 1.959.467, May 22, 1934; Chem. Abs., 1934. 28, 4589; Brit. Cktm. 
^bs. B, I93S, 260. 

••B. Oimenheim. U. S. P. 1.960.951, May 29. 1934, to Soc. anon, le Carbone; Ckem. Abs., 
1934, 28 . 4590; /. fnif. Pet Tech., 1934. 20 , 465A. 

Zureher. V. S. P. 1.895.063. Tan. 24. 1933, to Continental Oil Co.; BrU. Abs. B. 

1933, 902; Abe., 1933. 27, 3573. 
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ment with st^m and phosphoric acid. Activated carbon, impregnated with a solu¬ 
tion of potassium silicate, potassium carbonate, potassium chloride and potassium 
sulphate, or sodium carbonate and sodium chloride, and calcined has been found to 
be an activator for the cracking of mineral oils.®® Zinc chloride may also be sub¬ 
stituted as an impregnating agent.®^ Pier and Donath®® prepare a catalyst by 
mixing ammcmium vanadate, cobalt nitrate and phosphoric acid with activated 
charcoal and heating the resulting magma for about 6 hours in the presence of 
hydrogen and carbon disulphide at 350®C. This catalyst is recommended for re¬ 
forming gasoline at temperatures of 430-450®C. Towne®® has suggested the use of 
silica gel in which activated carbon is imbedded as a catalyst in treatments to 
increase the antiknock value of gasolines. In this case, however, the process is 
carried out at 500-700® C. 

Lelgemann'*^® has studied the catalytic action of nitrosyl chloride (NOCl) in 
conjunction with aluminum, iron, aluminum chloride, iron chloride and calcium 
oxide in cracking various petroleum fractions. In this treatment, the metallic 
promoter is added to the cracking stock and a small amount of nitrosyl chloride 
(about 0.1 per cent) is introduced continuously into the reaction chamber. Thus, 
by interaction with the nitrosyl chloride the activity of the metallic promoter is 
constantly regenerated. The proportions of solid catalyst are given as: with cal¬ 
cium oxide, 5 per cent; with powdered aluminum, about 0.08 per cent; with 
aluminum chloride, 7.4 per cent and with aluminum chloride and ferric chloride 
tc^cther, 12 per cent. Gifford^^ has cracked oils at temperatures as low as 150- 
300®C. by using a catalyst composed of aluminum chloride, zinc chloride or mag¬ 
nesium chloride, mixed with bauxite. Marconi^^ has suggested the addition of 
oxidizing agents* (manganese dioxide, lead chromate or copper oxide) to the com¬ 
binations of various metallic halides, for instance boron trifluoride and aluminum 
chloride or antimony and aluminum chlorides, as a catalyst for cracking reactions. 
In a method introduced by Dubbs^® streams of oil and an inert gas (e.g., carbon 
dioxide or flue gas) and aluminum chloride or nickel oxide are separately pre¬ 
heated, mixed and passed into a heated reactor. The pressure is increased in the 
latter step and tiiermolization is effected with the promoter suspended in the oil. 
Stratford^^ advocates employment of clay which has been utilized previously in the 
refining of lubricating oils. 

Trumble and Seeley^® propose to effect decomposition by means of a catalytic 
mixture of molten lead and nickel oxide. On the other hand, Cristescu and Stav- 
rat^® prefer alloys of two or more metals, for example, antimony, silver, chromium. 


•H. Herbtt. Ckem.-Ztg„ iv.M, 58. 881; Brit. Chrm. Abs. B, 1934, 1091; /. !iut. Pet. Tech., 
1935, II, 18A; Chem. Abs.. 1935. 29, 2701, 

«Britt»h P. 411.477, 1934, to I. (.. Farbejimd. A.O.; Chem. Abs., 1934, 28, 6993; BHt. Ckcm. 
Abs. B, 1934, 789. 

•M. Pier and E. Donath, U. S. P. 1.975.476. Oct. 2. 1934, to 1. G. Farbenind. A. G.; Chem. 
Abs^ 1934, 28. 7517. 

•C. C. Townc, U. S. P. 1.967,636, July 24. 1934, to Texas Co.; Chem. Abs., 1934, 28, 5976; 
/. Inst. Pei. Tech.. 1934, 20. 533A. 

’•W. Ldgemann. U. S. P. 1.971.190. Aug. 21, 1934, to Hydrocarbon Processes Inc.; Chem. 
Abs., 1934, 28, 6558; Brit. Chem. Abs. B, 1935, 793; /. Inst. Pet. Tech., 1934, 20. 578A. V. S. P. 
2.015.529, Sept. 24. 1935; /. Inst. Pet. Tech.. 1935. 21. 420A; Chem. Abs., 1935. 29. 8316; Brit. 
Chem. Abs. B. 1936, 1079. Canadian P. 348.960, 1935; Chem. Abs.. 1935. 29, 3820. British P. 
430.748. 430,813-4, 1935; /. Inst. Pet. Tech., 1935, 21. 343A. French P. 779.578, 1935; Chem. Abs., 
1935, 29, 5647. 

«H. W. F. Gifford, British P. 445,757. 1936; Brit. Chem. Abs. B. 1936. 680; Chem. Abs., 1936, 
90. 6935; /. Inst. Pet. Tech.. 1936. 22. 312A. 

«M. A. Marconi. British P. 410.741, 19.34; /. Inst. Pet. Tech.. 1934. 20. 463A; Brit. Chem. 
Abs. B, 1934, 791; Chem. Abs.. 1934. 28. 6294, 

»L. A. Dubbs, U. S. P. 2.051,471. A«g. 18. 1936; /. Inst. Pet. Tech., 1936, 22, 449A; Chem. 


Abs., 1936, 90, 6935. 

«R. K. Stratford. British P. 456,244. 1936, to Standard Oil Development Co.; Chem. Abs., 1937, 

9t, 2408. 

»M. J. Trumble and W. L. Seeley. IT. S. P. 1.938,877. Dec. 12. 1933. to Petroleum Hydrogena¬ 
tion Co.. Ltd.; Chem. Abs., 1934, 28. 1519; /. Inst. Pet. Tech., 1934, 20. 108A. 

«J. CriilcMti and G. Stavrat, French P. 774,231, 1934; Chem. Abs., 1935, 29, 2343. 
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tin and zinc, such that the specific heat of the metallic mix is less than 0.1. Alloys 
of lead and sodium (90 and 10 per cent respectively) are also said to be effective 
in their action."^^ Towne^® recommends the use of molten selenium at 400-600®C. 
under pressures of about 300 lbs. per sq. in. in reforming gasoline. Tubes con- 



iourtcsy Vuixcrsal Oil f'rodMits Co. 

Fk;. 28.—Dubhs Multiple Coil Cracking Unit. 


structed of palladium-niolyhdenuin-chromium-nickel alloys have been employed by 
Ocun^*^ to promote decomposition. In this process, the stock is preheated to below 
the cracking temperature and vaporized under pressure in the presence of hydro¬ 
gen. The vapors are then subjected to the action of superheated steam and rapid 
cracking at 1000-1500° F. and immediately allowed to expand and cool. Cracking 
may be brought about by heating heavy hydrocarbons to 350-550°C. under pres¬ 
to. E. RoherU. Jr., V. S. P. 2.027.552. Jan. 14. 1936- /. Inst. Pet. Tech., 1936. 22. 157A; 
Chem. Abs„ 1936, 30. 1549; Brit. Chem. Jbs. B. 1937. 113. bee also J. F. Wait, U. S, P. 2.052,812. 
Sept. 9. 1936; J. Inst. Pet. Tech., 1936. 22. 543.A; Chem. Ahs., 1936, 30, 7322 who proposes to 
crack hydrocarbons in the presence of an alkali metal to promote molecular rearrangement and asso* 

C.**c!**Towne!*^U. S. P. 1,997.159. Apr. 9. 1935, to Texas Ca; Chem. Abs., 1935, 29, 3821; 
A^’Ocun^’u!^S^’P^2,052^^^ Aug, 25, 1936; J. Inst. Pet, Tech., 1936. 22, 449A; Chem, 
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sure of 90 to 100 atmospheres in the presence of finely granulated metals and acids 
or chlorinated hydrocarbons capable of forming acids under the operating condi¬ 
tions.®® Among the metals suggested are: vanadium, chromium, molybdenum, 
tungsten, manganese, nickel, iron, aluminum and zinc. Hydrochloric, sulphuric, 
nitric, phosphoric, and sulphonic acids, or acid salts are recommended for use in 
conjunction with the above metals, however, chloroform, bromoform, carbon tetra- 
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Fic. 29.—Dubbs Combination Topping and Cracking Unit. (G. Kgloff and J. C. Morrell) 


chloride and dichloroethane may also be employed. Moehrlc®* found that by beating 
hydrocarbons with about 1 per cent of iodine at 350® to 550®C. under 50 atmos¬ 
pheres pressure, cracking and polymerization of the olefins fonned by the primary 
reactions could be brought about. A system involving progressive catalysis has 
been investigated.®- In this metbo<l. the hydrocarbon vapors are mixed with 
steam and passed fir.st over activated fuller’s earth at 300-350®C., then over pum¬ 
ice stone impregnated with nickel, cobalt or copper at 300-450®C. and finally over 
activated fuller’s earth mixed with nickel oxide, cobalt oxide or alumina at 150® 

*» British P. 442,371, 1936 and 442.592, 19.t6. to I. G. Farbenind. A. G.; Bril. Chem. Ab$. B. 
1936. 43S; /. Intt, Pet. Tech., 1936. 22. 209A. British P. 451.656. 1936; Brit. Chem. Abs, B, 
1936, 969. French P. 790.829. 1935. 791.070, 1935. and 795.785, 1936; Chem. Abt., 1936, 10. 
3217. .1218. 5777. 

•»E. Moehrle. U. S. P. 1.954.57.1. Apr. 10. 19.14; Brit. Chem. Abe. B, 1935, 13$; Ckem, Abs., 
1934. 20, 3885; J. Inst. Pet. Tech., 1934. 20. 423A. 

German P. 585.609, 1933, to OewerlcKhaft Rohlenbeniin; Chem. Abe., 1934, 28, 1518. 
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to 300®C. Winkler and Haeuber®® prefer to dilute the hydrocarbon vapors with 
nitrogen and to conduct the cracking at about 700® C. in the presence of elementary 
silicon. The use of activated aluminum hydrosilicate has also been investigated.®^ 

Ellis®® recommends the use of catalysts such as molybdenum or tungsten oxides 
for cracking heavy petroleum oils containing sulphur compounds and simultaneously 
hydrogenating and methanating the products. In this procedure, the oil together 
with a gas mixture composed of hydrogen, methane and small amounts of carbon 
monoxide is heated to 480-550° C. under a pressure of about 50 atmospheres in the 
presence of the catalyst. The amount of hydrogen introduced should be insufficient 
to form a saturated liquid product under the reaction conditions. The liquid ob¬ 
tained from this treatment has been shown to have most of the original sulphur 
content removed as hydrogen sulphide. Egloff,®® on the other hand, suggests the 
cracking of oils in the presence of finely divided alkali or alkaline earth hydrides 
(such as sodium hydride, NaH, <jr calcium hydride, CslHo)* This method is re¬ 
ported to hydrogenate the highly unsaturated hydrocarbons which are formed in 
cracking and to desulphurize the product. Hypochlorous acid vapor may also be 
used in vapor-phase processes to reduce the sulphur content of liquid products.®^ 

I'he antikncxk qualities of motor fuels are said to be improved by passing the 
gasoline vapors over phosphate catalysts at temperatures below the cracking 
range.®® Granular Ixjiun phosphate (BPO 4 ), prepared by heating orthoboric acid 
with phosphoric acid on a steam bath has been suggested for this purpose. By 
passage over the contact agent at 450°C., the octane number of a straight run gaso¬ 
line was reported to have been l>cttered from its initial value 55 to 62.5 without sub¬ 
stantial loss due to the formation of gases. 

Commercial Cracking Processes 

The commercial processes employed in cracking may be divided into two general 
tyj)es, vapor and vapor-liquid phase operations. In the first type, the cracking 
reactions generally take place in the range of 5(X)-600°C. (850-1150° F.) and at at¬ 
mospheric or slightly super-atmospheric pressure, so that the hydrocarbons are in 
the vapor state. In the vapor-liquid or mixed phase type, treatment is carried out 
at lower teinj^eratures, ordinarily 390-500°C. (750-850°F.), and under pressures of 
200 to 1500 lbs. per s([, in. Formerly the latter type of processes w^as knowm as 
“litjuid phase,’’ but Syiinor®” has stated that under the conditions employed, some 
of the hydrocarbons were undoubtedly vaporized so that a mixed phase system 
results. According to Sydnor, however, there are three reasons for maintaining 
the pressure of)erations: (1 ) the reduction of gas and coke formation, ( 2 ) better 
quality of distillate as regards ease of finishing and (v^) higher capacity of apparatus 
secured in this case. 

Developments in the design and operation of the various types of cracking 
plants have been influenced by a number of factors in addition to the increased 

“F. Winkler and H. Haeul>er. f. S. F. 1.V7.LR.M, IR, 19.U. to I. G. Farbenind. A.-C,; 

Chem. Abi., 19J4, 28. <»994. 

•*J. P. Daugherty, fr.. IV S. IV 2.0.11.591. Feb. 25. 1936. to Houdry Proccs.s Corp.; Chem, Abs., 
1936, 80, 2361: J. Inst'. Pet. Trch., 19,16. 22. H9A. See also the Houdry Process. 

••Carleton Elli*. IV S. P. 1.966.7<^0. July 17. 1934, to Standard*!. G. Co.; Chem. Abs., 1934, 
» 8 , 5652; Brir. Ckrm Ahs. B. 1935. 441. 

•• G. Cgloff, U. S. P. 1,950.721. Mar 13, 1934. to Universal Oil Products Co.; Brit, Ck^m. Abs, 
B, 1935, 215; arm. Abs., 19.34, 28. 3577. 

•'G. l^loff, U. S. P. 1,986,190. Jan. 1, 1935, to Universal Oil Products Co.; Chem. Abs., 1935, 

1239; Bn’f. arm. Abs. B, 1936. 357. 

"■Britiah P. 446,621. 1936, to Bataafsche Petroleum Maatschappij; Ckrm. Abs., 1936, 80, 6938; 
Bn’t. Chem. Abs. B, 1936. 584. See al»o F. R. Moser, Canadian P. 362.665. 1936, to Shell Devel* 
opment Co.; Ckrm. Abs., 1937. 81, 1603. 

•H. Sydnor, M. Bnp. Ckrm.. 19i4. 2e. 184; Ckrm. Abr., 1934, 28, 1849; Bnl. Ckrm. Ak*. 
a. 1934, 4M: /. InA. Prt. Tttk., 1934, 20, 1S8A. 
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demand for high-octane gasoline. The aim of many of the improvements has been 
to increase the flexibility of operation, gasoline yields, length of runs, quality of tar 
(by reduction in coke formation) and to effect economies in fuel consumption. 
Developments of major importance include the use of multiple coil and combina¬ 
tion units, the primary cracking of heavy residues to facilitate subsequent cracking 
and the reforming of gasolines^ for the production of higher octane motor fuels.®^ 

In multiple coil cracking, the charging stock is separated into two or more 
fractions each of which is cracked in separate units under conditions most favorable 
for efhcient operation. In certain plants, distillation of crude oil, viscosity breaking 
(primary cracking), naphtha reforming and multiple coil cracking can all be 
carried out in one unit. Primary cracking consists in subjecting the heavy oil 
under treatment to an initial conversion per pass of 8 to 10 per cent. This opera¬ 
tion results in the production of some gasoline as well as a large proportion of oil 
of a lower boiling point and lower molecular w'eight than the feed stock. The 
latter fraction may be cracked under relatively severe conditions, that is, at a high 
conversion per pass. 

A complete discussion of cracking plants is beyond the scope of this volume. 
Only the principles and general procedure involved in the various processes will be 
briefly considered.^* 


**For a dUcoMion of reforming, consult G. Egloff, £. F. Nelson and G. B. Zimmerrooii, Oil & 
Cos 1935, S4 (32), 90; Chem. Abs., 1936. 30, 2735 

Developments in the oil cracking art are described by: P. C. Keith and W. B. Montgomery, 
Ind. Eng. Cktm.. 1934. 26, 190; Chem. Ab$., 1934. 26, 1848; Brit, Chem. Abs. B, 1934, 436; 
/. Init. Pei. TeA., 1934, 20, 179A. G. Eflof! and E. F. Nelson, Oil & Coe 1936, 33 (6), 50; 
(7), 34; (8). 43; Chem. Abt., 1936. 30, 7828; /. Inst. Pet. Tech., 1936. 22. 446A. 447A. 504A. 
Chem, Eng. Ceng. World Power Conf., 1936, Cl3. 1; Brit. Chem. Abt. B, 1936, 774. A. F^ln and 
V. A. Bntkov. Neff. Khoe., 1933, 25 (10) 45; 1934, 26 (1). 40; Chem. Abs., 1934, 28. 3571 Imt. 
Pet. Tech., 1934, 20, 496A. £. Stoicovici, Mon. piirole ronmain., 1936, 37, 587; Chem. Abe,, 1936, 
Wb, 7826. 

•4 For a di sc u s s ion of the earlier commercial craokiiif processes, sso Carloton Ellis, **Tlm Cbsm* 
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Dubbs Process. A flow sheet of the Dubbs multiple coil unit,®* one of the 
vapor-liquid phase type, is shown in Fig. 30. The crude oil as charged usually 
contains water as an emulsion which is separated from the oil in a settling tank. 
The crude oil is then passed to the crude fractionating column (about 7 feet in 
diameter and 47 feet high) from which straight-run gasoline, light oil (naphtha 
and kerosene) and heavy oil (topped crude) are obtained. The topped crude is 
pumped directly to a second column and is contacted with hot vapors from the 
cracking unit, causing a partial fractionation. The vapors from this column (10 
feet in diameter and 58 feet high) are split into a liquid side cut which is pumped 
to a light oil heater and heated to 975® F. under 600 lbs. per sq. in. pressure and 
into an overhead consisting of vaporized gasoline and gas. The bottoms from this 
column arc fed to a heavy oil preheater and heated to 910®F. at 300 lbs. per 
sq. in. pressure. Both heaters discharge to a reaction chamber under 300 lbs. 
per sq. in. pressure from which the material is fed into a flash chamber, where the 
pressure is reduced to about 75 lbs. per sq. in. The vapors from the top of the 
flash chamber are cooled and returned to the second fractionating column. 

Tube and Tank Process. In the Tube and Tank process (also of the mixed 
phase type), the cracking reactions usually are carried out under high pressure 
(750-1000 lbs. per sq. in.). A flow sheet of a typical unit using this type of opera¬ 
tion is given in Fig. 31. The fresh charging stock (normally gas oil) is pre¬ 
heated and introduced into a primary fractionating column, where it is contacted 
with cracked gasoline and cycle stock vapors. The cycle stock is condensed and 


{•try of Petroleum Derivitlvet.” The ChemtctI C«taloR Co.. Inc., New York. 1934. Also, A. N. 
Sadumeii and M. D. Tilicbeyev, '^Cbemittry and Technology of Cracking,” The Chemical Catalog 
Co., Inc.. New York, 1933. 

**G. Egloff and E. P. Nelton, loc, n'l. See alto G. N. Critchley, Fuel, 19.14, 13, 100; Brit. Ch 4 m. 
Aht. B. 1934, 486; /. Inst. PH. Tech., 1934, 30, 363A; Chem. Abs., 1934, 38, 6987; Petrotenm 
Tims, 193S. 14, $21; /. InH. PH. Tech., 1936, 33, 49A. 
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returned to the accumulator from which the fresh and cycle oil mixture (total feed) 
is pumped under pressure through the tubes of the heating furnace (maintained at 
850® to 900® F.) and then into the reaction chamber where the bulk of the cracking 
takes place under a pressure of about 1000 lbs. per sq. in. The oil next flows to a 
separator, where the fuel oil portions are removed. The vapors from the sepa¬ 
rator are fed into the primary fractionating column under 100 lbs. per sq. in. pres¬ 
sure, where a portion of the cycle gas oil is removed. The vapors from this feed 
are now passed into a secondary column. The overhead from this treatment is 
conducted into a disengaging drum and the gas is separated from the gasoline.®^ 



Courtesy ludusiriol and Engineering Chemistry 

Fig. 31.—Flow Sheet of Tube and Tank Process. (H. Sydnor) 

Cross Process. A flow sheet of the improved Cross process is shown in Fig. 
32. In the earlier Cross method, the conversion per pass was too high to utilize 
residual oils as charging stocks. To overcome this limitation the manner of treat¬ 
ment was altered and primary cracking or viscosity breaking was employed. Fur¬ 
ther modifications have been introduced so that charging stocks varying from heavy 
fuel oil to the lightest kerosenes may be treated.®*^ In the unit shown in Fig. 32 
the straight-run gasoline is removed and reformed at 1000®F. and 750 lbs. per 
sq. in. The topped crude is split into two fractions, residuum oil and light gas oil. 
TTie former, together wdth the heavy recycle stock, arc cracked in a primary cham¬ 
ber at 890®F. under a pressure of 250 lbs. per sq. in. The light gas oil, together 
with the light recycle stock, is cracked in the vapor phase at 940®F. and 200 lbs. 
per .sq. in. pressure, using a furnace and reaction drum. The cracked gasoline is 
fractionated, condensed and separated from the waste gases while still under 
pressure. 

••H. Sydnor. he, ei$. 

**P. C KcHti tnd W. B. Mofitgomery, he, eh. 
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Gyro Process. The Gyro process is an important vapor-phase unit which 
has been developed along: the lines of HalFs general procedure.®** Keith and Mont- 



Courtesy Industrial and Ungineerittfl Chemistry 

Fig. 32,—Flow Sheet of Cross Process. (P. C. Keith and W. R. Montgomery) 


gomcry®^ have stated that an inherent inability of this process to handle residue 
stocks has been overcome by the provision for the predistillation of heavy charging 



Courtesy Industrial and Ungiueerutg Chemistry 

Fig. 33.—Flow Sheet of (iyro Process. (P. C. Keith and W. B. Montgomery) 


stocks. This is accomplished by passing a heavy stock combined with recycle oil 
through a pipe still into a vaporizer. The vapors are freed from entrained liquid 

••The Hall procew was introduced in 1914. See Carleton Ellis, *‘The Chemistry of Petroleum 
Derivatives/* The Chemical Catalog Co., Inc., New York. 1934, 164, for a discussion of this method. 

•• P. C. Keith and W. B. Montgomery, he. cit. See also G. N. Critchley, toe. cit. K. Kudo. 
/. Fmet Soc, Japan, 19.16, IS, 709; Chem. Abs., 19.1^ 30, 6929, has described a Gyro vapor phase 
unit incorporating a thermal polymerisation unit. (See Chapter 26 for a discussion of the latter 
topic.) 
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and fed into the cracking chamber where the temperature is rapidly raised to 
1100®F. Immediately after leaving the chamber, the vapors are contacted with 
cooled recycle gas oil. The temperature is thus reduced to 700®F., and the effects 
of polymerization and over-cracking are greatly reduced or eliminated. A flow 
sheet of this process is shown in Fig. 33. The entire process operates at atmos¬ 
pheric pressure. 

De Florez Process. The de Florez type of operation is applicable for the 
handling of feed stocks varying from kerosene to heavy pitches.®® Fig. 35 is a flow 
diagram for a typical installation for cracking reduced crude oil. After preheating 
and passage through a tar stripper,®® the .«itock is fed into an evaporator and va- 



C<ntrtesy Alco Products. Inc. 

Fk;. 34.—Gyro Process Cracking Equipment. 


porized at about 790®F. and 165 lbs. per sq, in. pressure. The lower-boiling por¬ 
tions enter the bubble tower, and the heavier fractions are fed into a reaction cham¬ 
ber (maintained at about 880°E*. and 330 lbs. per sq. in.), where they are mixed 
with recycle material (bottoms from the bubble tower) which has been cracked 
by heating at 630°F. and 900 lbs. per sq. in. to 1000°F. and 350 lbs. per sq. in. in a 
furnace. Vapors from the reaction chamber are returned into the evaporator and 
the high-boiling liquid portions are recycled to the tar stripper. Bottoms from the 
stabilizer and absorber units are recirculated to the evaporator and bubble tower. 

A de Florez cracking unit incorporating coking operation is represented in Fig. 
36. In this case, the feed (reduced crude oil) enters the evaporator under 100 lbs. 
per sq. in. pressure. The lower-boiling portion (below 680®F.) is introduced into 
the bubble tower. The bottoms from the distillation column are heated in a fur- 

** of the de Ftorex proccfs have been given by J. H. Hiracb (World Petroleum, 1932, 

S (3), 335; Ckem, Abs. 1932, 26, 6109), and P. C. Keith and W. B. Montgomery (loc. cit.), 

•*The function of the tar atripper ia to aeparate the tight heada and heavy bottomt from the 
flock. The former arc introduced directly into the bubble to^er, aa reflux, and the latter art 
removed aa fuel oik 
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nace to 1010*F. under 300 lbs. per sq. in., mixed with the high-boiling residue from 
the evaporator and passed into a coking drum. Here at 880® F. and 250 lbs. per 


BuBBieTowcR 



Comritsy Dr. Luis de Flores 

Fig. 35.—Flow Sheet of de P'lorez Method for Cracking RediKed Crude Oil. 


sq. in. with long periods of contact, the heavy residua are reduced to coke and 
vapor.s, the latter being returned to the evaporator. The coking drums are ordi- 



Conr^sy Or. Luis dc Flores 

Fig. 36.—Flow Diagram of dc Florez Cracking Unit with Coking Operation. 


tiartly about 40 feet high, and can be filled to a height of 30 or 35 feet with coke. 
Using two drums, to permit continuous operations, runs of as long as 3000 hours 
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duration have been reportcd.^^ The coke, amounting to about 21 per cent of the 
total product, contains from 7 to 8 per cent of volatile matter and is low in ash. 



T.V.P. Process. A description of the improved T.V.P. (True Vapor Pliase) 
process has been given by Williams.*^^ An important development in this method 
G. Collinf. Oil & Gat J., 1935. 14 (22). 40. 

N. Williamt. Oil & Cat J., 193S. 14 (25). 38: /. tntf. Pat. Tech., 1936, 32. 21A: Ckem. Aht., 
1936. 80. 1216. W. W. Hontml snd A. P. World Pttroltnm, 1934, 5 (7), 236; /. iZt. Pot. 

TocK 1934. 20. 493A; Ckom. Abo., 1934. 28, 6535. A. P. Sicht. Potroloum Z., 1934 80 (46). 1; 

IV S' ^^^5. 7. See alto C. N. Critclifcy, PuA, 1934, 18. 

100; SrH. Ckom. Abt. B, 1934, 486; /. Inti. Pot. Took., 1934, 20, 363A. 
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has been the replacement by tubular heaters of the ''stoves*' of the blast furnace 
type which were used formerly. The charge, ranging from heavy naphthas to 
heavy reduced crudes, is preheated by means of scrubber vapors, passed into a 
vaporizer (heated to 800-825®F.) and then into a flash drum, where vaporization is 
effected by means of hot gas. The vapors are then fed into a superheater coil where 
the temperature is raised to 1000®F. and finally enter the reaction chamber. Cycle 
gases (heated to 1150®F.) are introduced into the flash drum, superheater or reac¬ 
tion chamber feed, so that the actual reaction temperature is about 1020® F. The 
cycle gas heater, vaporizer and superheater coils are all incorporated into a single 
convection-type gas-fired furnace as indicated in the flow sheet for this process, 
given in Fig. 37. The vapors from the reaction chamber are scrubbed, bottoms 
removed, and condensed. The overhead gases are returned as recycle feed. This 
treatment is said to give little or no coke or carbon. 

Forward Process. A description of the Forward Process has been given 
by Kaplan and Forney.*®^ ^his unit, distillate oil is preheated to 900® F. and 
passed through a cracking coil (I inch in diameter and about 2300 feet long). 


6A3oifAe 

AmpGasis 





Fig. 38.—Flow Diagram of Forward Vapor Phase Process. (Described by W. Kaplan 

and W. E. Forney) 


maintained at 1050®F. under a pressure of 225 lbs. per sq. in. The velocity of the 
gas is arrested in a carbon settling chamber (also kept at 1050-1075®F.). The 
cracked vapors leaving the top of the chamber are quickly chilled by means of a 
water spray, condensed and fractionated. Fig. 38 represents a flow diagram for 
this type of operation. The aromatic content of the gasoline obtained from gas oil 
charging stock with this method is reported as being about 85 per cent. 

Shukhov-Kapelyushnikov Process. The Shukhov-Kapelyushnikov crack¬ 
ing unit is reported to be one of a vapor-phase type in use in U.S.S.R.^^^ In this 
method, gas oil under 15 to 16 atmospheres pressure is forcetl into a furnace and 
heated sufficiently so that the temperature in the reaction chamber into which the 
material is next fed will be 570-580®C. In the latter apparatus the pressure is re¬ 
duced to 1.5 to 3 atmospheres. The yield of 210®C. end i>oint gasoline is given as 
38 to 40 per cent. The refined product is stated to be highly aromatic in character. 

Dubrovai Process. In the Dubrovai vapor-phase cracking unit (a flow sheet 
of which is given in Fig. 41), the stock is preheated to about 4(X)®C. in a tube still 

*«W. lUpUfi and W. E. Forney. Nat. Pet. Newe, 1936. 28 (28>. 35; Chem. Abs., 1936. 30, 6175; 
Brii. Chem. Abs. B, 1937, 108; /. Inst. Pet. Tech.. 1936, 22. 448A. 

“•B. Kuahelevskii. Neft. 1932, 3 (9 10), 15; Chem. Abs.. 1935. 29, 2711; Brit. Chem. Abs. B. 

1935, 1030, 
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and passed into a ‘‘generator.” In this chamber the temperature of the stock is 
raised to 500**C. and air is introduced. Cracking takes place and the vapors arc fed 
into a flashing tower, fractionated and condensed. The process operates at atmos¬ 
pheric pressure. In the so-called generator, the cracking temperature is probably 
considerably lower than is customary with other vapor-phase cracking units, ac* 



Courtesy Doherty Reteoreh Co. 

Fic. 39.—Preheaters in Forward Process. (W. Kaplan and W. E. Forney) 


cording to Dubrovai and Sheinman.'®^ The principal product of combustion is 
water and only insignificant amounts of carbon monoxide and carbon dioxide are 
reported to l>e formed. Carbon is deposited in the generator, however, and is peri¬ 
odically burned out w'ith air. The amount of air used in the cracking process varies 
from 180 to 240 liters per kilogram of cracking stock, depending upon the preheat¬ 
ing temperature and the nature of the feed stock. 

K. Dubrovai and A, B. Shetnman, Troms. tst AU-Union *>4SsHn§ AWUmion Sei.^Bno.*Toek. 
Soe. Petroleum Workers, Baku, 29S3, Gosud. Naueh. Tskh. Coma^eoi. Reft. Udol., tfS4 (3), 4; 
Foreifin Petroleum Tech., 1935, S, 89; Chem. Abs., 1935, IS, 4558; Brit. Chim. Abt. B, 1936, 227. 
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Clark Process. This vapor-phase process'^® differs from others in that crack¬ 
ing is effected by directly mixing hot products of combustion with superheated oil 
vapors, rather than by indirect heating, as through steel tubes or other metallic 
surfaces.^®® In Fig. 42, is a flow sheet for this method. The crude oil is pre¬ 
heated and fed into a fractionating column, from which a gas oil cut is taken off. 
Part is reintroduced into the tower as controller reflux, and the remainder is 
pumped directly to a two-stage heater. Here the stock is vaporized at 750®F., 
passed into a flash drum (to remove unvaporized portions), and the vapors returned 
to the furnace for superheating to 810° F. The superheated gas oil vapors are now 
contacted with hot combustion gases at about 1010° F. in a constricted connection 
between the combustion chamber and the reactor, for a period sufficient to permit 



Courtesy Doherty Research O' 

Fig. 40. — Flash Boiler, Preheaters and (Zarhon Settling Drum in Forward Process. 
(W. Kaplan and W. E. Forney) 


cracking to gasoline, without over-cracking and the attendant large gas loss. In 
the combustion chantber (usually horizontal), heat is produced by burning refinery 
or stripped gas, pipe line gas, or fuel oil, with the amount of air necessary for 
complete combustion, under a gage pressure of about 40 lbs. per st]. in. (It is neces¬ 
sary to properly proportion the amounts of fuel and air so as to give a non¬ 
coking flame containing no excess oxygen.) The combustion vapors must be 
oxygen-free or partial oxidation of the charge would occur. After passage through 
the reactor, the gases are introduced into the fractionating column. The over¬ 
head from the column consists of fixed gases and gasoline, which are separated. 
The l)ottoms are said to be adaptable as a highway construction material. 

Houdry Process. The so-called ‘'Houdry Process'' is leased upon the vapor- 
phase cracking of crude oils in the presence of a catalyst and was introduced in this 
country in the latter part of 1930 after being developed in France to some extent 

M«L. n»rk. V. S, P. 1.491,518. Apr. 22. 1924; JS.C.!.. 1924. 43. 460B. British P. 1.12,377, 
191S; JS.CJ., 1919. 3a. 8a9A V S. P 1,989.455. J»n. 29, 19.15; /, Imst. Pet. Tech., 1935, 21, 
USA; Chtm. Abs., 1935. 29, 1975; Brit. Cketm. Abs. B, 1935. 1035. 

"•A dcicriotion at thi» process has been *iv»n by I. C. Albright, Rtfnrr, 1935, 14, 43; /. /tut, 
rn. THk.. 1935, ti, 16«A; Chtm. Abt., 1935. M. 2713. 
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The advantages of the method of treatment involved in this procedure are said to 
be in the use of moderate temperatures and pressures and in the formation of a 
high octane gasoline (75 to 85 octane number, depending upon the charging stock) 
and a residuum of the gas-oil boiling range. The latter is reported to be applicable 
as a Diesel fuel or a domestic fuel oil. The untreated gasoline is stated to possess 
low gum and sulphur contents and high oxygen-bomb stability. The production of 
gasoline in the Houdry Process is held to be the result solely of catalytic action. 
This assumption is also evidenced by the products, gasoline, residual oil and gas, 
which have been found to be quite different in their molecular structure from the 
corresponding resultants of other processes.^®^ 

In general, the process is adaptable to a wide range of petroleum distillates 
which vaporize in the neighborhood of 775® to 875° F. and may be employed in 
cither of two ways. The charging stock may be cracked to a yield of about the 
same as or slightly higher than that of mixed phase thermal treatments, or it may 
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Fig. 41.—Flow Diagram for Vapor Phase Cracking Using .\ir. (Described by K. K. 

Dubrovai and A. B. Sheinman) 


be run to a 35 to 50 per cent conversion (depending upon the stock) and the 
residual oiljcracked in a separate thermal plant. A catalyst of high activity is 
used. However, since the catalytic action of the contact mass is greatly lowered 
due to the def)Osition of carbonaceous material, a regeneration process is necessary. 
Each of these factors will now l)c discussed in more detail. 

The Houdry plant embodies standard refinery e(|uipnient, except that catalysts 
ca.ses and a regenerating system must be included.The only important differ- 

^Oil and Gas 1933, S2 (22), 12. 31; Cham. Abs., 1934, 28. 302; /. Insi. Pst. Tech.. 1934, 
20, 27A. E. A. Prudhomme. U. S. P. 1.780,536, Nov. 4, 1930, to Soc. internAtionalc procedf<i 
Peudhomme (S. I. P. P.); Cham. Abs., 1931, 25, 198: Brit. Cham. Abs. B, 1931, 529. A. Joseph. 
U. S. P. 1,867£^841 and 1,867,842. June 19, 1932. to Houdry Procesa Corp.j Cham. Abs., 19.12, 26, 
5200. E. J. Houdry. U. S. P. 1,957,648 and 1,957,649, May 8, 1934, to Houdry Process Corp.; 
Brit Cham. Abs. B. 1935, 214; Cham. Abs. 1934, 28. 4217. 

^ Discussfona on the type of apparatus and variations in its construction have been given by: 

A. J. Ostrander, U. S. P. 1,879,635, Sept. 27, 1932, to Houdry Process Corn.; Cham. Abs., 1933, 
27. 210. A. Joseph, U. S. P. 1,957,652, May 8. 1934; Cham. Abs., 1934, 28, 4215; /. Inst. Pet. 
Tech., 1934, 20. 464A. E. J. Houdry, U. S. P. 1,987.903, 1,987,904, 1,987,905, Jan. 15. 1935; 
Cham. Abs., 1935, 29. 1289. U. S. P, 1,989,692, Feb. 5, 1935; Brit. Cham. Abs. B. 1935, 1072; 
/. Inst. Pet. Tech., 1935, 21. 172A; Chem. Abs., 1935. 29. 1689. U. S. P. 1.989.927, Feb. 5. 1935; 
/. Inst. Pet. Tech., 1935, 21. 173A; Cham. Abs., 1935. 29. 1975; Brit. Cham. Abs. B, 1935, 1073. 
J. W. Harrison and R. C. I^ssiat, U. S. P. 1,987.934, Jan. 15, 1935; Chem. Abs., 1935. 29, 1291. 

T. W. Harrison. U. S. P. 1.987.933. Jan. 15, 1935; Cham. Abs., 1935, 29. 1291. R. C. Ussiat. 

U. S. P. 1.989.934 and 1.989.935. Feb. 5, 1935; Cham. Abs.. 1935. 29, 1977; /. Inst. Pet. Tech., 
1935, 21. 173A; Brit. Cham. Abs. B. 1935, 1073. E. J. Houdry and R. H. Hammell, U. S. P. 
2,045.600. June 30, 1936; Cham. Abs., 1936. 30. 5469. E. J. Houdry, British P. 407.699, 1934; 
/. Inst. Pat. Tech., 1934, 20. 328A: Brit. Cham. Abs. B, 1934, 435; Cham. Abs., 1934, 28. 4943. 
British P. 414.413. 1934: /. Inst. Pat. Tech., 1934. 20. 532A; Cham. Abs., 1935, 29, 565. T. W. 
Harrison and R. C. I^istat, British P. 423.866, 1935: Chem. Abs.. 1935. 29, 4216; Brit. Chem. Abs 

B. 1935, 385. T. B. Prickett and E. J. Houdry British P. 430,174, 1935: Brit. Chem. Abs. B, 1935, 
754; /. Inst. Pet. Tech., 1935. 21. 342A; Cham. Abs., 1935. 29. 7711. Afso British P. 426,642 1935 
and 430 312, 1935; /. Insf. Prt. Terh.. 1934. 21. 216A. .342A: BHt. Cham. Abs. B. 1935. 530. 753: 
Cham. Abs., 1935, 29, 6113, 7709. British P. 449,050, 1936; Cham. Abs., 1936, SO, 7395; Brit, Cham. 
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cnce is that the catalyst cases are substituted for the reaction chambers. A flow 
sheet of this type of operation is shown in Fig. 43. Petroleum oil is preheated, 
mixed with a small quantity of steam and vaporized in the temperature range of 
775 to 875®F. and at substantially atmospheric pressure.^®® Joseph^^® has stated 
that up to 15 per cent of steam may be incorporated with the oils. However, 5 per 
cent is recommended, as the presence of too large an excess of steam is objection¬ 
able, especially in the subsequent distillation of the reaction mixture. (According 
to Joseph, the steam is not decomposed in this stage and assists only in vaporizing 
the oil.) The mixture of oil vapor and steam is passed over solid molded catalysts 
which are contained in cylindrical steel cases, provided with a system for regener¬ 
ating the catalyst. The product is fed into a fractionating column and the recycle 
oil removed. Gasoline, fixed gases and steam are cooled and separated and the 
gasoline recovered from the fixed gases by the conventional methods. 



Courtesy (iulf Publtslun-g Co. 

Fig. 42.—Diagrammatic Sketch of Clark \'ai>or Phase Cracking Process. 


As mentioned previously, the activity of the catalyst is greatly decreased by the 
deposition of carbonaceous material. Therefore, the contact masses can be used 
for only a limited period of time before the stream of oil vapor and steam is 
switched to another catalytic chamber. This may be accomplished quite readily 
by manipulation of the valves as represented in Fig. 43. The regeneration process 
consists of two steps. The fouled catalyst is first steamed to remove oil vapor and 
is then regenerated by blowing through it a mixture of air and the products of com¬ 
bustion from other catalyst cases. The regenerating medium enters the chambers 
at 150®F. and leaves at 100()®F. These temperatures are said to effect complete 
elimination of sulphur and carbonaceous material and still l>e well below those at 
which the contact agent would l>e depreciated in activity. Continuous operation is 
secured by providing several catalysts cases, so that some are always “on stream” 
(in actual operati<m) while others are l>eing reactivated. 

Abs, B. 19.t6, 816. T. B. Prickett and E. J. Houdry. French P. 766.646. 1934; Chem. Ahs., 1934, 
2$, 7077. E. J. Houdry. U. S. P. 2.072.108. Mar. 2, 1937, to Houdry Process Corp. T, B. Prickett, 
British P. 456,637. 1936, to Houdry Process Corp.; Bnf. Chrm, Abs. B. 1937, 97. U. S. P. 
2.062.333, Dec. 1. 1936; Chrm. Abs,, 1937. 31. 843, Provisions for utilizing the exothermic heat of 
reaction in this process are discussed by: A. Joseph. U. S. P. 2,000.960, May 14, 1935; Chem. Abs.. 
1935, 29, 4569; J. Inst. Pet. Tech.. 1935. 21, 270A. E. J. Houdry. U. .S. P. 2.042.468, June 2. 
1936; Chem. Ahs.. 1936. 30, 4729. British P. 428.416. 1935; Brit. Chrm. Ahs. B, 1935, 616; Ckrm. 
Abs., 1935, 29, 7064; /. Inst. Pet. Tech.. 1935, 21, 270A. Also British P, 449,050, 1936; J. Inst. 
Pft. Tech.. 19.16. 22, 445A; Chem. Abs., 1936, 30, 7395. 

^ Crackinx must be limiteil during the vaporization to the extent usually effected in good topping- 
still oneration. 

“•A. Joseph. U. S. P. 2.000,960, May 14, 1935, to Houdry Process Corp.; Chem. Abs., 1935, 29, 
4569; /. Inst, Pet. Tech., 1935. 21, 270A. 
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Joseph^^^ advocated regeneration by means of a mixture of air or oxygen and 
steam. Under the conditions generally used, dissociation of the steam gives^ rise 
to the formation of oxygen and hydrogen. The oxygen thus set free adds itself 
to that of the injected air, aiding in burning the carbon to carbon monoxide and 
carbon dioxide and the sulphur to sulphur dioxide. The nascent hydropn reduces 
the sulphur dioxide to hydrogen sulphide and likewise reduces metallic sulphides 
which might have been formed in the catalytic material. 

The catalyst used in the Houdry- process must be capable of withstanding the 
repeated regeneration operations necessary. The contact material generally em¬ 
ployed is of the clay type (either natural or synthetic) and is characterized by a 
high content of silica and alumina, generally in a weight ratio of about or 4 to 1. 
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Pio, 43.'—Schematic Representation of Houdry Process. 


The clay should contain not more than 10 per cent of iron» calcium and magne¬ 
sium oxides, and particularly not more than 3 per cent of iron oxide. (The latter 
substance is thought to have a critical relation to the regenerative operations.) 
A material which was said to be very satisfactory had the following composition: 
silica, 76 per cent, alumina, 16.8 per cent, iron oxide, 1.6 per cent, calcium oxide, 
2.4 per cent, and magnesium oxide, 1.3 per cent. In making the catalyst, the ma¬ 
terial is broken up into small fragments, activated by acid treatment, moistened 
with water or oil, and then molded into a pellet and baked. Promoters, such as 
nickel, cobalt, copper, manganese, vanadium and molybdenum, may be mixed with 
the clay prior to the moistening and molding operations.' 

The preparation of a synthetic contact mass consisting of activated aluminum 
silicate and a plastic silicate, such as clay, is described by Joseph.^'* Thus. 85 
parts of activated aluminum silicate and 12 parts of argillaceous silicate of alumi- 


«»A. Jo»fph. U. S. P. 1432,217, Nov. 17. 1931. to Comptfnie internatioMle pour U fabrlcitton 
def et petrolei; them. Ab$., 1932, 26, S38; Brd. Ckfm-Abi. B, _ 

Houdry. British P. 416.025, 1934. to Houdry J^roctu Coro.; /. Inst. Pfi. Tech,. 'WJ. JO. 
►A; Brit. Ckrm. Abs. B. 1934. 1010; Chfm, Abt,. 1935. »» '220 Sw also U. S. P. 1.957.64S, 


579A; Jbfit. CHtm. Aps, n. iy 4 v. juiv; ca#fn. yiw., 

May 8. 1934; Ckem. Abs., 1934. 28. 4217; Brit. Chem. Abt. B. 1935. 214. 

»*A. Joi^. U. S. P. 1.837,971, Dec. 22. 1931. to Compagnie Internationale pour la 
det etaencet et petrolea; Ckem, Abs., 1932, 26, 1432. 
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num are slaked in cold water. Three per cent of alumina (obtained by the action 
of sodium hydroxide on aluminum sulphate) are added and the resulting material 
molded into annular pellets (7 to 8 mm. external diameter, 2.5 to 3 mm. internal 
diameter and 10 to 20 mm. in height) and dried. 

Houdry*''* has proposed a system of progressive catalytic treatments to effect 
simultaneous cracking and refining of oils. The oil is vaporized, with steam, and 
the vapors passed over adsorbent silicates at 550® to 1000®F. In a second chamber, 
the material is contacted with earthenware fragments (impregnated with nickel or 



Fig. 44.—CrackiuR Method Kni|4oyiiig: Both Catalytic and Thermal Units. 
(J. P. Daupherty, Jr.) 


cobalt oxides) at a temperature of 600-800°F. The final operation is carried out 
at 300-600®F. using an adsorptive silicate impregnated with nickel or cobalt. 

The residual oils from the Houdry treatment are best cracked in a special unit 
under separate operations, since successive recycles require differing conditions 
for best results. These residues have been found to be good feed stocks for thermal 
units, and so Daugherty^'® has suggested the incorporation of two units, the first 
of the catalytic type and the second thermal, as shown in Fig. 44. The crude oil is 
first cracked by the Houdry method and the reaction mixture fractionatecl in the 
first column to remove the gasoline portion. The bottoms from this fractionating 
tower are passed into a second tower (part of the residuum may be diverted into 
recycle stock for the catalytic system) and then into the heater of the pyrol>iic 
unit, which may be any one of the .several types mentioned previously in this chap¬ 
ter. The vapors from the reaction chamber are fed into the second fractionator 


J. Houdry. U. S. P. 1,837.96.^ Dec. 22, 1931, to CompaRnic internattonale TOur la fabrica^ 
tlon det «taences et peti^ea: CArm, Jhs.. 19.t2, 26, M34. British P. 388.189, 1933, to Houdry Process 
Corn.: Chfm Atfs.. 1933, 17. 4664; Brit. Chtm, Abs, B. 1933, 340. 

“•J. P. Daugherty, Jr., U. S. P. 2.031,591. Feb. 25, 1936, to Houdry Process Corp.; /. Intt. Pfi, 
Tfch., 1936. 18, 149A; Ckem, Abs., 1936, SO. 2361. 
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where additional quantities of gasoline are removed. In this manner, the advan* 
tages of both systems may be utilized.^*® 

Other Processes. Efforts to increase the ({uality and yield of the motor fuel 
produced by cracking have resulted in a number of variations on the procedures 
mentioned above. Lederer''^ has described the Heckmann process, in which the 
cracking operation is divided into three stages of sucessively higher, lower and 
intermediate temperature. In each unit, after the separation of the gasoline and 
asphalt the middle oil is recirculated. Giordani^^® has discussed the Carburol 
process which is held to be especially adapted to the production of asphalts ks well 
as gasolines from heavy stocks. In this method, the oil is kept in the cracking zone 
for 1 to 2 minutes, and secondary reactions are eliminated by sudden cooling. 
Smith^^® has suggested a two-stage cracking mechanism in which the vapors from 
liquid-phase operations are subjected to vapor-phase reforming. Likewise the feed 
stock may be cracked in the vapor phase at 540-675° C. and low pressure. The 
vapors from this stage are cooled by contact with fresh charging stock, and the 
latter mixture is fractionated to remove gasoline and fuel oil portions. The 
residual oil is then subjected to liquid-phase cracking .^20 Holding the cracked oil 
at a temperature slightly below that used in the cracking operation while still 
maintaining the high pressure (in order to allow polymerization of the gum forming 
substances) has also been proposed.^^i Cracking in the presence of recycled 
gaseous olefins has been stated by Sullivan'^s to improve the quality of the motor 
fuel. Dilution of the vapor with an inert gas such as nitrogen has been sug¬ 
gested.^^® 

Processes involving cracking by means of molten metal as the heating medium 
have also been proposed. Slowter, Hobart and Withrow'have stated that neither 
tin nor lead has any catalytic effect when compared to ordinary steel heat-transfer 
surfaces. However, these investigators found that the use of molten metal baths 
resulted in better heat transfer, more uniformity in temperature control, and a 
minimizing of coking on the heat-transfer surfaces. According to Garofalo,'®® oils 
may be cracked in the va})or phase by injecting the hydrocarlxm vapors into 
molten lead?^®® Govers'®^ suggests the elimination of secondary cracking reactions 
by preheating the oil to 400°C. and contacting it with molten lead at 540°C. The 

The exhatiftt Ranei from the crackinsr operation may be catalytically polymerized to form gano- 
line in unit« similar to thom* mentioned here. SuggeMion^t for this procedure have l>een given by 
E. J. Houdry. V*. .S, P. 2.0.15.478, Mar. .11. 19.16, to Hoiidrv Process Corp.; J. Inst. Pet. Tech., 
1936, 22. 261A; Ckem. Abs., 1936, 30. 3622. Also British P. 421.650, 1934; Brit. Chem. Abs. B. 

1935. 215; Chem. Abs., 1935, 29. 3819. W. F. Faragher and E. J. Houdry, Canadian P. 353,825, 
1935; Chem. Abs., 1936, 30. 2747. See a]«o Chapter 26. 

*”E. L. I.ederer, Petroleum Z., 1936, 32 (17). 1; Brit. Chem. Abs, B, 1936, 581; Chem. Abs., 

1936. 30, 7827. 

w*C. Giordani, Energia termica, 1935. 3. 138; Chim. & ind., 1935, 35, 567; Chem. Abs., 1936, 
30. 3986. 

u*A. D. Smith. U. S. P. 2,035.727, Mar. 31. 1936, to Jenkins Petroleum Proceas Co.; J. Inst. 
Pet. Tech.. 1936, 22. 261A; Chem, Abs.. 1936, SO. 3629. 

w*C. B. Wataon and C L. Smith, U. S, P. 2.037.953. April 21, 1936, to Pure Oil Co.. Chem. 
Abs., 1936. 30. 4000; J. Inst. Pet. Tech., 1936, 22. 262A. 

^ S. Tijmatra, U, S. P. 1,969.956. Aug. 14, 1934, to Shell Petroleum Corp.; Chem. Abs., 1934, 
28. 6293; /. Inst. Pet. Tech.. 1934. 20, S34A. 

*«F. W. Sullivan. Jr.. It. S. P. 2.022.221. Nov. 26. 1935, to .Standard Oil Co, of Ind.; Chem. 

Abs., 1936. so, 848; Brit. Chem. Abs. B. 1936. 777. See alto P. H. Sullivan. U. S. P. 2.017.874, 

Oct. 22. 1935. to C.afMjline Product* Co.; Chem. Abs., 1936. 30. 276; J, Inst. Pet. Tech., 1935, 21. 
456A. 

'»E. Moehrle. U. S. P. 1.963.757. June 19. 1934; Chem. Abs.. 1934, 28. 5223; /. Inst. Pet. Tech., 
19.14. 20. SOIA. See alto M. L. Chappell. U. S. P. 1,984.519. Dec. 18. 1934; Brit. Chem. Abs. B, 
1935, 1128; /. Inst. Pet. Tech., 1935. 21, 97A; Chem. Abs., 1935. 29. 920. 

^ E. E. .Slowter, F. B. Hohart and J. R. Withrow, Trans. Am. Inst. Chem. Engs., 1935, 31, 698; 

Chem. Abs., 1936. 30, 2735. 

’«R. J. (iarofalo. U. S, P. 1.948,345, Feb. 20. 1934, to Cnion Oil Co. of Calif.; /. Inst. Pet. Tech., 
\9.U ^0. 329A; Chem. Aba.. 1914. 28. 2885 

'**The use of molten metal batht in cracking It well known. See Carleton Ellia and J. V. Meiva. 
**Gatoline and Other Motor Fuelt.** D. Van Noatrand Co., New York, 1921 and Carleton Ellia, **TTi€ 
Chemistry of Petroleum Derivative*.'* The Chemloil Catalog Co.. Inc., New York. 1934. 

*»^F. X. Oovera, V. S. P. 1.971,748, Aug. 28, 1934, to In^an Refining Co., Ckem. Abs., 1934, 
28, 6560; /. Inst. Pet. Tech., 1934, 20, 579A. 
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converted oil is immediately removed from the reaction zone and cooled. The 
cracking reactions are said to occur instantaneously 

Electrical cracking has also been investigated. Fischer, Peters and Winzer '29 
have studied the effect of a high tension electric arc on liquid hydrocarbons. The 
yield of gases was about 4 times that of liquids. Hydrogen was the predominant 
gaseous product, with acetylene the principal unsaturated constituent. Peters and 
Winzer^*® have discussed the cracking of Kogasin using platinum wire and 
graphite rod electrodes. The data from these tests are incorporated in Table 32. 


Table 32 .—Cracking of Kogasin II with Graphite and Platinum Electrodes. 



Graphite 

Platinum 


Rod 

Wire 

Current, amps. . 

. 14 

36 

Power, watts. 

.... 112 

730 

Duration of test, min. 

108 

58 

Productivity, g./k.w.h. 

Products, weight % 

. . 143.5 

295.0 

Gas. 

... 853 

84.4 

Liquid. 

Composition of cracked Gas, volume % 

14.7 

15.6 

Unsaturates. 

.... 69.0 

71.6 

Hydrogen. . 

12.7 

12.1 

Saturates. 

.... 18.3 

16.3 


The products in each instance are quite similar, and consist mostly of unsaturated 


gases. Both electrodes became coated with a tight, glossy, thin layer of carbon, 
and it was thought that the actual decomposition of the hydrocarbons took place 
on this incandescent graphitic surface and not on the electrode itself. Gobert^^^ 
has obtained 35 to 40 per cent yields of acetylene by cracking heavy oils in an 
electric arc. Hydrogen, ethylene and small amounts of methane and nitrogen 
were also formed. The production of 1 cubic meter of gas (containing 40 per cent 
acetylene) from 800 g. of oil required an energfy input of 3.5 kilowatt hours. High 
boiling tars and oils may l>e cracked by heating to 200 to 500°C. under 2 to 50 
atmospheres pressure when subjected to the influence of high frequency fields.^-^'* 
Low frequency currents may also be used for this pur pose. 


Auuolizatio.v 


Aquoli/ation is a prcKress in which hydrocarbon oils are cracked in the vapor 
phase in the presence of large excesses of steam. Most procedures involving this 
method of treatment call for ratios of about 18 to 80 moles of water to 1 mole of 
oil. Using this procedure, polymerization is said to be negligible and, furthermore, 
there is substantially no coke or tar formation. However, small amounts of water 
do react with the hydrocarbons to yield aldehydes, alcohols, ketones, acids, and 
carbon dioxide. The temperature range for aquolysis is from 900 to 1300°F. and 

‘■•A. Y. Kuburnck {Ncft.. 19,L1, 4 (5). 22; Chrm. Abs., IMS, 29. 2711; Brit. Chtm. Ahs. B. 

1935, 1930) has discusjwtl tne so-called Phenylic cracking system, which uses a mixture of biphenyl 
and diphenyl oxide for heating the oil. 

>»F. Fischer, K. Peters and K. Winier. Brennstaf Chtm.. 1935. 16 (22). 421 ; /. Inst. Pci. Tech.. 

1936. Zt. 141 A. See Carleton Ellis. “The Chemistry of Petroleum Derivatives,** The Chemical 
Cataiof Co., Inc., New York, 1M4, for a discussion of electrical action on oils. 

»»K. Peters and K. Winier. BrcHnsioff Chcm.. 1936, 17. 429; Chem. Abs.. 1937. 31. 1990, 

^ Kogasin II is the high-boiling portion of the liquid hydrocarbon mixture obtained in the Fischer- 
Tropaeh process. See Chafer 52. 

“•Cobert. /. AcHytene, 1934 (92), 948; Chim. & ind., 1935, 33. 103; Brit..Chem. Abs. B. 1935, 
1052; Ckem. Abt.» 1935. 29. 2855. 

“•German P. 595.330, 1935, to Aktis A.-G.; /. Inst. Pet. Tech., 1935, 21. 420A; Chem. Abs., 
1935. 29, 8316. 

“*J. F. Walt, U. S. P. 1,979,126. Oct. 30. 1934; Chem. Abs., 1935, 29. 60; Brit. Chem. Abs. B, 
1935. 813. 
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the pressure limits usually from 70 to 1000 atmospheres. Ordinarily, pressures in 
the magnitude of 200 atmospheres are used. The time of contact varies from 0.1 
to 2 minutes, depending upon the other factors. The charging stock may be 
crude oil, fuel oil, gas oil, tars and tarry oils, shale oils and oil emulsions. It is 
desirable, however, that the water used should be soft in order that mineral matter 
will not be deposited in the apparatus. 

Ellis'^® has described one procedure (.Sec iMg. 45) in which water and gas oil 
are forced under a pressure of 3000-3500 lbs. j)cr sq. in. through a heat interchanger 
and a preheater and into the reaction chamber. In this unit, the reaction mixture 
is kept at 1000® F. for 20 seconds. The vapors leaving the reaction zone are cooled 
slightly below the critical temperature (400-500°F.) so that water separates as a 



PiffoQucrj 


Frc. 45. 

Aquolization Involving Recycling 
of Water. (Carleton Ellis) 


liquid phase. Without reduction in pressure, the converted oil is removed from 
the water, and the latter is recirculated. The product is distilled and subsequently 
refined. Conversions as high as 75 per cent to motor fuel (boiling below 430- 
450®F.) have been obtained with this procedure using 4 parts of water to 1 of gas 
oil. Ammonia may be substitutetl for water in this process. Haslam'*® has sug¬ 
gested introducing superheated steam into vaporized gas oil and recycling the 
fixed gases in the system. He also mentions the u.se of catalysts such as iodine, 
ferric chloride or the oxides of nitrogen, although this variation is generally un¬ 
necessary since the reaction velocity is ordinarily quite fast. According to Haslam, 
operations carried out at 1200®F. under 3000 lbs. per scj. in. pressure with a reac¬ 
tion time of 13.4 seconds using a mixture of 18 moles of steam to 1 mole of oil 
resulted in a yield of 72 per cent of high antiknock gasoline. The residue obtained 
from the treatment was not a heavy tarry mass, as is the usual case in pyrolytic 
cracking operations, but was very similar to the original gas oil in its appearance. 

Carleton EllU. U. S. P. 1.956.567. May I. 1934. to .Standard Oil Development Co.; CW Abs„ 
1934. 2$, 4215: Brit. Chem. Abs. B. 1935. 216; /. Imt. Pet. Tech., 1934, 20. 463A. 

R. T. Haatam. V. S. P. 1.956,573. May I. 19.14. to Standard Oil Develonment Co.; Brii. 
Chem. Abi. B. 1935, 216; Chem. Abs., 1934, 2t, 4215; J. Inst. Pet. Tech., 1934. 20, 463A. 
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White^®^ has investigated the aquolysis of emulsions of both oil-in-water and 
water-in-oil types. He reports a 92.8 per cent conversion of gas oil to motor fuel 
boiling below 435®F. by treating an emulsion containing 80 moles of water to 1 
mole of gasoline. The exemplified conditions for the aquolization were 1000®F. and 
3000 lbs. per sq. in. pressure with a contact time of 65 seconds. 

Several variations on the aquolization principle have been proposed. Foss^** 
has suggested vaporizing hydrocarbons under pressure and feeding in steam heated 
to 1200®C. The operations are carried out in a series of tubes which are provided 
with traps to discharge both liquid and gaseous products. Egloff^^® prefers to add 
a solution of magnesium chloride to the oil prior to the heating and reaction zones. 
The magnesium chloride decomposes, forming magnesium hydroxide and hydro¬ 
chloric acid. By this treatment, the sulphur content of the product is said to be 
reduced, and at the same time a partial hydrogenation and chlorination of the un¬ 
stable unsaturated compounds are effected. 

RusselF^® advocates agitating oil, water and a gas rich in carbon dioxide to 
form an emulsion. On contacting this mixture with waste gaseous products of 
combustion, the oil is cracked. By agitating oxygen with the mixture of oil and 
water and spraying the emulsion into a heated retort, cracking and partial com¬ 
bustion occur.The resulting vapors are subsequently hydrogenated to form 
gasoline. 

Materials Available for Construction of Cracking EguiPMENT 

The question of materials for the construction of the various parts of cracking 
units has been discussed by Morrell, Mekler and Egloflf.^^^ These authorities have 
pointed out that alloy steels have been in increasing demand in the cracking indus¬ 
try because of the higher operating temperatures now prevalent. To be satisfactory 
for use in these operations an alloy must possess three major properties: (1) resist¬ 
ance to corrosion of surfaces in contact with the hot oils or vapors undergoing 
treatment, (2) stability and strength at high temperatures and pressures and (3) 
resistance to oxidation and the o.xides of sulphur on the surfaces directly exposed to 
combustion ga.ses. 

Formerly, stainless steels were employed in handling highly corrosive crudes. 
However, due to the crystallizing tendency of chromium under high temperatures, 
these steels become very brittle and therefore unsafe after protracted use. Chro¬ 
mium-nickel steels were next substituted. The stability of the latter type of alloys 
with regard to heating and ccxjling has been greatly improved by the addition of 
small percentages of carbon and molybdenum. Schiffler^^® reported that alloying 
these steels with 0.05 per cent of molybdenum. 0.1 per cent of vanadium or 0.6 to 
0.8 per cent of aluminum improves the heat-resistance properties. 

White, U. S. P. 1,956.603, May 1, 1934. to Ntandard Oil Development Co.; Ckem, Ahs., 

1934, 28, 4215; /. Inst. Pet. Tech., 1934, 20. 463A; Bnf. Ghent. Abs. B, 1935, 216. Also H. O. 
Forrest, L. F. Marek and A. White, U. S. P. 2,035,120. Mar. 24, 1936. to Standard Oil Develop¬ 
ment Co.; /. /mjt. Pet. Tech., 1936. 22, 214A; Chem. Abs., 1936. SO. 3221. 

“•B. Q, P. Foas. U. S. P. 1,982,863, Dec. 4, 1934; Brit. Chrm. Abs. B, 1935, 1126; Chem. Abs., 

1935. 20, 589; /. Inst. Pet. Tech,, 1935. 21, 97A, 

“•G. Efflott, U. S. P. 1,974,301, Sept. 18, 1934, to Universal Oil Products Co.; Chem. Abs., 1934. 
28, 6993; BHt. Chem. Abs. B, 1935. 759; J. Inst. Pet. Tech., 1934. 20, S79A. A. Fisher (U. S. P. 
2,010,357, Auf. 8, 1935, to l/niversal Oil Pr^ucts Co.: /. Inst. Pet. Tech., 1935, 21, 379A; Chem. 
Abs., 1935. 29, 6419) employs ainc chloride in place ot the magnesium chloride. 

H. Rutaell. U. S. P. 1,970,771. Aug. 21, 1934. to Gas Fuel Corp.; Chem. Abs., 1934, 28, 
6224; BriL Chem. Abs. B. 1935, 759; /. Inst, Pet. Tech., 1934, 20, 578A. 

British P. 410,773, 1934, to Gat Fuel (^p.; /. Inst. Pet. Tech., 1934, 20, 463A; Brit. Chem, 
Abs. B, 1934. 790. 

_ C. Morrell, L, A. Mekler and G. Egloflf, Oi7 end Gus J., 1935, 84 (S>, 50; Chem. Abs., 
1935. 29, 7058. Sec also G. Egloff, E. £. Crandal and M. M. Doty. **The Cracking Art in 1938.*' 
Univerul Oil Products Co,, Chicago, 1986. 

"•H. J. SchtOcr, PttroUnm Z.. 1934. 10 (21), 1; J. lm$t. Ptt. T*tK, J934, 20. 421A. 
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According to Morrell, Mekler and Egloff, the resistance of alloys to oxidation is 
determined by the chromium content of the steel. Thus, the higher the percentage 
of chromium, the lower the amount of oxidation that will take place. However, the 
economical angle must also be considered so that, in general, low chromium 
pearlite steels (containing 4 to 6 per cent of chromium) to which molybdenum and 
titanium have been added to give mechanical stability and strength have found ap¬ 
plication. Dixon^^** has suggested mixing about 2 per cent of silicon with these 
steels especially for use with corrosive stocks such as sulphur-containing oils. 
Chromium steels containing less than 2 per cent nickel have also been employed.^^® 

Coating the steels with aluminum (or calorizing. as it is commonly called) has 
been used extensively to prevent corrosion and oxidation of metallic surfaces. The 
calorizing coating of aluminum is quite thin (in the magnitude of 0.005 inch ordi¬ 
narily), so that mechanical cleaning of parts protected in this manner must be 
avoided. Winkler and Feiler have suggested burning silicon or titanium into the 
metal as one method of reducing surface corrosion.'***^ Likewise, the V2A series 
of steel alloys (17 to 19 per cent chromium and 8 to 9 per cent nickel) coated 
with molybdenum have also been reported as effective in withstanding surface 
action.*^^ 

Schiffler has recommended the use of nickel-free steels for high pressure units. 
These alloys contain 8 per cent of chromium and up to 4 per cent of aluminum and 
2.5 per cent of copper. 

Cracking of Hkavy Hydrocarhon Fkachons 

Numerous investigations have been conducted with the view of obtaining motor 
fuels and other products of utility from tars and waste materials.*^** Armistcad and 
Ullrich*^ have suggested converting sludge oil into gasoline. In their method the 
heavy oil is washed with strong sulphuric acid to form a sludge, which is then 
mixed with water and gas oil in the ratio of 3 :1:2, respectively. Live steam is 
introduced into the mixture to facilitate the separation of the oil and aqueous 
layers. After settling, the hydrocarbon portion is removed and the diluent oil 
recovered by distillation. The distillation residue is then subjected to high pressure 
cracking at about 400®C. to produce motor fuel. 

Oils containing large quantities of sulphur may be treated to eliminate the 
greater part of this element prior to cracking. Stratford*®^ has proposed to refine 
materials such as a high sulphur-content gas oil or reduced crude oil of paraffin 
base by solvent action. Thus, extraction of the oil with phenol was found to 
remove most of the .sulphur. The gasoline obtained by cracking oil purified in 
this manner is said to be of very low sulphur content and may be refined readily 

S. Dixon. U. S. P. 1,950,786, Mar. 13, 1934. to Tfxai Co.; Chem. Ahs., 1934, 28. 3576; 
Brit. Chcm. Ahs. B. 1935. 180. 

*-‘Briti»h P. 404.984. 1934. to I. G. Farbenind. A. C.; /. Inst. Pet. Tech., 1934. 20. 333A; Brit. 
Chem. Abs. B. 1934. 310. 

^•F. Winkler and P. Feiler, V. S. P. 2,018.619, Oct. 22. 1935. to I. G. Farbenind. A.-G.; /. Imst. 
Pei. Tech., 1935, 21. 457A. British P. 403,647. 1933; Brit. Chem. Abs. B. 1934. 310; J. Inst. Pet. 
Tech.. 1934, 20. 327A. 

M^Britiib P. 408,691, 1934. to I, G. Farbenind. A. G.; Chem. Abs., 1934, 28, 5467; Brit. Chem. 
Abs. B, 1934, 615. 

J. Scbifler, German P. 622,683, 19.15; Chem. Abs., 1936. 20. 3628. 

l^loB (Trmts. Fuel Conference, World Power Conference, London (J92i), 1929. I, 763; 
Chem, Abs., 1929, 21. 4808) haa difKruaaed thia matter quite comprehenaively. aummaririne the r^* 
Mtlta otKalfi^ in crackinf petroleum oila. coat oila. ahale oila. bituminoua tara and aaphalta. wood 
tara, vefetable oila, fiah oila and peat olta. 

ArmiaCead. Jr., and W. Uttrich, U. S. P. 2.005.309, June 18, 1935, to Texaa Co.; Brit. 
Chem. Abs. B, 1936. 534; Chem. Ahs.. 1935. 2f. 5260; /. fust. Pet. Tech., 1935. 21. 310A. 

. lAg, g. Stratford. U. S. P. 2,007.114, July 2, 1935, to Sundard Oil ^vttopment Co.; J. fmst. 
Po0, Tech., 1935, 21. 379A; Chem. Abs., 1935, 29. 5645. 
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by means of solid adsorptive catalysts of the clay type.^*^^ Pelzer prefers to dis¬ 
perse a desulphurizing agent such as lime or copper oxide in the crude oil and 
subject the mixture to distillation under pressure.^®^ 

The cracking of sapropelite tar at 454®C. and 52 atmospheres pressure is re¬ 
ported to give a gasoline with an initial boiling point of 35 to 40®C.^®^ The par¬ 
affinic fractions of peat tars have been found to give a yield of 30 to 33 per cent 
motor fuel in a single vapor-phase cracking operation.^*® Coal tars have been 
cracked using both vapor-'®® and mixed-phase'®^ operations, although, in the latter 



Courtesy The Texas Co. 

Fic. 45A.—De Florez Cracking Unit. 


case, according to Rapoport and Kaftanov,'®® the high yield of coke (about 40 per 
cent) from certain types of coal tars is objectionable. Gasoline, kerosene and coke 
are recovered from these tars.'®® The cracking of coking still distillates,'®® shale 

^*7; /. Inst. Pet. Tech., 1934, 

< nu * Ahs.f 1934, Zt, 7491) hat dUcutaed methods of purification of cracked distillates. 

• dihCusHion of refining by means of clay adsorbents. (1. Eeloff (V S P 
2.009,log July 23. 1935. to lTniver«al Oil Products Co.; Ckem. Abs.. 1935. 29. 6041; /. Inst Pet' 
I' Morrell and G. Efloff <U. S. P. 2,000,410, May 7, 1935. to Uni- 
Ca; Che^ Abs., 1935, 29, 4166) have sunested improving the quality of cracked 
OMimes by titt addition of aromatic hydrocarbons and amines. L. Boulanger and F. Emsens 
'W6: Britfsh P. 404,571, 1934; /. Inst. Pet. 1934, 20, 3Ta? 

Brit. Chem. Abs. Bj 1934, 310; Ch^. Abs., 1936, SO, 1551) have proposed to re- 
^ JV**" ^ mixing the oil vapors with oaone and oxides of nitrogen. 

» »» s*"***" 

BupaporX and V. I. Karihev, Khim. Tverdogo Topliva, 1931. 2 (3). 22; 

1934, 29f 5634* 

w A * K* G'***”**'- Sot^l^. Rekonstruktwiya • Nf»uka. 19S5 (2), 168; Chem. Abs., 1935, 29. 8291 
I-o«ovoi and E. A, Poshtltxeva. Akim. Twdogo TopKva, 1932, S, 389; 

w 5965. 

P^# “r AoWe, ErdoH, Teer, 1935, 11, 80; Ckem. Abs., 1935, 29, 8291; /. Inst 

iMf 5:» 1935, 21, 169A. 

*•» 5965** Kaftanov. Khim. Tx*erdogo Toptiva, 1932. S, 808; Ckem. Abs., 1934, 
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residuum waste rubber^®® and lignite^®^ have also been investigated 

as sources of motor fuels. 

The production of motor fuels by the vapor-phase and catalytic cracking of 
vegetable oils was studied by Koo and Cheng.^®® Vapor-phase cracking of rapeseed 
oil at 1000®F. yielded 70 per cent of a crude oil, of which 40 per cent boiled below 
200®C. Soybean oil, cottonseed oil and China wood oil (tung oil) gave analogous 
results. Using sodium hydroxide as a catalyst, at 800® F. rapeseed oil formed 
about 56 per cent of a crude oil, slightly more than half of which boiled in the gaso¬ 
line range. A kerosene fraction may also be obtained from the crude oil, and by 
mixing the crude with the vegetable oil, fuel oils stated to be of the Diesel type 
result. 


Cracking of Miscfxlaneous Stocks 


As has been mentioned previously, although the formation of gasoline from 
higher boiling oils is the chief aim of cracking processes, it is not the only end to 
which this type of operation may be extended. Numerous applications of the 
cracking reaction with respect to stocks other than those ordinarily employed will 
Ihj considered here. 

Pyrolysis of a cracking gas (containing 48.6 to 66.7 per cent by weight of reac¬ 
tive hydrocarbons) freed of gasoline fractions has been investigated by Pletnev.'®® 
By cracking at 5 atmospheres pressure and 625®C. the reactive hydrocarbon content 
of the exit gas was reduced to 21.2 per cent and at higher temperatures (680°C.) to 
as low as 1.5 per cent (by weight). Best results were obtained at 660®C. yielding 
a motor fuel with an octane number of 99. 

Kanep*®^ studied the cracking of aviation gasoline (boiling range 65® to 100®C.) 
freed from pentanes, a naphtha fraction (naphthene base, b.p. 95® to 110®C.) and 
cyclohexane at temperatures of 650®, 700® and 750®C. The gases obtained by 
cracking the gasoline and cyclohexane at 700®C. contained 4.5 and 7.4 per cent 
butadiene, respectively. .Ethylene, propene, benzene and toluene were formed in 
the pyrolysis of the gasoline and the naphtha fraction. However, with cyclohexane 
both propene and toluene were absent from the reaction pro<lucts. Kanep attributes 
the high yields of ethylene (20 per cent) observed in the decomposition of the 
gasoline to the rupture of 5-menibered rings. 

Candea and Kiihn^®® found that by cracking a gasoline fraction (distilling be¬ 
tween 35® and 150®C.) at 600®C. a yield of 52 per cent of gas and practically no 
liquid resub A, By thermally decomposing this material at slightly lower tempera¬ 
tures (550®C.), the olefinic content of the liquid was increased from 7 per cent to 
36.5 per cent and the aromatics from 10 to 15.5 per cent. Likewise, cracking 

^T. MizcMhtta and M. Umo, /, Soc. Chem, Ind., Jat>an, 1935. 3S, 248B; Brit. Chem. Abt. B, 
1935. 934; Chrm. Ahg.. 1935. 29, .^743. A. Finhrr and J. C. Morrell, J.S.C.I., 1933, 52. 228T; 
Chem. Abs., 19.34. 28. 215d; Brit. Chem, Abs. B, 1933, 849. 

wiR. E. Biirk. IT. S. P. 1.963.517, June 19. 1934, to Standard Oil Co. of Ohio; Chem. Abs., 

1934. 28. 5222; Brit. Chem. Abs. B. 1935, 344. See alio K. J. Smith and H. V. Smith. U. S. P. 
1.916,026, June 27. 1933, to Shelly Oil Co.; Brii. Chem. Abs. B, 1934, 309; Chem. Abs., 1933, 27, 
4657. 

M*T. Kato and H. Sameahima. /. Soc. Chem. Ind. Japan, 1935, S8. 596B; Chem. Abs., 1936, SO. 
2041; Brit. Chem. Abs. B, 1936, 161. 

F. Mirhot Omwnt. V. S. P. 1.981,614. Nov, 20. 1934, to Phyaical Chemiatry Rraearch Co.; 
Brit. Chem. Abs. B. 1935. 983; Chem. Abs.. 1935, 29. 582. 

C. Koo and S. Cheng. Chinese Industry. 1935. 1. 2021; Chem. Abs., 1936. SO. 837. See 
alao K. Ping. /. Chinese Chem. Soc., 1935. 8. 281; Chem. Abs., 1935. 29. 7683; Brit. Chem. Abs. B. 

1935, 980 and G. Gallo and R. Correlli. Atti conffresso nas. ehim, pura appiicata, 192S, 257; Chem. 
Abs.. 1924. 18. 2594; J.S.C.I., 1924, 48. 458B. 

*«K. N. Pletnev, Plotosti hleftererabotki, 1936. 8 (7). 1; Chem. Abs., 1936, 80. 6929. 

^E. K. Kanep. Materials on Cracking and Chem. Treatment of Products Obtained, Khimteoret 
(Leninprad), 1935, 2, 74; Chem. Abs., 1935. 29. 5640; BHt. Chem. Abs. B, 1936, 484. 

*•£. Candies and J. KOhn. Bull. sH. eeole pMytech. Timisoara, 1934, 5, 97; J. Inst. Pet. Tech., 
1934, 20, 446A: Chem. Abs., 1935, 29, 8304. 



CRACKING PROCESSES AND SOME OF THEIR PRODUCTS 137 


keri)sene at 650®C. caused the olefinic constituents to increase from 6 per cent to 
40 per cent, while the percentage of aromatics in the liquid increased from 14.5 to 
20.5. However, under the latter conditions 71 per cent of the kerosene decom¬ 
posed to gases. At higher temperatures with long periods of contact and catalyst^ 
(such as a mixture of nickel, iron, manganese and calcium oxides) these investi¬ 
gators show that complete dissociation to carbon and hydrogen may result. The 
catalytic cracking of Rumanian kerosene (b.p. 150-300®C.), containing 16 per 
cent aromatics, 5 per cent unsaturates and 79 per cent paraffins and naphthenes, 
was investigated by Candea and Sauciuc.^^® In the temperature range of 450- 
770®C. the maximum yield (49 per cent) of low-boiling hydrocarbons was obtained, 
using activated carbon as catalyst. With increasing conversions to the lower 
hydrocarbons, the proportions of olefins and aromatics in the liquid formed also 
rose. Aluminum silicate especially promoted the production of highly aromatic 
liquids. Metallic catalysts, such as nickel, however, increased the formation of 
gases. Kanep*^^^ has py roly zed various kerosene fractions at 700® C. His results 
indicate that the aromatic content of the cracked liquid decreases with the in¬ 
creased boiling range of the fraction. Thus, the percentage of aromatics produced 
by cracking the various fractions at 700®(\ are: 

I'raetim Aromatics 

Below l.SO'C. 20.9% 

150-2 lOX. 15.6% 

210.270‘^C. 12% 

270-300®C. 12% 

In the first of these fractions (that boiling below 150®C.), the quantity of benzene 
formed was greater than that of toluene ; however, this condition was reversed in 
the other fractions. According to Kanep, the yields of aromatics obtained in the 
cracking of kerosene distillates are dependent upon the type, the lighter kerosenes 
giving the highest conversion. 

Ex|)€rimcnts on the pyrdysis of cylinder oil (sp.gr. 0.92) have also l)een con¬ 
ducted by Kanep.*Although the oil was relatively stable at low temperatures, 
at 6(X)®C*. it yielded 83 per cent of vapors. Decomposition was mainly into hydro¬ 
gen, methane and carbon, with but small quantities of olefins. The yield of buta¬ 
diene at 650®C. was only 2.5 per cent. Benzene and toluene were produced in about 
the same molar ratio. However this is attributed to the highly cyclic nature of 
the oil. 

D’yakova and Petrov*^2 investigated the thermal stability of a number of 

the higher naphthenes in cracking processes. Synthetic decalin, bicyclohexyl, 
methylisopropylbicyclononane and amylcyclohexane were cracked under ordinary 
pressure in an atmosphere of nitrogen. Naphthenes, isolated from Grozny non-par¬ 
affin oil and from products of olefins cracked under pressure, boiling within the same 
ranges as the al>ove-mentioned cyclic compounds, were also cracked under the same 
conditions. From the yield and nature of both the liquids and gases obtained in 
these treatments, D’yakova and Petrov believe that the naphthenes of the Grozny 
oil are more closely related to the monocyclic naphthenes with a long side chain 
rather than to the bicyclic naphthenes of the type of decalin and bicyclohexyl. 

C. Ciindea and L. Sauciuc. Bull. set. ecote poiyiech. Timosotra, 1935, 6 (1*2), 91; Cktm. jibs., 
*936, SO. 2734. 

E. K. Kanei>. Materials on Crackina am4 Chem. Treatment of Products Obtained, Kkimteoret 
(Leninifrad), 1935, 2. 71; Cktm. Abs., 1935. 29. 5640. 

E. K. Kanep. Materials on Cracking and Ckem. Treatment of Products Obtained, Kkimteoret 
(Leningrad), 1935, 2. 90; Ckem. Abs., 1935. 29, 6030; Brit. Ckem. Abs. B. 1936. 676. 

K. DValeova and A. D. Petrov, /. Cen, Ckem. (U.S.S.R.), 1933, 3. 679; Ckem. Abs., 
*934. 21, 3567. 
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Table 33. — Yields of Products and Gas Analysis from Vapor- 



Gasoline 

Naphtha 

Kerosene 

Distillate 


Midcon¬ 

tinent 

Midcon¬ 

tinent 

Midcon¬ 

tinent 

California 

1 2 

Temperature, ®F. 

. 950 

975 

950 

950 

950 

Pressure, Ibs./sq. in. 

400 

750 

400 

500 

500 

Yields: 

Gasoline, % of charge. 

76.8 

52.0 

70.6 

72.3 

61.5 

Octane number of gasoline, 

C. F. R. method. 

88 

104 

82 

80 

83 

Residue (liquid), % of charge . 

6.8 

6.0 

14.6 

9.7 

14.7 

Gas and loss, % of charge. 

16.4 

43.0 

14.8 

18.0 

23.8 

Gas, cu. ft./bbl. charge... 

. 483 

1182 

694 

636 

625 

Gas analysis, % by volume: 

Methane -f uncondensables.... 

56.0 

60.2 

53.0 

50.4 

73.0 

Ethylene. 

3.6 

4.0 

4.4 

3.4 

2.7 

Ethane. 

18.6 

8.2 

20.6 

11.1 

11.5 

Propene. 

9.5 

5.2 

7.0 

17.8 

5.6 

Propane. 

5.1 

10.5 

8.7 

6.6 

3.2 

Butenes. 

1.2 

5.1 

19 

7.6\ 

2.61 

Butanes. 

2.4 

3.4 

3.1 

- / 

- / 

Butadiene. 

12 

— 

— 



Pentane and higher. 

2.4 

3.3 

9.1 

1.8 

0.5 

Acetylene. 

— 

— 

— 

1.3 

0.9 

Total unsaturates. 

15.5 

14.3 

13.3 

— 

— 

The cracking of Grozny paraffin (m.p. 

sa-z-c.) 

has been 

studied by 

Katz- 


This material was fairly stable at 600>640®C., only small amounts of 


benzene (CeHo) being formed. At 650®C., however, more than 65 per cent of 
the paraffin was converted into gases (principally ethylene and propene). In addi¬ 
tion, a 2.5 per cent yield of butadiene and a large yield of l^enzene but only a small 
amount of high boiling fractions were obtained under these conditions. The effect 
of the pressure of different gases on the cracking of solid paraffin wax has been 
noted by W^instein.^^^ At 440®C. under a pressure of 70 to 80 kg. per sq. cm. of 
nitrogen, the cracking of high molecular weight saturated hydrocarbons resembles 
closely the analogous reaction carried out with the same substances under reduced 
pressure. When hydrogen is substituted for nitrogen under the same conditions 
of temperature and pressure, much less decomposition occurs as is evidenced by the 
gases evolved and the quantity of liquid boiling below 230®C. Weinstein concludes 
that the effect of hydrogen is specific and is not common to gases which in general 
arc classed as inert. The effect of the pressure of hydrogen on the production of 
cyclic compounds in cracking Rangoon paraffin wax at high temperatures has been 
discussed by Waterman, Lccndcrtsc, Adam and van Vlodrop.^^® When the paraffin 
was cracked thermally, in the absence of hydrogen, the average number of rings 
produced per mole of wax was 1.6 to 1.7. Under high pressure of hydrogen^ 
however, the average number of rings formed per molecule of wax decomposed was 
reduced to only 0.4 to 0.5. Using hydrogen in the presence of nickel or kieselguhr, 
the ring formation was completely prevented.^^* 

V. Kaiziiuiii« Motrriali on Cracking and Chem, Treatmeni of Productt Obtained, Kkim- 
teoret (Leningrad), 1935, 2, 93; Chem. Abs., 1935, 29. 6031; Brit. Ckem. Abs. B, 1936, 676. 

Weinztdit. MiH, KoMenforscknngtinti. Prog, 1933, 1. 437; Ckem. Abs., 1934, 21. 5972; 
Brit. Ckem, Abs. B. 1934, 22$, 

»» H. I. WtsermAfi. J. J. Lecfidcrtte. L. Adam and C. van Vlodrop, J, Inst. Pet. Tech., 1935, 
21, 959; Chem. Abs., 1936, SO. 2738: J. Inst. Pet. Tech., 1936. 22. 19A. 

*** For partktilara on brdrofcnation of jpctrolcum ate Carlaton Ellla, ^'Hydrogenation of Organic 
Stibftancea.^D. Van Noitrand Ok, Inc., 1910. 
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Liquid Phase Cracking Tests on Various Petroleum Tractions. 


Heavy 
Naphtha 
and Lt. 


Gas Oil 

Calif. 

Calif. 

—Gas Oils— 

Coastal 

East 

Texas 

Topped 

Midcon- 

tinent 

Crude Oils 
Somer¬ 
set 

Crudi 

Mt. 

Pleasant 

i Oils 

Refugio 

950 

950 

910 

950 

950 

925 

935 

930 

400 

350 

400 

350 

250 

250 

350 

350 

70.7 

63.2 

60 4 

60.4 

63.4 

69.4 

69.5 

60.1 

78 

79 

89 

74 

72 

73 

62 

89 

15.5 

28.2 

21.6 

26.2 

23.5 

0.0 

20.0 

31.3 

13.8 

8.6 

18.0 

13.4 

13.1 

30.6 

10.5 

8.6 

570 

495 

460 

489 

531 

794 

307 

382 

46 8 

44.8 

52.1 

39 2 

39 4 

41.3 

26.0 

60.4 

3.4 

4.0 

3.1 

3.9 

4.7 

4.3 

4.8 

6.2 

18.0 

16.2 

15.8 

21.0 

19.7 

21.6 

16.8 

13.4 

13.5 

14.2 

8.7 

7.4 

9.5 

15.4 

23.3 

7.1 

5.7 

7.4 

9.5 

16.2 

12.0 

6.2 

5.4 

6.2 

2.2\ 

6 0\ 

8.0\ 

2.6\ 

3.0 

4.1\ 

17.8\ 

2.4\ 

4.1/ 

- / 

- / 

2.3/ 

4.1 

3.1/ 

- / 

- / 

1.6 

4.0 


4.2 

1.9 

1.7 



4.7 

3.4 

2.8 

3 2 

3.6 

2 3 

5 4 

3.3 

— 

— 

— 

— 

— 

— 

0.5 

0 9 

20.5 

22 2 

— 

24 9 

21.2 

25.5 

— 

— 


Products of Commercial Cracking Processes 


The products obtained in commercial cracking processes may broadly be classi¬ 
fied as gases, liquids and coke. Both the quantity and composition of all three of 
these substances vary considerably, depending not only upon the operating conditions 
of temperature, pressure and, heating time, but also upon the charging stock and 
type of plant. Because of the enormous scale upon which cracking is conducted 
and, furthermore, because of the increasing demand for higher quality gasoline, a 
knowledge of the composition of the hydrocarbons formed in the cracking reactions 
is very important. Unfortunately, because of the complexity of the problem of 
determining the almost innumerable constituents of these resultants, complete in¬ 
formation is not on hand. However, from the general trend of the data available, 
the composition of these cracked petroleum hydrocarbons may be roughly in¬ 
dicated.'^^ 


Co.MFOSlTION OF CraCKED GaSES 


The factors determining the amount and composition of gases formed in crack¬ 
ing are the four fundamental variables;- temperature, pressure, time and composi¬ 
tion of feed stock. Egloff and Morrell'^® have studied the cracking of various oils 
in the commercial production of gasoline from the viewpoint of gas formation and 
gas composition. Their tests were made using a vapor-liquid phase system with 
operating conditions of 250 to 750 lbs. per sq. in. pressure and temperatures ranging 
from 875-975®F. (468-524®C.). The feed stocks included Midcontinent gasoline, 
naphtha and kerosene, California kerosene, mixed heavy naphtha and light gas oil 


Carltton EllU, **Thc Cheroiat*-^ of Petroleum Derivetlvei,” The Chemical CaUlof Co.. 
York. 1M4. 

B 2; Woff ftiMl J. C. Morrell, /arf. Eng. Ckm., 1934, W, 940; Ckem, Abs., 1934, W. 6988; 
Bn#. Chem. Abe. 1 . 1934, 1044; /. /iw#. Pet. Tech,, 1934, 20. 527A. 
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and gas oil, Coastal and East Texas gas oils. Midcontinent and Somerset top])ed 
crudes and Mt. Pleasant and Refugio crude oils. The resultants in these cracking 
operations were gasoline (from 52 to 76.8 per cent of the charge), flashed liquid 
residue (up to 47.1 per cent of charge), and gas (from 164 to 1182 cu. ft. per 
barrel of oil). In the case of the Somerset topped crude, however, the cracking 
was allowed to go to gasoline, gas and coke. The conditions of these tests, yields 
and gas analysis are included in Table 33. In every one of tlicsc tests, it will be 
noted that methane and other uncondensablc gases formed the bulk of the gas. 
The other principal constituents in the descending order of amounts produced are 
ethane, propene, propane and ethylene. The quantity of acetylene obtained is quite 
small. 

Markovich'*^® has correlated data on the composition of the gases obtained in 
vapor<liquid and vapor-phase cracking as well as cracked gases from petroleum 
stills. Although the composition of the exit gases varies greatly with the operating 
conditions (especially in mixed-phase processes), Markovich states that these aver¬ 
age values (as given in Table 34) are fairly representative. Thus the diflferentia- 


Taule 34 . — Average Composition of Cracked Cases. 



Liquid-V'apor 

Vapor 



Phase 

Phase 

Siill 

H vdrogen. 

3 

9 

12 

Methane. 

. 50 

28 

1 

Ethane. 

17 

14 

,S6 

Propane. 

. 10 

.3 

Butane. 

5 

1 

J 

Higher paraftins. 

Ethylene. 

2 

20 

0 4 
16 3 

Propene. 

9 

15 

9 0 

Butene. 

. 4 

5 

1 6 

Isobutene . . . . 

... 

3 5 

2 4 

Butadiene. 

. 

1 5 

1 6 

Higher olefins. 

. — 

__ 

1 2 


tion he makes between vapor-phase and mixed-phase cracked gases is that the for¬ 
mer are of high ojefinic content (about 45 per cent) whereas the latter are prac¬ 
tically paraffinic (about 72 per cent total saturated hydrocarbons). The nature of 
the cracked gas from the distillation operations and that from vapor-phase cracking 
are quite similar. 

Vapor-phase cracking with specific reference to the gases formed has also been 
investigated by Otsuka.^**® His experiments were carried out with gas oil at tem¬ 
peratures of 550-750®C. and pressures of about 720 mm. At 550°C., neither hydro¬ 
gen nor methane was produced, however as the temperature was increased, the 
formation of hydrogen increased at a fairly rapid rate while that of methane in¬ 
creased very rapidly. Ethane, propane, ethylene and propene and smaller amounts 
of n- and isobutene were present in the gas formed at low temperatures. The 
maximum value of the fraction (mainly butenes) was obtained by cracking at 
600®C., at which temperature the ethylene formation was a minimum. 

Nature of Liquid Products of Cracking Reactions 

As might Ik? cx|)cclcd, the com|>osition of the licjuid products also varies greatly 
with the conditions of cracking. Thus, Otsuka’^’ has shown that in vapor-phast* 

M. B. Marfcovtcb, MateriaU on Croekina and Chem. Treatment of Products Obtained, Coskim’ 
tekkiadat (J^ingrad). 193J, 1. 38; Ckem, Abs., 1935, 29, 2712; Brit, Chem, Abt. B. 19.15, 1030. 
See also M. KapelntahnikoT, Aeer, Nefi. Khoa., 1933 (6-7). 138; Chem. Abs., 1934, 28, 7499. 

»*♦ H. Otxoka. J, .So*-. C*^em Ind., tooon. 19.14. 37. 1H3 fund »; 19.15. 38 .105 rSmui!. 

bind.); Chem. Abe., 1934, 28, 5644; 1935, 29, 6744; BrU, Chem. Abs. B. 1934, 707; 1935. 886. 
/. Pnet Soc, Japan, 1936, 15 (165), 59; /. Insk. Pet, Tech,, 1936, 22, 504A. 

(Hrakt, toe. cU, 
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cracking in the range of 550-700® C. (1020-1290® F.), the sum of the weight per¬ 
centages of aromatic and olehnic hydrocarbons remains almost constant. At 
750®C., however, dehydrogenation of the naphthenes and decomposition of the par¬ 
affins to form aromatics become predominant. 

The relationship between antiknock rating (expressed as the octane number) 
and the structure of the hydrocarbon has been discussed by Kaplan and Forney.'®^ 



Conrtt’sy S'ntional i^ctrulcum 

Imi;. 4/>. —Relationship Between Antiknock Proj)ertics and Boiling Points of 
carbons. (W. Kaplan and W. F.. Fomey) 


Hydro- 


Fig. 46 shows the relation between the critical compression ratio [a function of 
the antiknock value*®®] and the boiling points of the various classes of hydro¬ 
carbons with isooctane as standard. Thus, the lower paraffins possess good anti¬ 
knock qualities, but this property drops off in the higher members of the series. 
The olefins as a class possess better antiknock qualities than the paraffins, but, in 
this case, their stability is a factor which must also be considered. The naphthenes 
allow the use of higher compression ratios and at the same time are stable chemi¬ 
cally. The higher lx>iling members of all three of these series are very much 
inferior in their detonating characteristics to isooctane. The aromatics, however, 

W. Ktplan and W. E. Fomey, Nat. Pet. Newt, 19J6, 2t (2«), 35; Chtm. Abs., 1936, 30, 6175- 
J. Imtt. Pet Tech.. 1936, 22, 448A. 

Chapter 44 for a di^usiiion of this relationship. 
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are characterized by an exceptionally high antiknock rating, exceeding even that 
of isooctane. Despite this quality, Kaplan and Forney state that motor benzol 
(which contains principally benzene) is undesirable in itself as a motor fuel because, 
due to its narrow boiling range, it does not allow smooth motor operation under 

Table 35.— Composition of Cracked Gasolines. 


Operating Conditions: 

Temperature, ®F. 

Pressure, Atmospheres. 

Yield of Gasoline, % 

0:tane Number of Gasoline. 

Initial B. P., °F. 

End B. P., "F. 

Composition of Gasoline, 

Paraffins. 

Olefins. 

Naphthenes. 

Aromatics. 


Reforming Straight-Run 
Gasoline 


k^apor-Phase 

Mixed-Phase 

Cracking* 

Cracking*’ 

1060-1080 

930 

1.5-3.0 

53 


65-70 

110 

80 

— 

117 

— 

392 

2 

33-34.6 

20 

19.3-25.6 

5 

18.1-20.9 

73 

28-28.9 


Cracking Gas Oil 
Vapor-Phase Mixed-Phase 


Cracking"^ 

Cracking** 

1050 

750 

15 

18 

51.6 

32.6 

133 

_ 

399 

— 

0 

58-62 

4.8-8.6 

15-20 

0-9.8 

0-8 

85.4-91.4 

13-20 


• I. Andreev. Seft.. 1934. 5 (5). 9; J. Inst. Pet. Tech.. 1936. 22. 260A. 

L. A. Aleksandrov and P. A. Sentxov, I^eft. Kko%.. 1934, 26 (io), 32; Foreign Petroleum Tech., 1935. 3, 
73; Ckem. Abs., 1935. 29, 2712; Brtt. Chem. Abs. B, 1935, 1030. 

• W. Kaplan and W. E. Forney, loe. cit. 

• E. Berfand W. Dienst. Petroleum Z.. 1933. 29 (32). 1; Ckem. Abs.. 1934. 28, 301; Brit. Ckem. Abs. B, 
1933. 900. 


constantly varying conditions.Furthermore, benzene possesses too high a freez¬ 
ing point. Thus, it will be seen that the octane number alone does not determine 
the usefulness of a cracked product as a motor fuel.^®*’^ 


Table 36.— Effect of Type of Charging Stock and Operating 


Analysis of Charging Stock: 

Gravity, ®A.P.Y. . 

Initial B.P., «F. 

End B.P., ‘^F. 

Composition, %: 

Unsaturates. 

Aromatics. 

Naphthenes and Paraffins. 

Cracking Conditions: 

Average Reaction Temperature, ®F. 

Time of Contact, sec. 

Products Formed: 

Gasoline, %. 

Gravity, ®A.P.I. 

Coke, llw./bbl. 

Gas, cu. ft./bbl. 

Composition of Gasoline, %: 

Unsaturates. 

Aromatics. 

Napthenes. 

Paraffins. 


Naphtha Distillate 

55.2 

254 

407 


3.9 

0.1 

96.0 


900 

1000 

68 

63 

72 8 

69 7 

54.5 

55.5 

None 

0.32 

None 

632 

7.8 

20.1 

9.4 

13.6 

82.8 

66.3 


1100 

1200 

59 

56 

32.2 

20.9 

48.7 

41.2 

0.38 

2 4 

1800 

2320 

34.7 

36.1 

36.5 

63.9 

5.8 


23.0 



this respect, B. K. Tarasov and V. P. Govakov (CroMnenskii Seftyanik, 1934, 4 (6-7), 33; 
Ckem. Abs., 1935, 29, 2716; Brit. Chem. Abe. B, 1935, 1030) have shown that mixed-phase cracM 
gasolines give a very irregular octane equivalent curve on being broken up into 5*C. tractions. 

^ C$. G. Brown and S. C. Singer. Tr. (Nat. Pet. News, 1934, 26 (23). 21; Oil and Gas /.. 1934, 
39 (10), 80; Brit. Chem. Abs. B, 1935, 212; Chem. Abe., 1934, 28, 6990) have stated that gaaotine 
mileage depends upon the heating value per gallon rather than the octane number. According to 
G. Egloff (Reiner, 1935, 14, 8306; Chem. Abe.. 1935, 29, 8306) cracked fuel contains about 5 per 
cent more B.t.u. per gallon than the corresponding straight-run fuels. 




























CRACKING PROCESSES AND SOME OF THEIR PRODUCTS 143 


Table 35 shows the composition of various cracked gasolines and the conditions 
under which they were produced. The low yields of paraffins and naphthenes and 
high yields of aromatics both in reforming straight-run gasoline and in cracking 
gas oil in vapor-phase processes are characteristic. 

The researches of Morrell and Eglofif^^® on the effect of cracking on the group 
composition of hydrocarbon distillates are summarized in Table 36. The feed 
stocks varied from non-aromatic (Pennsylvania naphtha distillate) to high aromatic 
(pressure distillate bottoms derived from Midcontinent crude oil) in character. 
The kerosene distillate and straight-run gas oil were also derived from a Midcon¬ 
tinental crude oil. Cracking operations were carried out in the vapor-phase with 
temperatures ranging from 900° to 1300°F. (480-705°C.). From the data it will 
be seen that an increase in the reaction temperature causes an increase in the 
aromatic and olefinic content of the gasoline formed from all of the charging stocks. 
At the same time, the coke and gas production also rises with elevation in tempera¬ 
tures. Above 120()°F\ paraffins and naphthenes are entirely absent in the cracked 
hydrocarbons. 

Zelinskii and Levina'”^ have stated that gasolines produced by vapor-phase 
methods have a total cyclic content (naphthenes and aromatics) of twice that of 
products from mixed-phase operations (70 to 80 per cent and 30 to 40 per cent, 
respectively). Butkov and Ostrovai'^^ obtained a 14.5 per cent conversion to 
gasolines of an aromatic content of 94.3 per cent by cracking Baku gas oil at 
675°C. (1250°F.) and atmospheric pressure. These investigators stated that by 
recycling the residual oil, both the yield and aromatic content of the motor fuel 
may be increased. 

The low temperature carbonization of Barzass sapropelites is reported by 
Kuruindin and Ivanov^^-* to result in a high octane number gasoline. The product 


Conditions on Gasoline Produced in Vapor-phase Cracking. 
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J. C. Morrell and G. ErIoAP. paper presented before the Petroleum Division of the American 
Chemical Society. Pittshurgh Meeting, Sept, 7-11, I9.t6. 

N. D. Zeiinakii and R. Y. Levina, Neft, Khoae., 1935, 26 (9), 47; Foreign Petroleum Tech,, 

1935, 3. 177: Ckem. Abs^ 1935, 29. 4927; Brit. Ckem, Abs, B, 1936, 403. 

A. Butkov and E. Y. Ostrovai. f/eft. Kkoe„ 1934, 26 (2). 40; Ckem. Abs., 1934. 28. 7499. 

K. S. Guruindin and I. I. Ivanov, Knim. Tverdogo To^Hvo, 1932, 3, 701; Ckem. Abs,, 1934, 

88. 5633. 
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is predominantly olefinic (44 to 48 per cent). The proportions of the other types 
of hydrocarbons are paraffins, 25 per cent, naphthenes, 5 per cent, and aromatics, 
22 to 26 per cent. 

CiiKMicAi. Constituents of Liquid Pkoducts of Cracking 

The individual hydrocarbons present in gasoline are extremely numerous and 
vary with the methods used in cracking the original stock. Moor and Katzman'®^ 
investigated the low-boiling fraction (30 to 45®C.) obtained by the distillation of 
a gasoline produced by vapor-phase cracking at 570®C. This fraction consisted 
principally of isomeric pentenes, of which trimethylethylene (2,2-dimethylpropenc) 
and possibly small amounts of w«.fym.-methylethylethylene (2-methyl-1-butene) 
comprised 17 per cent and 2-pentene and 1-pentene totaled 42 per cent. In addi¬ 
tion, 6 to 8 per cent of cyclopentadiene, 10 to 12 per cent of isoprene <2-methyl- 
1,3-butadiene) and 3 to 7 per cent of piperylene (1,4-pentadiene) were also be¬ 
lieved to be present. In this connection, it is interesting to note that Kazanskii, 
Plate and Artyunyan^”^ obtained approximately the same results in their examina¬ 
tion of the liquid residue remaining from the distillation of butadiene obtained by 
cracking kerosene. The portion of this residue boiling between 30® and 52®C. 
(atmunting to 3 per cent of the total) was a mixture of pentenes, piperylene, and 
possibly isoprene. The other identified components of the residue were: benzene, 
55 per cent: toluene, 9 per cent; and cyclopentadiene, 12 per cent. 

Potolovskii and Prozumentik'®- have analyzed gasoline recovered from cracked 
gas and report the following constituents, in per cent: butane and butenes, 10: 
pentane and pentenes, 20; hexane and hexenes, 12, and higher hydrocarbons, about 
58. The composition of the gasoline produced by cracking sapropelite tar has been 
discussed by Karavaev. Rapoport and Bashkirov.These observers fractionated 
the gasoline into very narrow cuts and found the following substances: pentane, 
hexane, heptane, octane, hexene, heptene, octene, nonene, decene, undecene 
(CnH 22 ), cyclohexane, methylcyclohexane, 1,4-dimethylcyclohexane, benzene, 
toluene and o- and m-xylenes. Besides the 4 aromatics just mentioned. Kaplan 
«Tnd Forney^^ suggest the inclusion of the following aromatic hydrocarbons: 
n-propylbenzene, isopropylbenzene, n-butylbenzene, jcc-butylbenzene, isobutylben- 
zene, ii-amylbenzene, isoamylbenzene, o- and />-methylethylbenzene, o- and /^-diethyl- 
benzene, d- and /»-methyli.sopropyll)cnzene, mesitylene (l,3,S-trimethylbenzene'). 
pseudocumene (1,3,4-trimethylbenzene) and naphthalene. The presence of these 
hydrocarbons was indicated by the boiling point, specific gravity, refractive index, 
and molecular weight determinations made on cuts of 5®F‘. boiling range. The 
gasoline u.sed for the tests was obtained by the vapor-phase cracking of gas oil. 
Kuruindin and Shumilov*^*'* report the presence of cumarone (4.3 per cent) 

^••V. G. Moor and S. V. Katxman. Materials oh Cracking and Chem, Treatment of Products Ob' 
toined, Coskhimtekkisdat (Leningrad), i933, 1, 111; Chem. Abs., 1935, 29, 2717; Brit. Chem. Ahs. B« 
1935. 1031. 

^B. A. Kazanskii, A. F. Plate and S. S. Artyunyan. Sintei. Kauehuli, 1933 (3). 13; Chem. Abs., 
1934, 29, 3567; Brit. Chem. Abs. B. 1934. 866. 

w* L. Potolovskii and M. Prozumentik, Aser. Neft. Khos., 1934 (1), 60; Chem. Abs., 1934, 29, 
7503; /. /nst. Pei. Tech., 1935. 21, 143A. 

M. Karavaev. I. B. Rapoport and A. N. Bashkirov, Khim. Tverdogo TopHva, 1930, 1 (6), 
29; 1931, 2 (9), 46; Chem. Abs., 1934, 29. 5633, 6291. 

MW. KapUn and W. E. Forney, Noi. Pei. News, 1936, 29 (29), 35; Chem. Abs.. 1936, 30, 6175; 
/. Inst. Pet. Tech., 1936. 22. 449A. 

mk. S. Kttruindin and A. I. Shnmflov, KMm, Tverdogo TopHvo, 1934, 5, 74; Chem. Abs., 1934, 
29, 6291. 
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in the 150-175°C. fraction of a ga>oline obtained in the distillation of Chercnikhov 
coal tar. 

Undecene dodecene, tridecene, tetradecene, heptadeccne and ocUi- 

decenc have Iktii identified in the kerosene fractions of Barzass sapro- 

pelite tar, accordinj^ to Karavaev and Karzhev.*-*^ Karavaev, Rapoport and 
Kholler^^*^ have isolated acids from formic up to propionic among: the liquids 
obtained by the dry-distillation of these same tars. From the lioiling: points and 
esterification values of the methyl esters, the evidence of several higher acids is 
also indicated. Charrin*-*” has reported phenols, paraffin wax, asphalt and pyridine 
bases in the tar obtained from Creveney pyroschists. 


CiiKMicAL Composition of Coke 


The significance of coke formation and an explanation of the mechanism have 
already lieen considere<l in this chapter. However, the nature of petroleum coke is 
such as to merit a brief discussion. Petroleum coke is not elementary carbon but 
consists of complex, high-molecular weight hydrocarbons containing small per¬ 
centages of hydrogen. According to Trusty,’®^ carbon disulphide will dissolve 
about 50 per cent of most cokes. Aromatic compounds such as anthracene, phen- 
anthrene, chrysene, piceiie and crakene (C^^Hjs) have been identified as constitu¬ 
ents in various petroleum cokes. The structures of some of these compounds are 
shown below. As an example of the degree of unsaturation, picene, for instance, is 
95 per cent carbon and 5 per cent hydrogen. The cokes thus resemble the tars 
from cracking stills in their general nature. The same types of compounds are 
formed in these two products, but in the former case the hydrocarbons are in a 
more condensed form. 

Ginzburg-^^ gives tbe proximate analysis of coke obtained from heavy bottoms 
as 0.84 per cent ash and 5 to 6 per cent volatile matter. 


N. M. Karavaev and V. I. Karzhev, Khim. Tverdogo Toplivm, 1931, 2 (8), 34; Chem, Abs., 

1934. 28, S636. 

N. M. Karavaev. I. H. Rapoport and X, A. Kboller, Khim, Tverdogo Topliw, 1930. 1 (4), 
27; Chrm. Abs.. 1934, 28. 5633. 

*«V. Cliarriii. Mat, grasses, 1934, 308. 10.056; 310, 10.084; /. Inst. Pei, Tech,, 1934, 20, 320A; 
Brit. Chem. Abs. B. 19.16. 773. 

‘••A. W. Truaty. Nat. Pet, News, 1935, 27 (45). 34; Chem. Abs., 1936. 30. 2734. 

Ginthura. Aser. Neft. Khos., 1934 (9), 55; Brit. Chem. Abs. B, 1936. 676; Chem. Abs., 

1935. 29. 6034. 
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Uses of Cracked Products 


Although the production of motor fuels from crude oils is the aim of cracking 
processes, this cannot be accomplished without the accompanying by-products, gas, 
tar and coke. The problem of utilization of these latter substances has formed the 
basis of an enormous synthetic industry of wide applications.’'-'^' 

Cracking gases rich in olefins may be converted into alcohols'*^^- and halides^^*'' 
or may be polymerized catalytically to form “polymer’' gasoline.Potolovskii and 
Anfinogenov^os have used gases from vapor-phase cracking (containing 50 per 
cent ethylene) in place of acetylene for cutting and welding metals. Butkov and 
Rabinovich^* determined the heating value of vapor-phase cracking gases to be 
11,000-11,500 cals, per liter, and propose to use these gases as city gas, as others 
in the past have been. Gases rich in lower paraffins may be recracked at elevated 
temperatures in the presence of catalysts to form olefins which may subsequently 
be polymerized into liquid products.-®^ This, however, is described in Chapters 
2 and 26. 

The liquid products also form a source of raw materials. Hall and Bachman^*** 
obtained 1-pentyne and 1-hexyne by brominating and dehalogenating^*® the cor¬ 
responding olefins fractionated from a vapor-phase-cracked gasoline. Zilberman. 

G. Egloff and J. C. Morrell, Ind. Eng. Chcm., 1934. 26, 940; Chcm. Abs., 1934, 28, 6988; 
Brit. Chem. Abs. B, 1934. 1044; J. Inst. Pet. Tech., 1934, 20. 527.^. See also V. Pimenov. Ust>ekhi 
Khim., 1933, 2, 714; Chem. Abs., 1934, 28, 3570. Carleton Elli«, “The Chemistry of Petroleum 
Derivatives." The Chemical Catalog Co.. .New York. 1934. 

**Sec Chapters 11, 13. 14. 16, 17, 18, 

»See Chapters 20 and 21. 

**See Chapter 26. 

**L. A. Potolovskii and P. Z. Anfinogenov, Aser. Seft. Khos., 1933, 8, 96; J, Inst. Pet. Tech., 
1935. 21, 143A; Chem. Abs., 1934. 28, 6691; Brit. Chem. Abs. B. 1935, 153. 

•"•N. A. Butkov and E. I. Rabinovich. Seft. Khos., 1933, 25, 88; Brit. Chem. Abs. B, 1934, 787; 

Chem. Abs., 1934, 28, 2503. See also H. G. Terxian, U. S. P. 1.963,811, June 19, 1934, to United 

Gas Improvement Co.; Chem. Ab.t.. 1934, 28, 5218; Brit. Chcm. Abs. B, IV.US 439. 

»WG. Egloff, U, S. P. 1.993.503, Mar. 5. 1935. to Universal Oil Products Co.; Brit. Chem. Abs. 

B. 1936, 260; J. Inst. Pet. Tech., 1935. 21. 219A; Chem. Abs., 1935. 29, 2697. Also U. S. P. 
1.972,926, Sept. 11. 1934; Chem. Abs., 1934, 28, 6995; /. Inst. Pci. Tech., 1934, 20, 581A. See 
also Chapters 2 and 26. 

**H. J. Hall and C. B. Bachman. Ind. Eng. Chem., 1936, 28. 57; Chem. Abs., 1936, 30, 1356; 
Brit. Chem. Abs. B, 1936, 306. 

*** See Chapter 20 for a discuation of these methods. 
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Bolotin and Yakubovich^i® found that cracking residues reduce the oil adsorption 
capacity of pigments and believe that these residues may be substituted for linseed 
oil to the extent of 75 per cent in some coating compositions. 

The tar obtained in cracking hydrocarbon oils at high temperatures and pres¬ 
sures contains resins which may be extracted from the residue by means of sol¬ 
vents, such as kerosene or naphtha.^i^ These synthetic resins, being unsaponifiable, 
may be used for a variety of purposes. Frolich^^^ suggests mixing about 1.5 per 
cent of petroleum resins with rubber compositions to improve the softening quali¬ 
ties and reduce the tendency of the rubber stock to adhere to the mill rolls. The 
addition of this type of resin has no effect on the curing time. Ellis^^^ has pro¬ 
posed to incorporate these resins into paper ply and paperboard to provide greater 
strength and rigidity. Thus, the sheets of cardboard are coated with an emulsion 
of petroleum resin and water (formed by melting the resin and mixing with water 
and bentonite), pressed together, heated and calendered in a rolling machine to 
obtain uniform thickness. The resin emulsion may also be added to paper pulp as a 
sizing or an impregnating agent. The resins may be dissolved in gasoline and 
naphtha, mixed with a drying oil, and used as a paint.^^^ The addition of wax is 
suggested for a waterproofing paint, the wax rendering the resins non-sticky but 
somewhat plastic when the paint is partially dry. Also, incorporation of a plas¬ 
ticizer such as benzene sulphonic acid increases the adhesion of the paint to metallic 
surfaces. Wood may be impregnated and stained with resins of such type^'® by 
heating them under pressure immersed in a solution of the resin in molten paraffin 
wax. 

G. Zilberman. A. Bolotin and S. Yakubovich, Lakokrasochnuya Ind., 1933 (1), 37; Brit. Ckrm. 
Abs. B. 1933. 1042; Chem. Abs., 1933, 27, 4695. 

Sec Carleton Elli*. “The Chemistry of Synthetic Resins,” Reinhold Publishing Corn.. New 
York. 1935. 

P. K. Frolich, U. S. P. 2,031,944, Feb. 25, 1936, to Standard Oil Development Co.; Chem. 
Abs., 1936. 30. 2421. 

•“Carleton Ellia, U. S. P. 2,042.299, May 26, 1936, to Standard Oil Development Co.; Chem. 
Abs., 1936. 30. 4954. 

•M P. K. Frolich. C. Winning and S. C. Fulton. U. S. P. 2.052,173, Aug. 25, 1936, to Standard 
Oil Development Co.; Chem. Abs.. 1936, 30, 7249. 

P. K. Frolich, I’. S. P. 2,052tl72, Aug. 25, 1936, to Standard Oil Development Co.; Chem. 
Abs., 1936, SO, 6918. 



Chapter 4 

Production of Unsaturated Hydrocarbons 
by Pyrolysis 

Monolkfins 

Olefins are produced by thermal decomposition of various types of hydrocar¬ 
bons and over a wide range of cracking conditions. The lower nionolefins, which 
are important chemical intermediates, are obtained, for the most part, by the ])>’- 
rolysis of paraffin hydrocarbons. Cycloparaffins also yield substantial proportions 
of olefins by thermal decomposition in the absence of catalysts hut aromatics fur¬ 
nish only small proportions under the same conditions. Cracking of the lower 
paraffin hydrocarbons receives special attention in this chapter since they are 
available in large quantities and constitute the most promising raw materials. 

In the pyrolysis of the lower paraffins, dehydrogenation to an olefin of the same 
number of carbon atoms is a relatively unimportant reaction except in the case of 
ethane and less so in the case of propane and isobutane. In general, decomposi¬ 
tion of the molecule occurs mainly by rupture of the carbon bonds so that the 
olefins produced are lower in molecular weight than the parent paraffin. 

The fundamental factors which influence the formation of olefins from^aliphatic 
hydrocarbons are temperature, time of contact, pressure and nature of contact sur¬ 
face. Of these, temperature and time of contact are by far the more important 
and to some extent are mutually interchangeable. Thus, the results of cracking at 
low temperatures'and long times of contact may be closely simulated by operating 
at somewhat higher temperatures and at shorter contact times. Since monolefins 
are usually primary decomposition products of paraffin hydrocarbons, contact time 
must be carefully controlled otherwise the olefins initially formed may be degraded 
or aromatized by too long heating periods. When a number of olefins are gen¬ 
erated simultaneously by decomposition of a particular paraffin hydrocarbon, the 
evidence available indicates that the relative proportions at small conversions (i.e., 
short contact times) are but little influenced by temperature. However, with 
longer contact times the higher olefins tend to be partly converted into those of 
lower molecular weights so that ethylene ultimately becomes the main olefinic con¬ 
stituent of the reaction gas. In general, the optimum cracking temperature for 
olefin production from paraffin hydrocarbons varies considerably but 700®C. is a 
fair average temperature. 

Often, temperatures used in the laboratory for pyrolysis observations are so 
much higher than tho.se of industrial cracking that the discrepancy is noticeable. 
It should be rememl>cred, however, that the implements of the laboratory far more 
easily permit the study of pyrolysis through a higher range of temperatures than 
sound commercial policy would indicate. 

The influence of the pressure factor is not, however, perfectly clear. Since the 
primary decomposition reactions of paraffin hydrocarbons are homogeneous and 
first order, pressure should have little influence on the velocity of decomposition. 
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That this is approximately true has been demonstrated by a number of investiga¬ 
tors. For example, the work of Munday^ on the pyrolysis of n-pentane shows 
that the reaction velocity was approximately constant over a range of partial 
pressures of 0.1-1.0 atmospheres. Similar results have been obtained by Lang and 
Morgan^ on the cracking of propane-steam mixtures at 700®C. On the other 
hand, however, it has been stated that reduction in pressure in the cracking of 
petroleum at 600-700®C. causes an increase in the rate of decomposition and a 
lowering in the temperature at which decomposition begins.^ From the point of 
view of the production of olefins by pyrolysis tlie importance of the pressure factor 
probably resides mainly in its influence on the condensation and polymerization of 
the olefins initially formed. Such reactions arc bimolecular and are thus favored 
by increase of pressure. Hence, it is advantageous to operate at low pressures, 
better sub-atmospheric, so as to minimize polymerization and condensation of the 
olefins produced. This is conveniently effected m vapor phase operations by em¬ 
ploying an inert diluent gas, such as steam, thus reducing the partial pressure of 
the reacting hydrocarbon. 

In the cracking of hydrocarbons (to olefins) it is usually best to avoid the use 
of heating surfaces, such as iron, nickel and some nickel alloys, which catalyze 
decomposition into carbon and hydrogen. Certain catalysts have been shown to 
accelerate dehydrogenation of paraffin to olefin hydrocarbons, but their applications 
appear to be limited because dehydrogenation is relatively unimportant except in a 
few cases, irreversible rupture of the carbon chain predominating in most instances. 
Gauzes of a copper-tin alloy, especially if treated with molybdic oxide, were found 
by Cambron^ to aid the pyrolysis of ethane. Frey and Huppke^* used a special 
chromic oxide gel in their investigation of the e^iuilibria involved in the dehydro¬ 
genation of the lower paraffins. Boeckeler^ studied various catalysts and ranked 
the materials tested in the following order of decreasing activity: copper gauze, 
zinc-copper on pumice, nickel gauze and stainless steel. However, none of these 
substances exhibited marked activity but merely lowered the temperature at which 
a given extent of reaction could be obtained without influencing the character of 
the reaction. Nickel, cobalt, copper or zinc, with or without promoters, have been 
recommended as contact agents for the pyrolysis of methane.^ A reduced zinc 
oxide-chromium oxide catalyst has been suggested by Frolich and Boeckeler® for 
the production of olefins from paraffin hydrocarbons higher than methane. Passage 
of propane at 635®C. over this mixed oxide yielded a gas containing 14.3 per cent 
propenc. 0.2 per cent ethylene, 26.1 per cent hydrogen and 59.4 per cent residual 
propane. 

The work of Cambron and Bayley^ indicates that when pyrolysis is carried out 
under conditions of turbulent flow the yields of olefins, at a given temperature, 
are greatly increased over those obtained with streamline flow. Furthermore, with 
turbulent flow higher rates of conversion of the lower paraffins to olefins are pos¬ 
sible since the temperatures at which side reactions become important are con- 

' T. C. Munday. Diiisertatton. Columbia UniverMiy. 1934. 

• .T. W. t.ang and T. J. Morgan. Ind. Ena. Ckrttf.. 1935. 27. 937; Chrm. Ahs.. 1935. 29. 6204. 

• \. Danatla and C. N. de Bic. Bni. r/iiin. sac, romAnc chim., 1934, 37. 37; Brit. Chem. Ahs. 
B. 1935. 709; Chem. Ahs.. 1935. 29. 6740, 

• A. CambrcKi. Can. J. Research. 1932. 7. 646; Chem. Ahs.. 1933. 27, 1483. 

'' F. K. Frey and W. F. Huppke. Ind. Ena. Chem.. 1933, 25, 54; Brit. Chem. Ahs. A, 1933, 
227: Chem. Ahs.. 1933. 27, 654. 

" n. r. Boeckelcr. M. S. Thexia. Maaa. Tn^t. Tech.. 1928. 

»K. OrryfuM. French P. 749.916. 1933; Chnn. Ah.s.. 1934, 28, 480. 

• P. K. krolich and B. (*. Ho«*ckrler. I*. S. P, 1.944.419. Jan. 23. 1934, to .Standard Oil Devel’ 
oi»meiH r«i.; them. Ahs.. 1934. 28. 2012; Brit. Chem. Ahs. B, 1934, 917. 

•A. ramhrnn and C. If. Bavley. Can. J. Research. 1933. 9, 175; Brit. Chem. Ahs. B, 1933. 949; 
Chem. Ahs., 1933, 27. 5172. Can. /. Research. 1933. 9. 583; Chem. Ahs.. 1934. 18, 1506: Brit. 
Chem. Ahs. B, 1934. ,108. V. S. P. 2.002,524 and 2.002.525, May 28, 1935; Chem. Ahs. 1935, 29, 
4373. BritUh P. 425,606, 1935; BHi. Chem. Ahs. B, 1935, 482; Chem. Ahs., 1935, 29, SS49. 
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siderably higher than when the gas flow is streamline. This influence of turbulent 
flow is associated with the more rapid transmission of heat from the tube walls to 
the body of the gas and to the elimination under such conditions of the stagnant 
superheated gas film on the tube wall which is so characteristic of streamline con¬ 
ditions. Rapid heat transmission is essential for olefin formation since all the 
reactions furnishing olefins from paraffin hydrocarbons are highly endothermic. 
The approximate heats of reaction of a number of these are as follows: 

C,H« C,H 4 *fH, - 32,000 cal. 

CiHg -—^ CtH« -f- Ht *“ 32,000 cal. 

CaHg —^ C1H4 -4" CH4 — 16^100 cal. 

W-C 4 H 10 —^ CaHi 4- Hj — 32,000 cal. 

n-C 4 Hio —>■ CaH 4 + CaH»- 17,000 cal. 

n.C 4 H,o —C,H. 4 - CH 4 - 17,600 cal. 

Production of Olefins from the Lower Paraffin Hydrocarbons 

As raw materials for the production of the lower olefins, which are of in¬ 
creasing importance in industrial synthesis, the lower paraffin hydrocarbons have 
obvious advantages since they are available in large quantities at a low price and 
their conversion to olefins can be readily accomplished with satisfactory yields. 

The importance of turbulence has been demonstrated by the work of Cambron 
and Bayley,^® who attained the necessary conditions by the use of silica tubes sup¬ 
plied with circular mica baffles spaced at distances of about 2 cm. apart. The 
effect of baffles in increasing the output of olefins in the pyrolysis of ethane, 
propane and n-butane is shown by the results obtained with a glazed quartz tube 
2.0 cm. in diameter. (See Table 37.) The heated zone was 18.5 cm. in length. 

Table 37. — Pyrolysis in Empty and Baffled Quartz Tubes. 


(All Experiments at About 200 Liters/hr. Gas Rate) 


Tube 

Hydrocarbon 

Temp. 

®C. 

Expansion 

/c 

Analysis of Gaseous Products 
C,H, C,H4 C.H* C4H1 H, 

Olefins 

Produced 

g./hr. 

Empty 

Ethane 

945® 

35.8 

0.8 

27.6 

— 

0.4 

29.2 

99.4 

Propane 

950® 

48.7 

0 8 

17.9 

6 6 

— 

12.8 

106.9 

9f 

n-Butane 

950® 

63 0 

0 9 

15.8 

10 5 

2.7 

10.7 

152.1 

Baffled 

Ethane 

950® 

58.1 

1.1 

33.8 

— 

0 2 

37.6 

141.2 

n 

Propane 

950® 

73.5 

0.9 

23.1 

11.9 

— 

16.1 

182.4 

ff 

n-Butanc 

922® 

83.3 

1.3 

18.3 

15.0 

2.1 

12.6 

210.4 


A systematic examination was made by Cambron and Bayley^^ of the effect 
of temperature and time of contact on the yield of olefins from ethane, propane 
and the butanes in baffled silica tubes. Their results indicate that, for a particular 
gas rate, the pyrolysis temperature for a given conversion to olefin could be mate¬ 
rially reduced by increasing the length of the cracking zone. For example, the 
temperature required to convert 70 per cent of propane to olefins in a 20 cm. tube 
was 1087®C. but this was reduced to 960®C, in the case of a 40 cm. tube and to 
885®C. by using a 80 cm. tube. This point is of practical significance since the 
latter temperature is not so severe as to exclude the possibility of using heat- 
resistant alloy steel tubes. These workers^^ have also reported on the pyrolysis 
of propane and w-butane in empty and baffled tubes constructed of certain heat- 
resistant alloys. Two alloys were investigated, one of the KA2S type containing 


’•A. Cambron and C. H. Baylcy, loc. cit. « 

UA. Cambron and C. H. Bayley, Can. J. Rtsaarch, 1933, 9, 175; BrU. Ckem. Abs. B, 1933, 


949: Ckem. Abs., 1933. 27, 5172. 

» A. Cambron and C. H. Bayley, 
Brit. Ckem. Abs. B. 1934, 308. 


Can. J. Research, 1933, 9, 583; Ckem. Abs., 1934, 88, 1504; 
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about 18 per cent chromium and 8 per cent nickel, and another of a special alloy 
containing 28 per cent chromium and only traces of nickel. In both cases it was 
found advantageous to employ baffles to increase olefin production, and reduce the 
working temperature to the range of utility of special alloy steels. The KA2S 
alloy gave rise to considerable amounts of carbon, probably owing to the catalytic 
action of the nickel in the alloy. Tubes of the high-chromium alloy were, how¬ 
ever, much better since only negligible carbon formation took place. It was noted, 
moreover, that the 28 per cent chromium alloy tube tended to deform slightly at 
840®C. though no noticeable deformation occurred at 800® C. It was thought that 
any difficulty due to sagging could be eliminated by providing an adequate number 
of supports so as to decrease the unsupported length of tube in the furnace. It is 
reported,^® nevertheless, that tubes of this alloy have been in successful use for 
over two years in vapor-phase cracking units operating at 870®C. Some results 
of Cambron and Bayley on the pyrolysis of propane in the chromium alloy tube 
(baffled) are given in Table 38. 

Table 38 .—Pyrolysis of Propane in Baffled 28% Chromium Alloy Tube. 

(Tubes of 2.54 cm. Bore) 


Tube 

Length 

Temp. 

Gas 

Rate 

Expansion 

Analysis of Gaseous 
Products % by Volume 
C,H, C,H4 C,H. H, 

Olefins Produced 
Yield 

Cm. 

°C. 

l./hr. 

% 

g./hr. 

% by Wt. 

85 

842® 

3Q3 

79.3 

0.6 25.1 14.1 17.5 

408 

53.2 

140 

800® 

411 

78.5 

1.2 25.3 11.7 20.6 

392 

48.8 

140 

820® 

517 

80.1 

1.3 27.2 10.7 10.7 

508 

50.4 


Data on the production of ethylene and propene by pyrolysis of ethane and 
propane, respectively, at atmospheric pressure in helical KA2S tubes have been 


Fig. 47. 

Influence of Contact Time on 
Thermal Conversion of Ethane to 
Olefins. (F. W. Sullivan, Jr., R. 
F. RuthruflF and W. E. Kuentzel) 


Courtesy Industrial and lingincerinq 
Chemistry 



u> 1.5 2 ^ 

TIMC or CONTACT -SCCONOS 


furnished by Sullivan, Ruthrufif and Kuentzel.The highest yield of ethylene 
was obtained from ethane at a temperature of 844®C. and at a contact time of 0.65 
second. Under these conditions, conversion was 74 per cent and the exit gas con¬ 
tained 39 per cent of unsaturated hydrocarbons. In the case of propane, an 82 
per cent conversion, calculated on a volume basis, into olefins (mainly ethylene) 
was secured at 820®C. with a contact time of one second. Because the major por¬ 
tion of the propane reacting formed ethylene and methane, the weight yield of 
olefins was appreciably lower than the volume yield. The influence of contact 


«A. L. Foster, ATol. Pet. News, 1932, 24 (35). 27; 7. Inst. Pet. Tech., 1932, 18, 471A. E. C. 
Wrifht, Oil & G<ss J., 1932. 31 (20). 57; Chem. Ahs.. 1933. 27 406. For a discussion of chromium 
alloy tubes used in cracking, see H. I. Newell, Oit & Gai /., 1936, 34 (40), 32; 7. Inst. Pet, Tech., 
1936. 22. 208A; Chem. Abs., 1936, 30, 3213. , , . .... f i ^ 

^F. V. Sullivan, R. F. Ruthruff and W. E. Kuenttel, Ind. Eng. Chem., 1935, 27, 1072; 7. Inst 
Pet, Tech., 1935, 21, 408A; Brit. Chem. Abs. B, 1935, 979; Chem. Abs., 1935. 29, 7627. 
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time on the conversion of ethane and propane to olefin gases at various tempera¬ 
tures by pyrolysis in KA2S coils is shown in Figs. 47 and 48. 



Fig. 48. 

Kffect of Contact Time in Propane Pyrol¬ 
ysis. (F^ W. Sullivan, Jr., R. F. Ruthruff 
and W. F. Kuentzcl) 


Courtesy Imlustriol and I'lifiinreriiiff C'hrniistry 


The work of Frolich and Wiezevich'*'* on the pyrolysis of propane and //-))utane 
in silica reactors is of considerable interest in showing the cfYect of temperature 


Fig. 49. 

Olefin Content of Exit Gases from Propane Cracking 
at Various Temperatures. (P. K. Frolich and P. J. 
Wiezevich) 


Courtesy ludustriot and linftitueriuft Chcmiitrx 



on the olefin content of the exit gas, the contact time being maintained constant. 
The experimental re.sults for propane are shown graphically in Fig. 49, from 
which it is seen that the olefin content (of the exit gas) is largest at about 880®C. 

*»P. K. Frolich and P. 1. Wiezevich. Ind. Rnp. C/icm., 19 .^ 5 . 27. 105 .<; J, lust. Pet. Teeh., 19 . 15 , 
21. 408A; Chm. Abi., 19 . 15 . 29, 7624; Brit. C/irm. Ahs. B. 19 . 15 , 980 . 
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The maximum concentration of propene (13.2 per cent) occurred at a lower tem¬ 
perature, namely 810°C., than that, 890®C., required for the niaxiniuni concentra¬ 
tion of ethylene (29.4 per cent). In the case of n-butane ( Fip:. 50) the greatest 
total olefin content of the reaction gas was obtained at 690°C. The temperature 
at which the propene concentration is at a maximum (11.1 per cent at 650°C.) is 
somewhat lower than that (730°C.) for maximum ethylene content, namely 29 i>er 
cent. The highest concentration of butene, 8.1 |)er cent, was secured at about 

670°C. 

Interesting results have been reported by I'rolich and Wiezevich on cracking 
propane in a copper tube in the presence of about 70 per cent of air in the inlet 


Fig. 50. 

P'fFcct of Temperature on Olefin Produc¬ 
tion in Pyrolysis of »i-Butane. (P. K. 
Frolich and P. J. Wiezevich) 


Courtejiy Industrial and llnniuecriutj Chemistry 
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gas. Under the.se conditions 75-80 per cent of the propane was converted into 
unsaturated hydrocarbons at 675° ± 15°C. and a contact time of about 30 seconds. 
The unsaturated hydrocarbons formed consist of ethylene and propene in the ratio 
of 3 parts of ethylene to 2 of propene. The conversions obtained in the presence 
of air may be compared with the optimum conversion of 60-70 per cent by straight 
cracking at 700°C. using a copper-coated steel reactor. When air was admixed with 
propane, Frolich and Wiezevich noted that the material constituting the reactor 
exerted .some influence on the course of reaction. At temperatures below 560°C. 
a mild steel reactor gave higher yields of unsaturated hydrocarbons than one of 
copper. At 600®C. and above, copper was much more satisfactory since at these 
temperatures iron apparently catalyzed polymerization of the olefins into liquid 
and solid tars. In the presence of air, glass .seems to exert a slight inhibiting 
action on the cracking. 

Production ok Lower Olefins from Higher Hyi)Roc.\rbons 

The production of the lower olefins by pyrolysis of pentanes, hexanes and 
heptane in baffled quartz tubes at temperatures of about 1000®C. has been inves- 
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tigated by Cambron and Bayley.'® Typical results obtained by these investigators 
using a silica tube (20 cm. long and 2.7 cm. internal diameter) with, mica baffles 
are given in the appended Table 39. 

Table 39 .—Pyrolysis of Paraffin Hydrocarbons in Baffied Silica Tube, 






Analysis of Gaseous 


Olefins 

Hydro¬ 

Temp. 

Liquid Feed 


Products, % by Vol. 


Produced 

carbon 

®C. 

g./hr. 

C,H4 

C,H. 

C 4 H, 

H, 

g./hr. 

B-Pentane 

1071 

1080 

26.7 

20.3 

1.5 

12.1 

475 

tr 

1075 

1158 

24.0 

20.3 

1.1 

9.5 

475 

If 

1070 

1404 

24.3 

17.6 

— 

8.9 

392 

Isopentane 

1075 

1080 

19 4 

18.9 

4.5 

11.3 

474 

M 

1072 

1105 

20 7 

19.9 

3.5 

11.1 

465 

Mixed 








Hexanes 

952 

905 

29.0 

19.7 

2.1 

12.3 

544 

•I 

1032 

910 

27.1 

23.1 

3 3 

10.4 

480 

If 

1081 

872 

30 0 

21.6 

— 

11.5 

442 

Commercial 

Heptane 

r 1043 

1075 

1060 

1042 

27 6 
29.0 

24.2 

24.5 

2.9 

1.5 

10.8 

11.4 

426 

483 

[ 1093 

767 

31 6 

12.5 

0.6 

16.8 

384 


It is evident that pyrolysis of the lower li<|uid paraffins can he controlled to 
yield gaseous products containing 50-55 per cent by volume of olefins consisting of 
approximately equal amounts of ethylene and propene. The experiments sum¬ 
marized above were all characterized by the absence of tar formation and carbon 
deposition in spite of the high temperatures employed and the high concentration 
of olefins in the gaseous products. 

Matignon and Seon^^ report that water vapor exerts a marked influence on the 
yield of ethylene (and its homologues) from heptane.*'^* F*or example, these inves¬ 
tigators observed that in the absence of water and at 700®C. the paraffin gave 39 
per cent of ethylene. On the other hand when the ratio of heptane to water vapor 
was 2:7 (by weight) and the temperature 8(X)®C.. 50 per cent of ethylene was 
obtained. Increasing the proportion of water to paraflin (5:2) and the temperature 
(to 935®C.) raised the yield to 76 per cent of ethylene. 

Danaila and de“ Bie** investigated the production of ethylene by vapor-phase 
cracking, at 600-720°C. under an absolute pressure of 150 mm., of a light kerosene 
fraction. Under these conditions 70-95 per cent of the oil was converted into gas 
containing substantial proportions of ethylene while no low boiling liquids were 
formed. At 740-750®C. carbon formation is less than 3-4 per cent of the oil 
used. Reduction of pressure was found to lower the initial decomposition tem|>cra- 
turc of the oil and to increase the proportion of ethylene in the gas. If aromatic 
hydrocarbons are removed from the oil prior to pyrolysis, a gas containing 45 per 
cent of ethylene can be obtained, representing 47 per cent of the oil employed 
Separation of the higher olefins from this gas raises the ethylene content to over 
55 per cent by volume. 

In the cracking of gasoline and kerosene fractions (from the same crude oil) 
in a quartz tube, optimum olefin production, according to Candea and Kiihn,*® 
occurred at temperatures of 700®C. and 600®C., respectively. High olefin yields 
were favored by short heating periods. 

The decomposition of the higher boiling fractions (Kogasin II) of the paraf- 

Cambron and C. H. Bayley, Can. J. Research, 1933, 9, 175; Chem. Abs,, 1933, Z7, 5172; 
Brit Chem. Abs. B, 1933, 949. 

»C. Matignon and M. S«on. Con^. rend., 1934, 198. 1649; Brit Chem. Abs. A, 1934, 752. 

Cf. Aquoliaation difcuated in Chapter 3. 

^N. Danaila and C. N. de Bie, But. chim. soc. romdne chtm., 1934, S7» 37; Brit. Chem, Abs. B, 
1935. 709; Chem. Abs., 1935, 29. 6740. 

**C. Candea and J. Kfibn, Butt. set. ecate potytech. Timisoara, 1934, 5, 97; Chem. Abs., 1935, 29, 
8304; /. Inst. Pet Tech., 1935, 21, 125A. 
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finic benzine obtained from hydrogen and carbon monoxide by the Fischer-Tropsch 
process,^ has been studied by Pichler.*^ The reaction, carried out in narrow 
tubes to enhance the ratio of heating surface to reaction volume and to avoid 
overheating of the walls, furnished up to 75 per cent of gaseous olefins together 
with volatile, liquid, aromatic and unsaturated hydrocarbons, the remaining 25 
per cent consisting of saturated gaseous hydrocarbons, undecomposed paraffin oil 
and aromatic tar. Above 600® C., gaseous olefins predominated in the products, 
the yields rising from 20 per cent by weight at 550°C. and 0.4 second contact time 
to 62 per cent at 700°C. and 0.14 second. Sjinilar results were secured by pyrolysis 
of Kogasin II with an electrically heated platinum wire. Under the latter condi¬ 
tions, the products consisted of 20 per cent of highly unsaturated liquid and 80 
per cent of gaseous hydrocarbons. Of the latter, 70 per cent (by volume) were 
unsaturated and consisted principally of ethylene or its homologues .22 Use of an 
electrically heated graphite rod in place of the platinum wire gave 14.7 per cent 
liquid and 85.3 per cent gaseous products.^^a latter contained 12.7 per cent 

hydrogen, 69 per cent unsaturated and 18.3 per cent saturated hydrocarbons. 

Candea and Manughevici^^ studied the thermal decomposition of a Rumanian 
kerosene fraction both in the presence and absence of catalyst. Best yields of 
ethylene were obtained at 800° C. and the use of copper surfaces, either in the 
form of tubes or shavings in glass reactors, was found to impede carbon for¬ 
mation. 

It is interesting to note that ethylene may be prepared from peat or cracked tar 
at 600-7(X)°C. by air-blowing.'^* Aluminum and ferric oxides apparently have no 
catalytic effect on the reaction. In some instances alcohols may serve as the 
source of olefins. For example, Sakmin^® made ethylene by passing ethyl alcohol 
over unglazed porcelain in a copper tube at 400-500°C. At lower temperatures 
(300°C.) propene was obtained. Triebs^® observed that amorphous clay exerted 
a greater catalytic effect than porcelain. If a pressure autoclave is used, a tem¬ 
perature of 200-350° C. is necessary. Ipatieff^*^ points out that pure copper is not a 
catalyst for the decomposition of alcohols, and he recommends alumina. 

Higher Olefins by Pyrolysis 

The production of higher olefins, for example, pentene, hexene and higher, is 
intimately associated with the cracking industry. Gasolines from commercial 
cracking processes, especially from so-called vapor-phase operations at 500-600°C., 
are relatively rich in olefin hydrocarbons. A discussion of the various types of 
unsaturated hydrocarbons found in such gasolines is given in Chapter 3, from 
which it will ^ seen that the available information is still incomplete. 

It is interesting to note that both indene and styrene, two aromatic monolefin 
hydrocarbons of value in the manufacture of synthetic resins, have been isolated 
from the products of pyrolysis of Persian natural gas at temperatures of about 
850°C. Using a gas rich in propane and butane, the yields of styrene and indene 

•• For discuttion of thii method of preparing hydrocarbons, sec Chapter 52. 

»H. Plchler, Brennstolf Chem., \9iS, 16, 404; /. Inst. Pet. Tech., 1956, 22, 45A; Chem. Ahs., 
1936. ao. 3980. 

“P. Pitcher. K. Petert and K. Winter. Brennstoff Chem., 1935. 16, 421; Bnf. Ckcm. Abs. B. 
1936. 133; Chem. Abs., 1936. SO. 3991; /. Inst. Pet. Tech., 1936, 22. 141 A. 

■^K, Petert and K. Winter. Brennstoff Chem., 1936, 17, 429; Chem. Abs., 1937, 31. 1990; 
Brit. Chem. Abs. B. 1937, 107. 

•C. Candea and C. Mannghevici, Butt. sci. icoU potytech. Timtsoara, 1936, 6, 298; Chem. Abs., 
1936, SO. 7318. 

•*B. P. Pederov and P. A. Semenov, Khtm. Tx^erdogo TopInfQ, 1932, S, 743; Bnf. Chem. Abs. 
B. 193S. 6; Chem. Abs., 1934, 28. 5964. 

“P. K. Sakmin. Ber., 1934. 67. 392; Bnf. Chem. Abs. A. 1934, 508; Chem. Abs., 1934, 28. 3049. 

••W. Trieba, Ber., 1934, 67, 942; Chem. Abs., 1934, 28. 5037; Brit. Chem. Abs. A. 1934, 864. 

*'V. N. Ipatieff, Ber., 1934, 67. 1061; Chem. Abs., 1934. 28. 5037; Brif. CArm. Abs. A. 1934, 864. 
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are about 2.4 and 0.95 liters, respectively, per 100 cubic meters of gas pyrolyzed. 
Birch and Hague^ consider that the most probable mechanism of the formation 
of styrene is by direct combination of ethylene and benzene to furnish ethylben¬ 
zene, which can then dehydrogenate to styrene. 


H 
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H 

C 

C 
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HC C—CH^CH, 

HC C—CH=CH2 

1 1! + CHr==CH, - 
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HC CH 

HC CH 
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It is not so easy to account for the indene, which might be formed (1) by reaction 
between propene and benzene to give propylbenzene, convertible into indene by 
ring closure and dehydrogenation; (2) by a somewhat similar reaction between 
toluene and ethylene involving the formation of ethyltoluene or propylbenzene 
followed by ring closure and dehydrogenation or (3) by demethanation of dicyclo- 
pentadiene as follows: 


H H 



The suggested mechanism for the formation of styrene was confirmed by pyrolysis 
of an equimolecular mixture of ethylene and benzene at 820°C., the products con¬ 
taining 40 per cent of styrene in the fraction boiling higher than benzene. No 
experimental evidence could be obtained in support of any of the suggested reac¬ 
tions for the formation of indene. 

Technical Processes for Olefin Production 

The influence of pressure on the production of olefins by pyrolysis of saturated 
hydrocarbons has already been discussed and it has been shown low partial pres¬ 
sures are favorable since polymerization and condensation reactions are thereby 
largely suppressed. High temperature pyrolysis at pressures below atmospheric 
is hardly practicable on an industrial scale so that a diluent is usually employed to 
reduce the partial pressure of the reacting hydrocarbon vapors. Steam is often 
used for this purpose but the oxides of carbon, e.g., 5-20 per cent of carbon dioxide, 
are suggested by Dreyfus.^® Instead of subjecting the mixture of hydrocarbon 
vapor and inert diluent gas to heat treatment, the latter may be preheated to a 
sufficiently high temperature so that on incorporating with the hydrocarbon vapor 
the re.sulting blend is at a temperature high enough to effect pyrolysis.*® Thus, 
rirebc, Coleman and Reilly*^ produce gaseous olefins by adding oil vapors to suffi- 

F. Birch and E. N. HaRuc, Ind. Hng. Ctirm., 1934, 2S, 1008; J. Inst. Pet. Tech., 1934, 20, 
.S23A; Brit. Chem. Abs. B. 1934. 1049; Chem. Abs., 1934. 28, 6982. 

» II. DreyfuH. French P. 750.496. 1933; Chem. Abs., 19.14. 28. 776. 

»*H. Dreyfus. French P. 763.942. 1934; Chem. Abs., 1934. 28. 5467. 

»» T. J. Crehe. (L H. Cnleman and J. H. RePly, tJ. S. P. 1.962.502. June 12, 1934, to Dow 
Oiemical Co.: Chem. Abs., 1934. 28. 4896; Bril. Chem. Abs. B. 1935. 343. 
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cient steam, superheated to 950-1200°C., so that the resulting mixture attains a 
temperature of about 800-1000‘’C. An electrical heating coil, shown in Fig. 51, 
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vessel, placed in a down-draft furnace, and heated by flames impinging on the in¬ 
side and outside near the lower end through which the hydrocarbons are admitted 
to the reaction zone. 

Instead of using an externally heated tube, it has been proposed^^ to employ a 
converter filled with refractory material which is first raised to a sufficiently high 
temperature by downward passage of hot gaseous products of combustion. After 
removal of the latter by a current of steam or gas, pyrolysis of gaseous hydro¬ 
carbons is effected by passage of these in an upward direction over the refractory 
material. The cycle is then repeated. When natural gas is the raw material, a 
portion of this may be burned thus heating the reaction zone to 800® C.®* During 
combustion untreated gas is introduced, and the resulting product is a mixture 
having a B.t.u. value of about 800. 

Dreyfus*® produces unsaturated hydrocarbons from paraffins (boiling below 
150®C.) by conducting their vapors through organic liquids or semi-liquids (con¬ 
taining suspended carbon) at temperatures of 300-350°C. For example, a gas 
consisting of ethane and propane is pyrolyzed by passage, under 5 atmospheres 
pressure, through a cracking residuum at 450°C. 

A number of catalysts have been described for the preparation of olefins from 
paraffins (usually by dehydrogenation), examples of such being sulphur, arsenic, 
antimony, selenium or tellurium.** Other contact agents include zinc chloride*^ 
and coke.** A small proportion of a halogen, such as iodine, is said to accelerate 
formation of olefins from propane at 575-650°C.*® Catalysts consisting of the 
halides of copper, silver, zinc, cadmium, thallium, tin, lead, titanium, silicon, 
vanadium, bismuth, molybdenum, tungsten, uranium, manganese, rhenium, nickel, 
iron and cobalt or of the elements selenium, tellurium, arsenic, antimony, or carbon 
are reported^* to effect dehydrogenation of normally liquid saturated hydrocarbons 
at temperatures of 200-5(X)°C. In some instances, hydrogen chloride or chlorine 
may be admixed with the hydrocarbon vapors, and the latter conducted over metals 
(c.g., manganese or zinc) at 4(X)-500°C.^^ Difficulty reducible oxides or sul¬ 
phides, such as tungstic oxide on carbon, may be employed with solid paraffin 
hydrocarbons at 400° to 500°C. and atmospheric or reduced pressures.'*^ Drey¬ 
fus^* prepares ethylene (and also ethane) by conducting methane over a catalyst 
(nickel, cobalt, copper or zinc) at 350-850®C. Pyrolysis of gaseous hydrocarbons 
at 4(X)-1100°C. in the presence of 2 per cent of mercury^^ or 0.01 per cent of 

••F. M. Pyzcl, U. S. P. 1,98,1.992. Dec. 11. 19.14. to Shrll l)cvelopnient Co.; Chcm. Ahs., 19.1.1, 
29, 914. British P. 392,643, 1933, to Bataafsche PctrcJcum Maat.schappij; Chcm. Ahs., 1933, 27, 
5529; Brit. Chcm. Abs. B, 1933, 614. 

»*;. B. Garner. R. W. Miller and G. B. Seyden, U. S. P. 1.954.991, Apr. 17, 19.14, to .Standard 
Oil Development Co.; Chcm. Abs., 19.14, 28, 3875; Brit. Chcm. Abs. B, 1935, 214. 

»H. Dreyfus, British P. 401.286, 1935; Chcm. Abs., 1934, 28. 2515; Brit. Chem. Abs. B, 
1934, 136. 

••A. J. van Peski, German P. 605,737, 1934, to Bataafsche Petroleum Maat.schappij; Chem. 
Abs., 1935, 29, 1832; J. Inst. Pet. Tech., 1935. 21, 99A 

^ A. D. Petrov, Nefi. Khos., 1932, 22, 95; Brit. Chem. Abs. B, 1932, 969; Chem. Abs., 1932, 

26. 4455. 

•P. Feiler and H. Haeuber, U. S. P. 2.007.754, July 9, 1935, to I. G. Farbenind. A.-G.; 
Chem. Abs., 1935. 29, 5855; /. Inst. Pet. Tech., 1935. 21. 381 A. 

•A. J. van Peski, U. S. P. 1,925,421, Sept. 5, 1933, to Bataafsche Petroleum Maatschapplj; 
Chem. Abs., 1933, 27, 5337. 

"British P. 409,312, 1934, to I. G. Farbenind. A.-G.; Chcm. Abs., 1934. 28, 5830; /. Inst. Pet. 
Tech., 1934, 20, 425A; Brit. Chem. Abs. B, 1934, 665. For the cracking of amines containing more 
than 8 carbon atoms and the employment of metallic chlorides or acids (e.g., phosphoric acid) as 
catalysts, see British P. 436.345, 1935. to H. T. Bohme A. G.; Brit. Chem. Abs. B, 1936, 54. 

"British P. 442,592, 1934, to I. G. Farbenind. A.-G.; Brit. Chem. Abs. B, 1936, 357; Chem. 
Abs., 1936. 30, 5022. 

"C. Wulff, German P. 596.094, 1934, to I. G. Farbenind. A.-G.; Chem. Abs., 1934, 28, 4430i 

"H. Dreyfus. British P. 399,526. 1932; Brit. Chem. Abs. B, 1933, 1046; Chem. Abs., 1934, 
28, 1713. . 

"F. Winkler and H. Haeuber. U. S. P. f.986.238. Tan. 1. 1935, to I. G. Farbenind. A.-G.; 
Chem. Abs., 1935, 29, 1098; J. Inst. Pet. Tech., 1936, 22, 53A; German P. 626,338, 1936; Chem. 
Abs., 1936, SO, 3439. 
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cadmium^® vapor has been suggested. Also, it has been pointed out that the oxides 
of bi- and trivalent chromium may be employed.^® It is reported^^ that dehydro¬ 
genation of higher paraffin hydrocarbons, without substantial rupture of carbon 
bonds, can be effected at 800-900° F. and at about atmospheric pressure in the pres¬ 
ence of catalysts such as alumina, thoria, and the oxides or sulphides of the metals 
of Group 6 of the Periodic Table. 

The cracking of ethylbenzene to styrene may be accomplished at about 500- 
700°C. in the presence of ceria or zinc and an oxide of tungsten, uranium or 
molybdenum.**® 

The development of construction materials for tubes used in the pyrolysis of 
saturated hydrocarbons has been the subject of much investigation. Not only 
must the tubes be capable of withstanding the necessary high temperatures for 
prolonged periods of time but they must not catalyze carbon formation and should 
accelerate the olefin-forming reactions. Special heat-resisting alloys or refractory 
silicious materials have been employed for this purpose but the latter suffer from 
the disadvantage of low mechanical strength, thus necessitating the use of com¬ 
paratively thick-walled retorts with consequent poor heat transfer. In the large 
scale pyrolysis of Persian natural gas, a special alloy steel (H.R.4) containing 
26 per cent of chromium and not more than 0.3 per cent nickel was found most 
applicable.^® Prolonged contact of this alloy at temperatures of about 1000°C. 
resulted in some embrittlement, which may be suppressed by an increase in the 
nickel content. Reference has already been made to the tests carried out by 
Cambron and Bayley using high-chromium steels. 

Pyrolysis of saturated hydrocarbons, diluted with steam, may be effected at 
600-900°C. in reactors consisting of a chromium steel containing less than 2 per 
cent of nickel or of iron of low nickel content and externally coated with a layer 

of heat-resisting chromium-nickel steel.®® Alloys containing 50-80 per cent of 

nickel, 10-25 per cent of chromium and 4 to 30 per cent cf iron have been used at 

temperatures of 700-1000°Externally-heated silicon tubes are reported to 

show a decided promise in suppressing carbon formation under properly controlled 
conditions.®^' Parts of apparatus exposed to temperatures above 500°C. may be com¬ 
posed of or lined with a composition containing free silicon which has been molded 
into tubes (or other shapes) by the usual ceramic processes.®® Alternatively, in¬ 
ternal coatings of a high-melting element, especially silicon or titanium, may be 
secured by firing the latter in powder form in the apparatus.®^ In some instances, 
tubes of silicon, or a metal silicide, are encased in steel tubes, a layer of alumina 
cement being interposed to prevent the formation of an alloy between the silicon 
and the outer steel casing.®® For temperatures above 500°C., it has been proposed 

"F. Winkler and H. Hacuber, U. S. P. 1.986,239, Jan. 1, 1935. to I. G. Farbcnind. A.-G.; 

Ch4^m. Abs., 1935, 29, 1099; /. Inst. Pet. Tech., 1936. 22, 53A. 

French P. 795,825, 1936, to U.sines de Mcllc. (Soc. anon.); Chem. Abs., 1936, 30, 5588. 

British P. 434,311, 1935, to Standard Oil Development Co.; Brit. Chem. Abs. B. 1935, 1034; 
Chem. Abs., 1936, 30, 849. 

**G. D. Graves. U. S. P. 2,036,410, April 7, 1936, to E. I. du Pont de Nemours & Co.; Chem. 
Abs., 1936, 30. 3446. 

^•W. H. Cadman. Ind. Eh{/. Chem.. 1934, 26. 315; Chem. Abs., 1934, 28, 2499; BHt. Chem. Abs. 
B, 1934, 486. 

British P. 404.984, 1932, to I. G. Farbenind. A.-G.; Brif. Chem. Abs. B, 1934, 310; Chem. 
Abs., 1934, 28, 4429. 

_ C. J. Strosacker and H. S. Kendall, U. S. P. 1,983,415, Dec. 4. 1934, to Dow Chemical 

Co.; Chem. Abs., 1935, 29, 593; Bnf. Chem. Abs. B. 1935. 1126. 

, “F. Winkler, H. Haeuber and P. Feiler, U. S. P. 1,922.918, Aug. IS. 1933, to I. G. Farbenind. 
A.-G.; Chem. Abs., 1933, 27. 5082. U. S. P. 1.937,619. Dec. 5, 1933; Chem. Abs., 1934, 28. 1182. 
^ “F. Winkler, H. Haeuber and P. Feiler. C»erman P. 593,257, 1934, to I. G. Farbenind. A.-G.; 
Chem, Abs., 1934. 28, 3078. F. Winkler and H. Haeuber, German P. 602,444, 1934, to 1. G. 
Farbenind. A.-G.; Chem. Abs., 1935. 29, 473. 

Winkler and H. Haeuber, German P. 590,875, 1934, to I. G. Farbenind. A.-G.; Chem. Abs.. 
1934. 28, 3078. 

^ “F. Winkler. H. Haeuber and P. Feiler. German P. 602,443, 1934, to I. G. Farbenind. A.-G.; 
Chem. Abs., 1935, 29. 473. Cf. French P. 799.224, 1936; Chem. Abs., 1936, SO, 7582, 



160 


CHEMISTRY OF PETROLEUM DERIVATIVES 


to use glazes of the silicates, phosphates and borates of copper, manganese, lead 
or chromium applied internally on supports of refractory material such as the 
silicides, carbides or chamotte.®^ Internal linings of tin, lead, molybdenum, chro- 
niiiini or tungsten are obtained by decomposition within the apparatus of certain 
compounds of the metal. Metallic alkyls, carbonyls or volatile chlorides may be 
employed for this purpose.^^ Winkler and Haeuber®® propose the use of in¬ 
ternally tinned manganese-copper tubes for the production of the lower olefins 
from gaseous paraffins at about 700®C. In one process it has been recommended 
that the cracking tube be employed in a vertical position.®® At the upper end of 
the latter is placed a reflux condenser which returns unreacted substances to the 
cracking zone. In this manner the conversion of a coal-oil distillate to olefins is 
sai<l to he effected. 

Pyrolysis of hydrocarl>ons at atmospheric pressure in the presence of oxygen 
or oxygen-containing gases is of interest since part of the heat required is sup¬ 
plied by incomplete combustion. The results of Frolich and Wiezevich®® with 
propane-air mixtures have already been discussed. The conversion of saturated 
gaseous hydrocarbons to unsaturated hydrocarbons by heating to 570-1200® C. 
under practically normal pressure and in the presence of a small proportion of a 
gas containing free oxygen has been described.®^ 

In general, olefins having less than ten carbon atoms may be converted into 
those of higher molecular weights by heat treatment®- at 550-650®C. in the pres¬ 
ence of not more than 5 per cent oxygen. Herrmann and Baum®® prepared acet¬ 
ylene by conducting ethylene, with insufficient oxygen for complete combustion, 
over catalysts at temperatures up to 1000°C. and at space velocities of about 160 
liters per liter of reaction space. 

Olefin hydrocarbons, containing at least 5 carbon atoms, may be obtained by 
the vapor-phase cracking of mixtures composed essentially of aliphatic hydrocar¬ 
bons, for example, paraffin wax or mixtures containing more than 20 per cent of 
paraffin wax, and submitting the products to fractionation.®^ 

In two-stage processes for the conversion of paraffin hydrocarbon gases into 
liquid hydrocartK)ns by intermediate formation of olefins and subsequent poly¬ 
merization of same, it is often proposed to conduct the first stage under pressure. 
Thus, Wagner®® pyrolyzes natural gas at 1250-1350® F. under a pressure of 30 lb. 
per sq. in., the gaseous olefinic portion of the product being removed and poly¬ 
merized at higher pressures and lower temperatures. In making liquid hydro¬ 
carbons from butane and propane, Frey®® recommends the intermediate formation 
of olefins be carried out above 540°C. and under a pressure of 1000-5000 lb. per 

•• F. Winkler, P. Feller .and H. Weigmann. U. S. P. 1,987,092, Jan. 8, 1935, to I. G. Farbenind. 
A.-G.; Chem. Abs., 1935, 29, 1430; /. Inst. Pet. Tech., 1935, 21, 137A. 

P. Feller, Gernian P. 590,874, 1934, to I. G. Farbenind. A.'^G.; Chem. Abs., 1934, 28, 3078. 
French P. 750.869, 1933; Chem. Abs., 1934, 28. 1046. 

"•F. Winkler and H. Haeuber, U. S. P. 1,945,960, Feb. 6, 1934; Chem. Abs., 1934, 28, 2363. 

H. P. Stephenson and R. G. Israel, British P. 451,575, 1936; Brit. Chem. Abs. B, 1936, 969; 
J. Inst. Pet. Tech.. 1936. 22. 439A. 

•® P. K. Frolich and P. J. Wieaevich, Ind. Eng. Chem., 1935, 27, 1055; Brit. Chem. Abs. B, 
1935, 980; Chem. Abs., 1935. 29. 7624; /. Inst. Pet. Tech., 1935, 21, 408A. 

® French P. 754.000, 1933, to I. G. Farbenind. A.-G.; Chem. Abs., 1934, 28, 1046. Cf. British 

P. 447.470, 1936; Chem. Abs., 1936, 30, 6761. Also French P. 792,101, 1935; Chem. Abs., 1936. 

30. 4175. 

* British P. 432,430, 1934, to E. I. du Pont de Nemours ft Co.; Brit. Chem. Abs. B. 1935, 893; 
Chem. Abs., 1936, 30. 484. 

•• W. O. Herrmann and E. Baum, U. S. P. 1,898.301, Feb. 21, 1933, to Consortium ffir elektro- 
chemische Industrie; Brit. Chem. Abs. B. 1933, 954; Chem. Abs., 1933, 27. 2691. 

••French P. 773.231. 1934, to Bataafsche Petroleum Maatschappij; Chem, Abs., 1935. 29, 1617. 
British P. 426,843, 1935; Brit. Chem. Abs. B, 1935, 539; Chem. Abs., 1935, 29, 6418. Cf. British 
P. 443.263, 1936; Brit. Chem. Abs. B. 1936. 536; Chem. Abs.. 1936. 30, 4873. 

«»C. R. Wagner, U. S. P. 1,976,591, Oct. 9. 1934. to Pure Oil Co.; /. Inst. 'Pet. Tech., 1935. 

2t. 26A; Chem. Abs., 1934, 28. 7486. ' ' 

••F. E, Frey, U. S. P. 1,987.007, Jan. 8, 1935, to Phillips Petroleum Co.; Chem. Abs., 1935 
29. 1619; /. Inst. Pet. Tech., 1935, 21. 137A. 
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sq. in., and subsequent polymerization be effected at lower temperatures and the 
same pressure. In another procedure, Coxon®^ passes a stream of natural gas of 
restricted cross sectional area into a stream of inert gas previously heated above the 
reaction temperature. The gases unite in a reaction chamber and condensable 
liquid material is separated as it leaves the heated zone. 

Separation of Lower Olefins from Gas Mixtures 

Separation of the lower olefin hydrocarbons from gas mixtures containing (in 
addition to olefins) hydrogen, paraffin hydrocarbons, butadiene, and, in some cases, 
acetylene is an important technical problem since relatively pure olefins must be 
employed in certain industrial syntheses. Both chemical and physical methods, 
including absorption and adsorjition, have been suggested for this purpose. A 
typical chemical mode of segregation may be employed for the production of alco¬ 
hols from olefins by absorption in sulphuric acid in several stages, each successive 
stage representing sulphating conditions more or less specific for one particular 
olefin. Thus, propene and ethylene may be extracted from gaseous mixtures by 
absorbing the former olefin in 80-90 per cent sulphuric acid at 20-23®C. and 10-25 
atmospheres pressure and subsequently absorbing the latter hydrocarbon in sul¬ 
phuric acid of 75-85 per cent strength at 90-130®C. and 10-25 atmospheres pres¬ 
sure.®® According to Engs and Moravec,®® olefins of the type RCH=CHR and 
R.jC=CHR may be removed from hydrocarbon mixtures by treatment with 60-70 
per cent aqueous sulphuric acid at 0-25®C., whereby they are selectively converted 
into their sulphuric mono esters. On heating the acid liquor, these mono alkyl 
sulphates are transformed into polymers of the original olefins. Ethylene or con¬ 
centrates rich in ethylene are prepared by Markovich and Pigulevskii^® by first 
eliminating higher hydrocarbons with sulphuric acid and then treating with organic 
solvents, comf)ressing, cooling and rectifying under pressure. 

Separation of olefins from hydrocarbon gas mixtures by liquefaction under 
pressure followed by pressure fractionation has been developed by a number of 
industrial concerns, including The Air Reduction Co. in U.S.A. and the Linde 
Air Products Co. in C^ermany. When the olefins and paraffins possess the same 
number of carbon atoms this procedure is somewhat difficult because of the close¬ 
ness of physical constants (e.g., vapor pressures) of the hydrocarbons. The physi¬ 
cal characteristics of ethane and ethylene, however, are sufficiently divergent to 
render separation easily possible. A continuous process for the segregation of 
ethylene from complex gas mixtures has been described by Van Nuys*^^ in wffiich 
the mixture is subjected to selective liquefaction, followed by rectification of the 
liquid portions. Carney^- recommends a two-stage fractionating system for the 
separation of a particular liquid olefin from cracked oils. In the first stage, 

n, H. Co.xon, U. S. P. 1.971.667. Aur. 28, 1934. to Gasoline Products Co.; Chem. Abs., 1934, 

28. 6.SS3; /. Inst. Pet. Tech.. 1934. 20. .*535A. 

W. H. (iroombridfie. British P. 41.S.766. 1934. to British Celanesc T.td.; Chem, Abs., 1935. 

29. 811; Brit. Chem. Abs. B, 1934. 9.S2. .Also H. Dreyfus and \V. H. OoomhridRe. British P. 

^03.654, 1933, to British Celanesc Ltd.; 7. htst. Pet. Tech., 1934, 20, 336A; Brit. Chem. Abs. B. 

1934. 355; Chem. Abs., 19.14, 28. 3415. 

«W. Engs and R. Moravec, U. S. P. 2.007.159. July 9. 1935, to Shell Development Co.; Chem. 
^hs., 1935, 29, 5456; 7. lust. Pet. Tech., 1936, 22. 53A; Brit. Chem. Abs. B, 1936. 632. Canadian 
P. 338,207, 1933; Chem. Abs.. 1934, 28, 1713. Cf. French P. 795,399, 1936, to I. G. Farbenind. 
A.-G.; Chem. Abs.. 19.16, 30, 5241. 

^ ‘“M. B. Markovich and V. V. Pigulcvskii. Russian P. 29,165 and 29,171, 1933; 7. Inst. Pet. 
Tech.. 19.14, 20, 458A; Chem. Abs.. 19.13. 27, 3951. 4069. 

^C. C. Van Nuy*. U. S. P. 1.958.553 and 1.958,554, May IS, 19.14, to Air Reduction Co.; 
Chem. Abs.. 1934. 28. 4436; Brit. Chem. Abs. B. 1935, 85. British P. 414,918. 1934; Brit. Chem. 
^hs. B. 1934, 917; Chem. Abs.. 1935. 29. 1103. French P. 791,011, 1935; Chem. Abs., 1936. 30. 

2807. French P. 762,028. 1934: Chem. Abs., 1934. 28, 4505. 

”S. C. Carney. U. S. P. 1.957.818. May 8. 1934, to Shell Development Co.; 7. Inst. Pet. Tech., 
1934, 20, 462A; Chem. Abs., 1934, 28, 4140. 
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concentration of the desired product into one fraction is effected by distillation. 
The latter is subjected to a second rectification to give further segregation of 
the compound, the residue being returned to the first stage. It is reported by 
Deanesly^® that pressure fractionation of liquid olefins from liquid paraffins is 
facilitated by the presence of liquid ammonia. The latter is said to have a 



Fic. 52.—Separation of Liquid Olefins from Paraffins by Pressure Fractionation. 

(R. M. Deanesly) 

greater affinity for olefins than for paraffins. In the procedure, a mixture of 
olefins and paraffins is fractionally distilled in the presence of anhydrous liquid 
ammonia. The distillate is condensed, cooled and led to a separator (Fig. 52). 
In the latter the ammonia and olefins are drawn off from the lower layer and re¬ 
turned to the still, and the paraffins arc removed from the upper portion of. the 
separated distillate. Another example of this procedure is the successive con¬ 
densation of propene and ethylene followed by fractionation of the individual 

'*R. M. Dcandy, U. S. P. 1,864.800, July 12, I9J2. to Shell Development Co.; Brit. Chtm. 
Abt. B, 1933, 1046; Chtm. Abt.. 1932, 26 , 4611. 
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condensates^^ Sakmin'^® recommends cooling coke-oven gas with liquid nitrogen 
and removing (at —150®C.) a fraction rich in ethylene. 

The possibility of isolating olefins from gas mixtures by absorption in selective 
solvents has attracted considerable attention. In general, it is proposed to subject 
the gases, under increased pressure, to countercurrent washing with a solvent, the 
dissolved olefins being subsequently recovered from the liquid by reducing the 
pressure or raising the temperature, or both. Processes of this kind are readily 
made continuous and are attractive from an economic point of view. Voorhees 
and Youtz'^® suggest compressing cracking gas to S-10 atmospheres, cooling to 
20®C. and washing with an aqueous solution of alcohols, such as methyl alcohol, 
glycol or glycerol. It is stated that ethylene and propene are 5 to 6 times as soluble 
as the corresponding paraffins in 95 per cent ethyl alcohol. Bcnnett^"^ proposes 
dichlorethyl ether, amyl alcohol or isopropyl ether for the selective absorption of 
olefins at super-atmospheric pressures and relatively low temperatures. The greater 
solubility of propene in mineral oils is utilized by Horsley^® in his cyclic process 
for partial segregation of ethylene from propene. The mixed gases are washed 
under pressure with a mineral-oil fraction, boiling above 200®C., oil is separated 
and the pressure is released in stages. The gas from the first stage is recycled. 
Another method comprises scrubbing the compressed olefin fraction with liquid 
butane and separating the dissolved olefins by distillation under pressure."^® 

Other media which may serve for extraction of olefins from admixtures con¬ 
taining paraffin hydrocarbons are cresylic acid,^®* liquid sulphur dioxide,"^®** and 
a blend of furfurol (65 parts) and toluene (35 parts).‘^®<^ 

Certain solutions containing monovalent copper salts appear to exert a prefer¬ 
ential solvent action on the lower unsaturated hydrocarbons and this fact is utilized 
in a number of procedures for the removal of olefins from complex gas mixtures. 
The preferential solvent action is no doubt due to the formation of double com¬ 
pounds with high dissociation pressure. Tropsch and Mattox®® found that ethyl¬ 
ene (under pressure) and solid cuprous chloride yield an addition compound of 
the formula CUCI C 2 H 4 , the dissociation pressures of which are 2.14 atmospheres 
at 0®C., 5.95 atmospheres at 16.8°C., 11.70 atmospheres at 30.0®C. and 19.49 atmos¬ 
pheres at 40.0°C. The addition of less than 10 per cent of kieselguhr to the 
cuprous chloride increases the rate of absorption of ethylene. Propene under 
pressure docs not react similarly. Ethylene was not absorbed under 60 atmos¬ 
pheres pressure by a suspension of cuprous chloride in cold water. 

In the process of Watts,ethylene and higher gaseous olefins are removed 
from gas mixtures by an ammoniacal cuprous salt solution and the dissolved gases 

Wilkinson and J. L. Schlitt. U. S. P. 2.035.516, Mar. 31. 1936, to Air Reduction Co.; 
Chem. Ahs., 1936. 30. 3443. 
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Indiana; Chem. Abs., 1932, 26, 5962; Brit. Chem. Abs. B. 1933, 853. 

H. T, Bennett, U. S. P. 2,026.265, Dec. 31, 1935, to Mid-Continent Petroleum Corp.; Chem, 
Abs., 1936. 30, 1220; Brit. Chem. Abs. B, 1936, 820. 
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J- Inst. Pet. Tech.. 1936, 22. 54A; Chem. Abs.. 1935, 29, 7635. 

R. F. Ruthruff, J. K. Roberts and M. T. Carpenter, Canadian P. 356.810, 1936, to Standard 
Oil Co. of Indiana; Chem. Abs.. 1936. 30, 3223. 

*^0. C. Miller. U. S. P. 2.069,172, Jan. 26, 1937, to Standard Oil Co. of Ind.; Chem. Abs., 
1937. 31, 1997. 

"•♦C. C. Miller, U. S. P. 2.069,173, Jan. 26, 1937, to Standard Oil Co. of Ind.; Chem. Abs., 
1937, 31. 1997. 

French P. 801,347, 1936, to Bataafsche Petroleum Maatschappij; Chem. Abs.. 1937, 31. 416. 

""H. Tropsch and W. J. Mattox. J.A.C.S., 1935, 57, 1102; J. iMt. Pet. Tech., 1935, 21, 298A; 
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are recovered by heating the solution or reducing the pressure. Horsley*^ proposes 
ammoniacal solutions of cuprous nitrate, salicylate, phenolate or cresolate for the 
same purpose. He believes such solutions have a higher absorptive capacity than 
cuprous chloride or formate. 

One disadvantage of the use of ammoniacal solutions of cuprous salts is the 
high volatility of ammonia which tends to be carried forward in the gas stream 
and whose recovery necessitates special equipment. To overcome these difficulties, 
Joshua and Stanley**^ employ solutions of cuprous salts in a mixture of water and 
a hydroxyalkylamine, such as monoethanolamine, diethanolamine, propanolamines 
and butanolamines. These bases are much less volatile than ammonia so that the 
necessity of an expensive and troublesome recovery system is obviated. It is also 
desirable to have present a salt of the base, such as the hydrochloride or the for¬ 
mate, in an amount up to about 1 mole of the salt per gram-atom of monovalent 
copper. A typical solution for absorbing olefins from gas mixtures is prepared 
by dissolving 100 g. of cuprous chloride in a mixture of 300 g. of water, 200 g. 
of monoethanolamine and 75 cc. of hydrochloric acid of density 1.16. The solu¬ 
bility of some gases in this solution at 20®C. and at various pressures is given in 
Table 40, the solubility being expressed in liters of gas at N.T.P. dissolved by 1 
kilogram of solvent. 

Table 40.—Solubility at Absolute Pressures of: 


Gas 1 Atm. 5 Atms. 10 Atms. 20 Atms. 

Ethylene. 8.4 15.8 21.2 24 2 

Propene. 1.1 4.3 6.1 — 

Butenes. 1.0 — — — 

1,3'Butadiene. 11.0 — — — 

Hydrogen. — — 0.08 0.17 


In practice, the gaseous mixture is washed under pressure with a countercurrent 
stream of the solvent and dissolved hydrocarbons are recovered by reducing the 
pressure and warming the solution. By this procedure, gases containing 90 per 
cent, or more, of mixed olefins are obtained. Since the olefins dissolve in cuprous 
salt solutions with heat evolution, cooling is necessary during the washing opera¬ 
tion. Furthermore, acetylene must be removed from the gases prior to absorption, 
otherwise cuprous acetylide is formed. 

The separation and concentration of ethylene from cracking gas by adsorption 
on charcoal have been recorded by Pipik.®^ This method, however, requires care¬ 
ful control of the temperature. Displacement of ethylene from charcoal is best 
effected, not with steam, but with cracking gas. A 2 per cent solution of ethylene 
was concentrated to 17 per cent and a 25 per cent solution to 55 per cent bv this 
procedure. 

Partial segregation of gaseous hydrocarbons has been accomplished by Fuss- 
teig®® by the use of active charcoal contained in two towers in series. By passage 
of cracking gas, previously dried over calcium chloride, through this system it was 
possible to condense all the ethylene homologues in the first tower and to retain 
the ethylene in the second. The olefins were desorbed by wet steam, after which 
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it was necessary to regenerate the charcoal with steam superheated to 250®C. 
Butadiene was removed by absorption in a saturated solution of cuprous chloride, 
from which it could be recovered by warming to 55-60®C. Also, it has been sug¬ 
gested that the propane and butene from coke-oven gases may be isolated by ab¬ 
sorption with active carbon.*** In this case, benzene and hydrogen sulphide must 
be removed before absorption. 

The use of silica gel, activated by heating at 270-280®C. for 3.5 to 4 hours, for 
the recovery of butene-2 from air containing .small concentrations of that hydro¬ 
carbon, has been investigated by Volzhinskii, Globov and Khrenova.*^ At 20®C., 
with a gas mixture containing about 5 per cent of the hydrocarbon, the gel ab¬ 
sorbed about 4 per cent by weight of butene-2. Desorption and regeneration were 
carried out by heating to 200-225°C. but the gel then exhibited a lower adsorptive 
power. 

It is of interest to note that hydrogen can l>e removed from gases rich in olefins 
by selective oxidation with oxygen or air in the presence of a catalyst, such as 
copper oxide, with practically no simultaneous loss of hydrocarbon constituents.** 
Addition of an oxide of carbon to the gaseous mixture and effecting reaction 
between the oxide and hydrogen has been proposed also.*** 

Production of Acetylene 

In the pyrolysis of petroleum hydrocarbons, acetylene formation probably begins 
at about 700°r. and increases with rising temperature. Largest yields from gase¬ 
ous hydrocarbons appear to be obtained under the following conditions: fl) high 
temperatures, e.g.. the electric arc, for short periods of time. (2) reduced pres¬ 
sures, and (3) the use of a diluent, such as hydrogen or steam, to minimize de¬ 
composition to hydrogen and carbon.*** 

On account of its cheapness and abundance methane has been studied exten¬ 
sively from the viewpoint ot acetylene production and the experimental data of 
numerous investigators have been correlated by Storch.*** The variation of the 
equilibrium constant of the reaction 

2CH, -> C,H, + 3Hj - 91,000 cal. 

is represented in Fig. 53. in which the data has been calculated from the spectro¬ 
scopic results of Kassel**- for the free energies of the h\drocarbons concerned. The 
value of the constant. 


A ■» 


P*eii4 


varies from 5 X 10 * at 1000°L. to 250 at 150()®C. Kinetically. the decomposi- 



r. rroiicn. i... r. .Mav lyj.?, 

Co.: Bril. Chem. Abs. B, 1934. 263; Chnn. Ahs., 1933. 27\ 4039. 

York^SjM**" ******’ Chemistry of Petroleum Derivativi*^.'’ The Chemical Catalog Co.. New 

228; Chem. Abt.. 

in.Vfc®* 21^* utiluation of methane, see also A. \ a. KubuPnek, AV/f.. 1933. 4 (7). 

Cnem. Abs., 1935, 29. 1966. 

•W?*S61*’ !93J. 55. U51; Chtm. Abs., 1933, 27. 2611; Brit. Ckrm. Abt. A. 
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tion of methane under conditions of low hydrogen concentration can be represented 
by the unimolecular equation 


logik- 11.864- 


17,352 

r 


and this has been shown by Storch to represent quite satisfactorily the data given 
by other workers. 

The influence of contact time on the formation of ethylene and acetylene from 
methane at 1400®C. and 50 mm, pressure is shown bv the results of Tropsch and 
Rgloff.»3 (Table 41.) 

Table 41. —Efect of Contact Time on Ethylene and Acetylene Formation. 


Contact Time 

Gas Analysis 

Per Cent Vol. 

Sec. 

CaH, C,H4 C,He 

2.3 

1.6 2.2 ' nil 

5.0 

4.6 2.2 nil 

6.4 

5.0 1.6 nil 

14.0 

6.0 1.2 nil 


The equilibrium constants of the thermal dehydrogenation of ethylene to acet¬ 
ylene 

CtU, - > C,H, + H, - 45.800 cal. 

have been calculated by Storch from Kassel’s free energy data. The variation of 
the constant 


K 


RcjH, X Ph} 
Pc,H4 


with temperature is represented graphically in Fig. 53. The work of Fischer and 
Pichler'^^ seems to indicate that this dehydrogenation is a unimolecular reaction 
though there is a definite trend towards higher conversions at the lower partial 
pressures of ethylene. Dilution with hydrogen markedly suppresses polymer for¬ 
mation with the result that acetylene can be made the main reaction product at 
high temperatures, low pressures and shorter heating periods. Dreyfus®^ reports 
mat ethylene may be converted to acetylene by passage of gas, preheated to 800- 
1000®C., though an annular space at 1200°C. for a contact period of 0.05-0.01 
second, employing hydrogen to reduce the partial pressure of the hydrocarbon to 
below 1 atmosphere. The results of Fischer and Pichler®® for the pyrolysis of 
ethane at low pressures and temperatures of 1000-1400®C. are practically identical 
with those obtained under the same conditions with ethylene. This probably means 
that ethane dehydrogenates to ethylene much more rapidly at these temperatures 
than does ethylene to acetylene. 

Pyrolysis of propane, n-butane and isobutane at 1100®C. and 50 mm. pressure 
furnishes considerable amounts of acetylene, the concentration of the latter in the 
resulting gas increasing with increased contact time.®^ 

To ootain substantial yields of acetylene from methane it is necessary to con- 


•• H. Tropsch and G, Egloff. Ind. Eng. Chem., 1935, 27, 1063. See also G. Egloff and E. Wilson 
Jnd. Eng. Chem.. 1935. 27. 917; Ckcm. Ahs.. 1935. 29. 6203; Brit. Chem. Ahs. A, 1935, 1206. 

** F. Fischer and H. Pichler, Brennsioff-Chem., 1932, 13, 406; Brit. Chem. Abe. B, 1933, 53- 
Chem. Abr. 1933, 27, 2016. 

•• H. Dreyfus, British P. 440.432, 1935; Brit. Chem. Abs. B, 1936, 263; Chem. Abs., 1936, 30. 
.3«36; J. Inst. Pet. Tech.. 19.16. 22. 251A. 

*^F, Fischer and H. Pichler. Brennstoff-Chem., 19.12, 13. 406; Brit. Chem. Ahs. B, 1933, 53; Chem 
Abs.. 193.1. 27, 2016. 

•^G. Egloff and E. Wilson. Ind. Eng. Chem., 1935. 27, 917; Chem. Abs., 1935. 29. 6203- 
Brit. Chem. Abs. A, 1935, 1206. * 



PRODUCTION OF UNSATURATED HYDROCARBONS 


167 


duct pyrolysis at temperatures as high as 1400-1500°C. and to operate at low par¬ 
tial pressures of methane.'*® In practice, it may not be feasible to carry out this 
high temperature cracking at pressures below atmospheric so that dilution with a 
cheap and relatively inert gas would be required for efficient operation. Hydrogen 
or oxides of carbon have been employed as diluents. When hydrogen is used, 
Frost®® points out that a 95 per cent conversion of methane to acetylene can be 
secured at 1500° absolute and 0.1 atmosphere pressure. From the economic point 


Fig. 53. 

Variation of Methane-Fthylene-Acety¬ 
lene Equilibrium Constants with Tem¬ 
perature. (H. H. Storch) 


Courtesy Industrial and Engineering Chemistry 



of view, Storch l>elieves the conversion of methane into acetylene is limited by the 
necessity of carrying out a highly endothermic reaction at a very high temperature 
level. Furthermore, the high temperatures needed virtually exclude the use of 
all constructional material except alundum or silicon carbide. He suggests that the 
process might be carried out in an intermittent cycle, a checker work of refractory 
material being first raised to the reacting temperature by burning preheated natural 
gas and compressed air and then effecting the decomposition of diluted methane 
in the second stage of the cycle. Storch also points out that conversion of ethylene. 

K. Kobayashi, K. Yamamoto, H. Ishtkawa and S. Hinonishi, /. Soc. Ckem, Ind. Japan, 1935, 
31. 550; Ckcm. Abs.. 1936, 30. 1210. 

"A. V. Frost, Materials on Cracking and Chemical Treatment of Products Obtained, Khimteoret 
(Leningrad), 1935, No. 2, 98; Brit. Chem. Abs. B. 1936. 482; Ckem. Abs., 1935, 29. 5626. Cf. 
H. Dreyfus and W. H. Groombridge. British P. 458,160, 1935, to British Cdanese, Ltd.; Brit. Ckem. 
Abs. B, 1937, 113. 
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ethane, propane or butane to acetylene by thermal decomposition does not necessi¬ 
tate such high temperatures so that in the case of these higher hydrocarbons the 
desired temperatures could possibly be obtained with externally heated tubes, for 
example, tubes of chrome alloy. 

In the technical processes which have been described for the production of acety¬ 
lene from methane or natural gas, some method of internal heating, such as incom¬ 
plete combustion, is generally proposed. Thus, Fischer and Pichler^^® prepared 
acetylene by passing a mixture of methane and oxygen, in proportions insufficient 
for complete combustion, through a reaction zone at above 1(X)0®C. The reaction 
time was less than 0.01 second. Under proper conditions the ratio of carbon 
monoxide to hydrogen in the resulting gas is approximately 1:2 so that, after re¬ 
moval of acetylene, the residual gas may be used for the synthesis of benzine, 
de Rudder and Biedermann^®^ suggest mixing methane (or higher hydrocarbons) 
and hydrogen with sufficient chlorine to heat the mixture to a temperature of 
1200®C. or higher by combustion of the hydrogen in the chlorine, after starting 
the reaction by auxiliary heating. Dreyfus^^- reacts carbon with methane or hydro¬ 
gen, or both, at above 1000®C., heat being supplied to the reactants by combustion 
of part of the gas. For example, finely divided carbon may be blown through a 
flame of burning methane. Also, it has been suggested that methane and finely 
divided coke be placed in an electric arc.^‘*® The latter is maintained at 1500°C., 
and the gases are conducted through the arc rapidly to insure a short period of con¬ 
tact. Treatment in the arc is followed by a sudden cooling of the products. 
Wulff^®^ has disclosed a process in which natural gas is compressed to a sufficient 
pressure to raise the temperature to at least 1370°C. The pressure is released so 
that the gases are held under the specified temperature for less than O.l second 
and the expanded gases are rapidly cooled to a temperature at which acetylene is 
stable. A partial conversion of natural gas to acetylene may be secured by passage 
at 980®C.^®® over silicon carbide, after which the gases are quickly removed and 
cooled. 

In the process of Binnie,'^ a gas mixture containing equal volumes of methane 
and hydrogen chloride is passed through a tube of refractory material at a tempera¬ 
ture of 14(X)-1450®C. and at a space velocity of 6000-9000 volumes per minute. In 
some instances a small proportion of chlorine, not more than 1 per cent of the vol¬ 
ume of hydrocarbon gas, may be employed.The use of subatmospheric pressures 
of the order of 0.1 atmosphere or less, in conjunction with temperatures of about 
1300®C., is recommended by Tramm and Jung^^^ for the conversion of saturated 
or unsaturated aliphatic hydrocarbons into acetylene. Pyrolysis of methane may 
be effected by passage through an electrical resistance furnace, forming the reaction 
chamber, in which the heating resistance is made of material of large internal area 


»®F. Fiicher and H. Pichler, U. S. P. 1,940,209. Dec. 19, 1933; Brit. Chem. Abs. B, 1934, 917; 
Chem. Abi., 1934, 2S, 13S3. See Chapter 52. 

»»F. P. I. de Rodder and H. Biedermann, French P. 748,861, 1933; Chem. Abs., 1933, 27, 5340. 
M*H. Dreyfus, British P. 427,798, 1935; BHt. Chem. Abs, B. 1935, 661; Chem. Abs., 1935, 29, 
5855. 

“•French P. 797,626, 1936, to SUndard Oil Development Co.; Chem. Abs., 1936, 30, 6998. 
British P. 455.567, 1936; Chem. Abs., 1937, 31, 1826. 

*«R. G. Wolff, U. S. P. 1,966,779, July 17, 1934, to Wu*ff Process Co.; Chem. Abs., 1934, 
28, $640; Brit. Chem. Abs. B, 1935, 343. 

“•R. G. Wolff, U. S. P. 2,037,056, April 14, 1936, to Wolff Process Co.; Chem. Abs., 1936, 
SO, 3624. 

“•D. Binnie, U. S. P. 2,000,118, May 7, 1935, to Imperial Chemical Induatries Ltd.; Chem. Abs., 
1935, 29, 4028. „ . . ^ 

“••H. Tropsch, U. S. P. 2,063,133, Dec. 8, 1936, to Universal Oil Products Co.; Chem, Abs., 


1937, 31, 838. 

H. Tranrni and R, Jung, German P. 605,640, 1934, to Ruhrebemie A.-G.; Chem. Abs., 1935, 
29, 1832. French P. 790,851, 1935; Chem. Abe., 1936, 30, 2985. U. S. P. 2,047,397, July 14. 
1936; Chem. Abs., 1936, 30, 5840. 
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such as activated carbon.^^® A contact mass of tungsten, heated by induction, is 
suggested by Eymann.^^*^ Fused alumina has been suggested also, particularly as a 
lining for the heated reaction zone.^^* 

In another procedure the hydrocarbons are heated to obtain partial conversion 
to olefins and the resulting gases then oxidized.^For example, a gas consisting 
mainly of propane is preheated to about 700°C. (to secure about 5 per cent con¬ 
version to olefins) and then subjected to partial combustion at temperatures above 
1000°C. The products comprise acetylene, ethylene and methane. 

Separation and Purification of Acetylene 


For the extraction of acetylene from dilute gas mixtures, such as those pro¬ 
duced by high temperature pyrolysis of hydrocarbons, countercurrent washing with 
a selective solvent has been usually employed. The scrubbing operation may be 
conducted under pressure and acetylene is recovered from the liquid by heating and 
reducing the pressure. Many organic solvents have been proposed for this purpose, 
including ethers, esters or mixed ether-esters of the polyglycols an ester of an 
aliphatic polybasic acid and a monohydric alcohol having 1 to 3 carbon atoms, such 
as diethyl oxalate;''^ an alkyl carbonate, e.g., diethyl carbonate;*'^ and a wide 
variety of ketones, aldehydes, aliphatic alcohols and their esters, hydrocarbons and 
chlorinated hydrocarbons.^An example of a liquid alicyclic ketone, to be em¬ 
ployed as an extraction medium, is cyclohexanone.^^® Lactones, such as butyro- 
or y-valero-lactone, have been sugge.sted also.^^®* 

The separation of acetylene from gas mixtures containing ethylene, methane and 
hydrogen, is effected by washing with hexane at —The dissolved gases are 
recovered in two stages, by warming the solution first to about —'12°C. to remove 
methane and finally to about 87°C. to evolve ethylene and acetylene together with 
some hexane vapor. The latter mixture is then fractionated at about —-70°C. under 
2 atmospheres pressure to furnish pure components. A combination of solvent 
action (using water or acetone) and low temperature fractionation has also been 
proposed by Pyzel.^'^ 

Absorption in liquefied substances, e.g., ammonia or sulphur dioxide, which 
are gaseous at 15°C. and 1 atmosphere pressure and condensable at a temperature 
above —100°C., is recommended when a large proportion of hydrogen is present.^''* 

M. Banc, German P. 594,124 and 594.125, 1934. to Ruhrchemie A.-G.; Chem. Abs., 1934. 28. 
3315. Cf. W. Grimme, R. Jung and H. Tramm, (German P. 624,696, 1936, to Ruhrchemie A.-G.; 
Chem. Abs., 1936, 30. 4768. 

**0. Eymann. U. S. P. 1,957,254. May 1, 1934, to Koppers Co. of Delaware; Chem. Abs., 1934, 
28. 4071; Brit. Chem. Abs. B. 1935, 85. 

German P. 636,011, 1936, to Ruhrchemie A.-G.; Chem. Abs., 1937, 31, 580. 

British P. 408,934, 1934, to I. G. Far!>enind. A.-G.; Chem. Abs., 1934, 28, 5467; Brit. Chem. 
Abs. B, 1934, 615. French P. 761.937, 1934; Chem. Abs.. 1934, 28. 4429. 

H. P. A. GroU and J. H. Biirgin. U. S. P. 1.965,100, July 3, 1934, to Shell Development 
Co.; Chem. Abs.. 1934, 28. 5474; Brit. Chem. Abs. B, 1935. 393. British P. 400.054, 1933. to 
Bataafsche Petroleum Maatschappij; Brit. Chem. Abs. B, 1934. 8; Chem. Abs., 1934, 28, 2166. 
Cierman P. 606.343, 1934; Chem. Abs., 1935, 29. 1614; J. Inst. Pet. Tech.. 1935, 21. 99A. French 
P. 751.284, 1933; Chem. Abs., 1934, 28, 1058. 

>«G. B. Taylor. U. S. P. 1,996,088, April 2, 1935, to E. I. du Pont de Nemours & Co.; Chem. 

Abs.. 1935. 29. 3353; Brit. Chem. Abs. B, 1936, 437. 

F. J. Metzger, U. S. P. 1,900,655, March 7. 1933, to Air Reduction Co. Inc.; Brit. Chem. 

Abs. B. 1933, 996; Chem. Abs., 1933, 27. 2966. British P. 401,531, 1933; Chem. Abs., 1934, 28. 

2371; Brit. Chem. Abs. B. 1934. 182. 

S. Hujio, Japanese P. 109,41^ 1935, to The Minister of Navy; ChertK Abs.. 1935. 29. 4218. 

M. MuUer-Cunradi, O. Eisenhut and H. Schilling, U. S. P. 1.938,083, Dec. 5. 1933, to 1. G. 
Farbenind. A.-G.; Chem. Abs., 1934, 28. 1046. 

R. M. Isham, U. S. P. 2,063,680, Dec. 8, 1936, to Danciger Oil and Refineries, Inc.; Chem. 
^bs., 1937. SI. 710. 

G. Wulff, U. S. P. 1,938.991, Dec. 12. 1933; Brit. Chem. Abs. B. 1934, 917; Chem. Abs., 
1934, 38. 1364. 

wtn. Pyzel, U. S. P. 1.985.548. Dec. 25, 1934, to Shell Development Co.; Chem. Abs., 1935, 29. 
1235; Brit. Chem. Abs. B. 1935. 1127. 

'“H. Schilling and R. Sudler, U. S. P. 2.029,120, Jan. 28, 1936, to I. G. Farbenind. A. G.; 
Chem. Abs., 1936, SO, 1616. 
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To separate acetylene from coke oven gas, a mixture of ammonia and acetone”® is 
employed at a temperature of —90®C. 

Impurities in acetylene, including phosphine and hydrogen sulphide, may be 
removed by slow passage of the gas over granules prepared by vacuum drying a 
paste of bleaching powder, lime and a solution of calcium chloride.^®® 

Solvents, such as acetone at about —20®C., are recommended as means of 
eliminating highly unsaturated hydrocarbons, e.g., diacetylene, from gaseous mix- 


PuRtnepGAs 



Fio. 54.—Diagram of Method for Separating Diacetylene from Acetylenic Gases. 

(W. Grimme and H. Tramm) 


tures containing acetylene.*** In the procedure, acetone is caused to flow counter- 
current to a stream of gases (Fig. 54). If the temperature is maintained at —20®C. 
only diacetylene is said to be dissolved in the ketone. The latter is then withdrawn 
from the bottom of the scrubbing tower and warmed by heat exchange with gaseous 
hydrocarbons resulting from a pyrolytic operation. In this manner diacetylene is 
said to be removed from the acetone. The washing liquor may be further cooled 
and returned to the system. Additional liquids which may be employed, at tempera¬ 
tures between —80° and 150°C., are hydrocarbons, halogenated hydrocarbons or 
nitrobenzene.*** Other procedures involve cooling the mixed gases to about 
—70°C.*** or the preferential polymerization of diolefins, or other highly re- 

“•C. Fiicher, German P. 606,653. 1936, to I. Bronn and Concordia-Bergbau A.-G.; Chem. Abt., 
Af*Roibdettvenakii and M. S. Kovalik. J. Chtm. /nd. (Motcow), 1935, IZ, 369; Chem. 


'^'’"Aw”Gr*h;.^”a*id H. Tramm, U. S. P. I.**?.*”. ,i»»-I*' 

Brit. Chem. Abs. B. 1936, 88. .See alto British P. 415,377. 1934, to Ruhrchemie A. G.; Br\t. Chem. 

naV sinm^ni: RTliieA^rt. w“'^ndhM.‘ and H. Schilling. U. S. P. 1.988.032. Jan. 15. 1935, 

“ Bu“R. 'siid"r'i:nd''H^^ S. P. 1.94^.592. Feb, 6. 1934, I. C. 

Farbenind. A. G.; Chem. Abs., 1934, 28, 2371. 
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active hydrocarbons, with silica gel, active carbon, bleaching earths or certain 
metallic oxides at 200-300®Treatment with 60 per cent sulphuric acid con¬ 
taining a dissolved phenol is also suggested.^^s 

Acetylene is occasionally an objectionable constituent of gases so that it is 
necessary to eliminate, more or less completely, relatively small amounts of it. 
This may be accomplished by hydrogenation at low temperature, e.g., 75-90®C., in 
the presence of a specially prepared catalyst containing nickel and alumina. 
Olefins are said to be unaffected by this treatment.^^*^ Another method involves 
hydrogenation at 250°C., using chromium or nickel compounds as contact agents.^^r 
Young^^* removes most of the acetylene in olefinic gas mixtures by washing with 
acetone. The residual acetylene is then completely eliminated by passage of the 
gases over specially reduced copper at 195®C. The spent catalyst is revivified by 
conducting air over it at 250®C. and reducing with hydrogen. 

Porous fillers, prepared by coagulating a foam resulting from admixture of a 
cellulose solution and kieselguhr or peat, may be employed in the storing of 
acetylene.^^ 


Production of Diolefin Hydrocarbons by Pyrolysis 


Butadiene is an important product of the pyrolysis of many hydrocarbons, es¬ 
pecially olefins and cyclohexane derivatives, and may be produced on an industrial 
scale by thermal decomposition of petroleum hydrocarbons. In addition, other con¬ 
jugated diolefins are also formed. For example, piperylene (1-methylbutadiene) 
and also possibly isoprene have been found in the low-boiling liquids from the 
pyrolysis of kerosene by the Buizov method.'^® However, perhaps the most abun¬ 
dant diolefin (having 5 carbon atoms) is cyclopentadiene, as it has been found in 
the products obtained on cracking the lower paraffinic hydrocarbons'®^ and also in 
the fraction boiling at 28-50®C. made by the thermal decomposition of kerosene. 
Dedusenko'®2'‘ determined (by interaction with maleic anhydride) that the portion 
of gasoline (made by pyrolytic operations at 760®C.) distilling between 20® and 
60®C. contained 2.2 per cent of the diolefin. A larger proportion (3.62 per cent) 
was secured from the cut boiling at 35-40®C. 

Butadiene is present in appreciable quantities in cracking gases, particularly 
those from vapor-phase operation at about 600®C. It is also, in all probability, 
an intermediate in the conversion of lower paraffins into aromatic hydrocarbons. 
Thus, the gaseous products obtained in a semi-industrial plant for the manufacture 
of benzol from Persian natural gas, by cracking at about 800®C., contained 1.08 

*** F. Zobel and H. Reich. U. S. P. 1,9/3,840, Sept, 18, 1934. to I. CL Farbenind. A.-G,; Chem. 
Abs., 1934. 28. 6726. 

'*A. Auerhahn, U. S. P. 1.960,326. May 29. 1934. to 1. Farljenind. A.-G.; Chrm. Abs., 1934, 

28, 4436. 

K. Saurwein. German P. 534,475, 1929, to I. G. Farbenind. A.-G.; Chem. Abs., 1932, 26. 833. 

^ E. Linckh and H. Haeuher, German P. 612.205, 1935, to 1. G. Farl>enind. A.-G.; Cbcm. Abs., 
1935, 29. 4776; /. lust. Pet. Tech.. 1935, 21. 266A. 

^ C. O. Young. Canadian P. 337,317, 1933, to Carbide and Carlwn Chemicals Corp.; Chem. 
Abs., 1934, 28. 1720. 

A. Burgeni and R. O. Herzog, (lerman P. 590.497, 1934; Chem. Abs., 1934. 28, 2166. Also 
Bloch-Se^ and P. Roseml>erK. J. ae^tvft^ue. 1935, 95, 986; Chem. Abs.. 1936, 30, 839. C. D. Hurd, 
htd. Bug. Chem., 1934. 26. 51; Brit. Chem. Abs. B. 1934, 228; Chem. Abs., 1934, 28. 1014. O. 
I«azar. /. S. Afrieuu Chem. lust., 1934, 17. 58; Chem. Abs., 1935, 29, 317; Brit. Chem. Abs. B, 
1934. 995. 

*** B. A. KazaiiMkii. A. F. Plate ami S. .S. Art>un>ati. Siutet. Kauchuk. 1933. No. 3. 13; Chem. 
Abs., 1934. 28, 3567; Brit. Chem. Abs. B, 1934. 866. See B. V. Buizov. J. Applied Chem. (U.S.S.R.), 
1933, 6. 1074; Foretgu Pet. Tech., 1934, 2. 185. 213; Chem. Abs.. 1934. 28. 5711. 

A. Canibron and C. H. Baylev, Cau. J. Research. 1934, 10, 145; Brit. Chem. Abs. A, 1934, 
507; Chem. Abs., 1934. 28, 2874. .S. F. Birch .ind E. N. Hague, lud. Bun. Chem.. 1934, 26, 1008; 

Chem. Abs.. 1934, 28. 6982; Brit. Chem. Abs. B. 1934. 1049. 

r. A. Volthinvkii and A. P. Shcheglova, Siutet. Kauchuk. 1933. No. 4, 31; Chem. Abs., 1934, 

3060. 

^ I.. S. Dedusenko. Bull. acad. sci. V.R.S.S., Ctasse sci. math. uaf. See. chim.. 1936, 59; Chem. 

'^hs., 1937, 31, 1992. 
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per cent of butadiene.^*'’* Buizov'®^ exposed cracking gases to an incandescent 
platinum wire to secure the same product. Cambron and Bayley^®® studied the 
aromatization of propane in a high-chromium alloy steel tube and obtained about 
5 per cent of the diolefin when operating at 850®C. and at high rates of flow. 
Pyrolysis of a paraffin wax (melting at 53.2®C.) at temperatures above 6S0®C. was 
reported to furnish about 2.5 per cent of the conjugated olefin.^®® The conversion 
of ethylene into butadiene by cracking in a quartz tube filled with copper gauze and 
at a temperature of 700® to 750®C. has been studied by Vornov and Voronova.^®^ 
Maximum butadiene recovery per pass was 2-4 per cent but this could he increased 
to above 10 per cent by 5 consecutive separations and recirculations of the ethylene. 
The optimum temperature was 750®C. and the use of diminished pressures did 
not affect the yield. According to Winkler and Hauber,^®^* ethylene admixed with 
acetylene and conducted at 600®C. through a reaction tube (made of manganese and 
copper) lined with tin furnishes the diolefin. Other catalysts which may be em¬ 
ployed include zinc, aluminum, alloys of these, and brass. Butene-2 has been em¬ 
ployed as raw material by Fedorov, Smirnova and Semenov,'®® who obtained a 21 
per cent yield by passage of a 7:1 mixture of nitrogen and butene-2 through por¬ 
celain tubes at 700®C.; 18-24 per cent of the butene was decomposed per passage. 
Less conversion to butadiene was secured with zinc oxide, chromic oxide, silica 
gel, platinum, iron, copper or carbon as catalysts. With magnesium oxide the 
yields were 25-29 per cent. The chlorination and subsequent dechlorination of 
butene-2 over barium chloride at 360-400®C. has been investigated by Kazanskii 
and Rafilzon.'®® 

Much better results may be obtained by pyrolysis of cyclohexane hydrocarbons 
in the presence of 1.5-4 volumes of steam at atmospheric pressure in the absence of 
catalysts, according to Zelinskii, Mikhailov and Arbuzov.*^® They report the 
following yields of butadiene, expressed in mole per cent of the hydrocarbon 
decomposed:— 


Hydrocarbon 


Temperature ®C. Yield of Butadiene 


Cyciohexene. 

A*-Methylcyclohexene. . . 

Cvclohexane. 

M ethylcyclohexane. 

Ethyl^clohexane. 

Decalin. 


650 

65.2 

690 

56.4 

750 

39.9 

750 

34.8 

750 

41.2 

750 

11.6 


Pyrolysis of A'-methylcyclohexene at 690®C. under similar conditions gave 35.3 
per cent of isoprene as well as 75.1 per cent of ethylene. Thermic decomposition 
of chlorcyclohexene in vacuo by an osmium-tungsten filament results in the forma¬ 
tion of chlorobutadiene and ethylene.'^' Cyclohexenenitrile may be similarly treated 
to obtain cyanobutadiene. 

»W. H. Cadman, Ind. Eng. Chem., 1934, 26, 315; Chem. Abt., 1934, 28. 2499; Brit. Chem. Ahi. 
B. 1934, 486. 

>»«B. V. Butzov, Russian P. 1102, 1929; J. Inst. Pet. Tech., 1934. 20, 458A. 

** A. Cambron and C. H. Baytey, Can. J. Research, 1934, 10, 145; Brit. Chem. Abs. A, 1934, 
507; Chem. Abs., 1934, 28. 2874. 

S. V. Katsman, Materials on Cracking and Chemical Treatment of Products Obtained, 
Khimieoret (Leningrad), 1935, No. 2, 93; Brit. Chem. Abs. B, 1936, 676; Chem. Abs., 1935, 29, 6031. 

N. Voronov a^ A. V. Voronova, Sintet. Kauchuk, 1933, No. 3, 5; Chem. Abs., 1934, 28. 
3378; Bnt Chem. Abs. B. 1934, 819. 

Winkler and F. Hauber, German P. 630,952, 1936, to I. G. Farbenind. A.-G.; Chem. Abs., 
1937. 21, 109. 

***B. P. Fedorov. A. I. Smirnova and P. A. Semenov, /. Applied Chem. (U.S.S.R.), 1934. 7. 

1166; Brit. Chem. Abs. A. 1935, 324; Chem. Abs., 1935, 29, 5808. 

'••B. A. Kasan^i and I. A. RanUon, Sintet. Kauchuk, 1934, No. 1, 1; Brit. Chem. Abs. A. 

1935, 1480; Chem. Abs., 1935. 29. 3297. 

weN. D. Zelinskii, B. M. Mikhailov and Yu. A. Arbuzov. /. Gen. Chem. (U.S.S.R.), 1934, 4. 

856; Compt. rend. acad. sci. U.R.S.S., 1934, 4, 208; Chem. Abs., 1935, 29, 2152; Brit. Chem, Abs. 

A, 1935. 73. 

mie. Konrad and O. Bichle, German P. 622,800, 1935, to I. G. Farbenind. A.-G.; Chem. Abs.. 

1936, 88, 3442. 
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The catalytic decomposition of ethanol, according to the Lebedev^^^ process, has 
been developed on an industrial scale in Russia for the production of butadiene, 
used as intermediate in the manufacture of synthetic rubber. Ethanol vapor is 
passed over a special catalyst (a mixture of alumina and zinc oxide) at tempera¬ 
tures of 420-470®C., whereby it is converted into butadiene to the extent of about 
20 per cent. Numerous other products are simultaneously formed including pen- 
tene, hexene, piperylene, hexadiene, />-xylene, toluene, butanol, unsaturated alco- 
hols,^^* aldehydes and ketones as well as methane, ethylene and butenes.^^^ Two 
phenolic compounds, o-ethyl phenol and n-cresol, have been identified also.^**® 

Substitution of n-propanol for ethanol results in the formation of about 6 per 
cent 1,3-dimethylbutadiene as well as some ethylene, propene, methyl-2-pentene and 
propionaldehyde.^^** When isopropanol is employed, and a catalyst consisting of 
15-25 per cent zinc oxide and 75-85 per cent alumina, the main reaction product at 
450®C. is said to be propene.^^^ Increase of temperature to 580°C. is reported to 
cause dehydration and dehydrogenation, with a resulting formation of acetone. 
When 95 per cent of alumina and 5 per cent of zinc oxide was present, the forma¬ 
tion of a diolefin, possibly 1,3-dimethylbutadiene-1,3, was observed. Also, it was 
stated that .ycc-butanol would react to furnish butene-2 at 45C°C. with 25 per cent 
zinc oxide and 75 per cent alumina present. The mechanism of the reaction and 
the influence of various factors on the yield of butadiene have been described by 
Lebedev, Gorin and Khutoretzkaya,*^** and also by Smirnov.Some of the liquid 
hydrocarbons, by-products in the Lebedev process, may be transformed into buta¬ 
diene by thermal decomposition. Thus, the fraction boiling at 100-150®C. fur¬ 
nished a 15-20 per cent yield of the diolefin by pyrolysis at 550-600° 

Fractions rich in piperylene and amylene can be recovered from the condensate 
and the still residues of the catalytic decomposition of alcohols.'®^ The condensate 
is rectified and the part boiling below 60°C. is collected, washed with ice water, 
treated with calcium chloride, again fractionated, and the portion boiling at 30-45°C. 
collected. The same procedure is followed with the residues. The fractions thus 
isolated are mixed and redistilled into cuts boiling at 35-37°C. and 37-40°C, These 

S. V. Lebedev. British P. 331.482, 1929; Ckem. Abs.. 1931, 25. 115; Brit. Ckem. Abs. B, 
1930, 929. (Jerman P. 577,630. 1933; Ckem. Abs.. 1934 , 28, 481; Russian P. 24,393, 1931 and 
35,182, 1934; Chem. Abs.. 1934. 28. 3050; 1935. 29, 8010; Ckem. Abs., 1936. 30, 4810. A. A. 
Balandin. /. Pkys. Ckem. (U.S.S.R.), 1936, 7. 655; Ckem. Abs., 1936. 30, 8147. For description 
of the lalraratory furnace, see S. V. l^bedev, 1. A. Volzhinskii, S. G. Kibirklitis, G. G. Koblyanskii. 
V. P. Krauze. M. A. Krupuishev and Ya. M. Slobodin. Trndui Gosudarst. Otmit. Zawda Sintet. 
Kauckuka Litcra B. III. Syntkctic Rubber, 1934. 7; Ckem. Abs., 1936, 30, 4809. A method for 
determining the yield of butadiene bv this process is described by M. I. Danilina, S'lNtcf. Kauchuk, 
1934, No. 4. 36; Ckem. Abs.. 1935. 29. 6205; Bnt. Ckem. Abs. B, 1936, 631. Sec also V. G. 
Moor and E. K. Kanep. Materials on Cracking and Ckemical Treatment of Products (X>ta£ued 0 
Kkimtroret (Leningrad), 1935, No. 2, 118, 124; Ckem. Abs.. 1935, 29, 5777; Brit. Ckem. Abs. B, 
1936. 532. 

For preparation of butyl and hexyl alcohols by hydrogenation of the corresponding unsaturated 
alcohols obtained in the synthesis of bivinyl, see B. A. Kazanskii. A. A. Balandin. I. M. Tzerkovnikov, 
K. A. Ivanova and E. N. Staroverova, /. Applied Ckem. (U.S.S.R.), 1933, 6, 266; Ckem. Abs., 1934, 
28, 2671; Brit. Ckem. Abs. A. 1933, 806. 

V. Lebedev. J. Gen. Ckem. (U.S.S.R.), 1933, 3. 698; Chem. Abs., 1934. 28. 3050; Brit. 
Abs. A, 1934. 168. 

M. V. Likhosherstov, A. A. Petrov and S. V. Alekseev, J. Gen. Ckem. (U.S.S.R.), 1934, 4, 
1274; Brit. Ckem. Abs. B. 1935. 442; Ckem. Abs., 1935. 29, 3298. 

»^Yu. A. Gorin and O. M. Neimark. J. Gen. Ckem. (U.S.S.R.), 1935, 5, 1772; Ckem. Abs., 
1936. 30, 3402; Brit. Chem. Abs. A, 1936. 703. 

w^V. P. Krauze and Ya. M. Slobodin, /, Applied Ckem (U.S.S.R.), 1936, 9. 1278; Ckem. Abs., 
1936. 30. 8145; Brit. Ckem. Abs. B. 1936. 970. 

S. V. Lebedev. Yu. A. Gorin and S. N. Khutoretzkaya. Sintet. Kaucknk, 1935, 4, No. 1, 8; 
Ckem. Abs., 1935, 29, 4325; Brit. Ckem. Abs. A, 1936, 311. A theoretical interpretation of the 
Lebedev synthesis has been advanced bv A. A. Balandin (Acta Pkysicockim, U.R.S.S., 1935, 2, 
363; Brit. Ckem. Abs. A. 1936, 167; Ckem. Abs., 1935, 29, 6494) on the basis of his structure 
theory of reactions. 

^♦•N. T. Smirnov, Sintet. Kancknk, 1934. No. 1. 13; Ckem. Abs., 1935, 29. 3297; Brit. Ckem. 
Abs. B, 1936. 10. 

>"L. S. Kofman, Sintet. Kauchuk, I®*'. No. 3. 7; Ckem. Abs., 1935, 29, 3975; Brit. Ckem. Abs. 
B, 1936, 535 

“‘V. P. Krause. A. M. Kogan and A. V. Kozlovskaya. Trudi Gosudarst. Opuit. Zavoda Street. 
Kauckuka Litera B. III. Synthetic Rubber, 1934, 50; Ckem. Abs., 1936, 30. 4810. 
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arc treated with bromine, the resulting bromides separated and redistilled from 
zinc dust and granulated zinc. The products are piperylene (from 37-40®C. frac¬ 
tion) and methylethylethylene (amylene). 

Butadiene may be prepared by dehydration of a mixture of 1,3-butene glycol 
over solid oxide dehydrating catalysts at temperatures of 160-500®An 85-90 
per cent yield is obtained by passage of a vaporized mixture of 80 per cent 1,3- 
butene glycol and 20 per cent water over a catalyst of trisodium phosphate contain¬ 
ing 2 per cent free phosphoric acid at 270®C.^'^*^ Cerium phosphate'®^ has also 
been suggested as the contact agent. Instead of using a catalyst in the form of 
granules, a method of securing it rigidly to the heating surfaces with which the 
glycol is brought into contact is reported to give better results.'*'"* Chalmers'*"*® 
suggests dehydration of ethylene glycol monoethylether in the gas phase in the 
presence of metal oxide catalysts, such as alumina or thoria. 


Recovery and Purification of Butadiene 


Although distillation may he employed for separating and recovering gaseous 
hydrocarbons having 4 carbon atoms in their molecules, butadiene cannot be re¬ 
covered in pure form from such a mixture by fractionation owing to the fact that 
its vapor pressure is very close to that of isobutene. The use of selective solvents 
for removing butadiene from other C 4 hydrocarbons has received considerable at¬ 
tention. Promising methods involve the formation of certain addition products, 
which can readily be resolved into their components by the action of heat. 

Procedures for the extraction of butadiene from cracking gases have been re¬ 
viewed by Markovich and Moor,'"*^ w'ho recommend the use of selective solvents. 
It has been found by Moor and Dementieva'that water and aqueous solutions of 
ethylene chlorohydrin, ethylene glycol, glycerol and acetone as well as of borax, 
silver nitrate and mercuric acetate were the best extracting media, though a con¬ 
siderable volume and uninterrupted circulation of the liquid were reciuired.*'*® How¬ 
ever, it appears that butadiene is recovered from the contact gases of the Buizov 
process, operated industrially in Russia, by liquid absorbents such as kerosene, tur¬ 
pentine and tetralin. According to Smirnov,'®® the absorbent power of ethanol for 
the diolehn is less than that of kerosene. Absorption in alcohol is said to be ef¬ 
fected most economically at a pressure of about 5 atmospheres.'®' Recovery of 
butadiene from the gaseous products of the Lebedev synthesis is also possible by 
adsorption in activated carbon, and more than 90 per cent efficiency is said to be 
attainable by this procedure.'®^ 

M. Muller-Cunradi. U. S. P. 1,944.153, Jan. 2.1, 19.14, to I. G. Farbenind. A.-G.; Chem. Ab^., 

1934. 2t, 2012. 

W. Reppe and U. Hoffmann, German P. 610,371, 1935, to I. G. Farbenind. A.-G.; Chem. Ahs., 

1935, 29. 6244. 

W. Reppe and U. Hoffmann, German P. 578,994, 1933, to I. G. Farbenind. A. G.; Chem. Abs., 
1934, 28. 776. 

M. Muller-Cunradi, German P. 601.224, 1934, to I. G. Farbenind. A.-G.; Chem. Abs., 1934, 
28. 7594. 

“•W. Chalmers. German P. 599,503, 1934; Chem. Abs., 1934, 28. 7268. 

^ M. B. Markovich and V. G. Moor. Materials on Crackinq and Chemical Treatment of Prod¬ 
ucts Obtained, Khimteoret (Leningrad), 1935. No. 2, 152; Chem. Abs., 1935. 29, 6034; Brit. Chem. 
Abs. B, 1936, 631. For a meth^ of determining the amount of ethanol in unrectihed butadiene, 
see I. A. Livthitz and V. G. Nazarov, Sintet. Kauchuk, 1934, No. 3, 38; Chem. Abs., 1935, 29, 
6534; Brit. Chem. Abs. B, 1936. 732. 

G. Moor and M. I. Dement’eva, Materials on Cracking and Chendcal Treatment of Products 
Obtained, Khimteoret (Leningrad), 1935, No. 2, 157; Chem. Abs., 1936, 30, 6034; Brit. Chem. Abs. 
B, 19.16, 631. 

G. Moor, Trans. VI Mendeleev Congr. Theoret. Applied Chem., 1932, 2 (1), 719; Chem. 
Abs.. 19.16. 30, 27.14. 

N. T. .Smirnov, Sintet. Kauchuk, 1933. No. 6, 5; Chem. Abs., 1934, 28. 3378; Brit. Chem. Abs. 
B. 1934. 82.1. 

Ya. L. Zhiffalin. Sintet. Kaurhuk. 1935, No. 5. 22; Chem. Abs.. 1936. 30, 429. 

***G. A. Pankov and A. S. Malinkina, Sintet. Kauchuk, 1935, 4, No. 1, 37; Brit. Chem. Abs. 
B. 19.16, 228; Chem. Abs., 1935. 29. 4627. 
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Butadiene from the catalytic treatment of ethanol by the Lebedev process con¬ 
tains considerable proportions of acetaldehyde as well as of ethers and various 
hydrocarbons. The aldehyde may be removed almost completely by washing with 
water.^®* 

It has long been known that solutions of cuprous salts will dissolve relatively 
large amounts of gaseous butadiene. The solubility data of Joshua and Stanley*®^ 
indicate that this diolefin is approximately eleven times as soluble as butene in an 
aqueous monoethanolaniine solution of cuprous chloride. Thus, it was stated that a 
mixture of butadiene and butene-2 could be resolved by the use of cuprous 
chloride.^®® One cubic meter of an aqueous solution of the mixed mono- and 
diolefin is admixed with 200 kg. of cuprous chloride. An additional quantity of 
neutral aqueous solution of cuprous chloride is then incorporated at 10-15®C. and 1 
atmosphere. When the butene-2 has been removed, the butadiene may be sepa¬ 
rated from the copper complex by heating the latter to 80®C. Van Peski^®® pro¬ 
poses a neutral aqueous solution of a cuprous salt and an alkali metal halide main¬ 
tained under non-oxidizing conditions by having present (in the solution) reducing 
agents, such as hydroxylamine. This liquid medium extracts both butadiene and 
carbon monoxide. It has been shown by Brooks^®^ that, under certain conditions, 
a solid insoluble addition compound is obtained by contacting butadiene with 
cuprous salt solutions or suspensions. The pure diolefin may be recovered by 
filtering the precipitate and heating it to about 60®C. According to Brooks this 
reaction is particularly applicable to the fraction of cracking gas containing hydro¬ 
carbons having 4 carbon atoms. The process is carried out by agitating the liquid 
hydrocarbons and a slurry of solid finely-divided cuprous chloride in water or an 
aqueous ammonium chloride solution in an autoclave at a temperature below 10®C. 
Mixing is continued for 1-2 hours after which monolefins are decanted from the 
butadiene double compound. 

In cases where it is desired to eliminate, but not to recover, butadiene and 
similar compounds from mixtures of such hydrocarbons with monolefins, it is pos¬ 
sible to condense the diolefin with various organic materials and to separate the ad¬ 
ducts from unchanged monolefins. For example, the diolefins may be combined 
with benzocjuinone, mesityl oxide, maleic anhydride or esters of maleic acid by 
heating to 100-150°C. The resulting products may be removed from accompanying 
monolefins by fractionation of the latter. Thus, the cyclic and acyclic diolefins 
present in hydrocarbon mixtures may be separated by condensation with />-quinones, 
such as a-naphthoquinone, at temperatures below 50®C. whereby addition com¬ 
pounds derived from anthraquinone are obtained. Since different types of cyclic 
dienes react at different rates, separation of these hydrocarbons from one another 
is possible by gradual addition of the quinone. For the condensation of acyclic 
diolefins, the temperature necessary is usually above 50®C.*®^* 

N. I. Smirnov. Sxntci. Kauckwk, 1933, No. I, 13; Brit. Ckem. Ahs. B, 1934, 10; Ckem. Abs.. 
19.U, 27, 5052. A. A. Vasilev, Sintet. Kauchuk. 1933, No. 5. 5; Ckem. Abx.. 1934. It, 3379; 
Brit. Ckem. Abs. B, 1934, 823. L. M. Bukrecva-Proiorovakaya and 1. M. Tzerkovnikova, Sintet. 
Kauchuk, 1934, No. 1. 36; Ckem. Abs., 1935, 29, 3297; Brit. Ckem. Abs. B, 1936. 10. 

^•*W. P. Joihua and H. M. Stanley. British P. 428.106, 1935, to Distillers Co. Ltd.; Ckem. Abs., 
1935. 29, 6901; /. Inst. Pet. Tech., 1935. 21, 266A: BHt. Ckem. Abs. B, 1935, 617. 

*••1. L. Fridshtein, A. F. Tyul’neva and M. K. Safonova, Sintet. Kauchuk, 193S. No. 3, 13; 
Ckem. Abs., 1935, 29, 7120; Brit. Ckem. Abs. B, 1936. 945. 

J. van PeskI, U. S. P. 1.999,159, April 23. 1935, to Shell Development Co,; Ckem. Abs., 
1935, 29, 4160. See also Dutch P. 31,454, 1933, to Bataafsche Petroleum Maatschappij; Ckem. Abs., 
1934. 28, 2433. German P. 594.157. 1934; Ckem. Abs., 1934. 28. 3499. 

‘•'B. T. Brooks. U. S. P. 1,988.479, Jan. 22, 1935, to Standard Alcohol Co.; Ckem. Abs., 1935, 
W, 1684; Brit. Ckem. Abs. B, 1936. 88; /. Jnst. Pet. Teck., 1936. 22, 53A. 

British P. 439,491, 1935, to 1. G. Farbenind. A. G.; Ckem. Abs., 1936, 30, 2985; Brit. Ckem. 
Abs. B. 1936, 180. 
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It is known that diolefins will combine with sulphur dioxide to yield cyclic 
sulphones» which are resolved into their components by the action of heat. Per¬ 
kins^®* suggests reacting hydrocarbon mixtures containing diolefins by heating to 
temperatures of less than 1(X)®C, (best about 80®C.) under pressure with less than 
half their weight of sulphur dioxide. The diolefin sulphone is withdrawn from 
the reaction zone and crystallized. 

>••0. A. Perkins, U. S. P. 1,993,681, March 5, 1935. to Carbide and Carl)on Chemicals Corp.; 
Ckem. Abs., 1935, 29. 2733; Brit. Chem. Abs. B. 1936. 438. 



Chapter 5 

Production of Aromatic Hydrocarbons by Pyrolysis 
of Petroleum Hydrocarbons 

Aromatic hydrocarbons are obtained ijy the pyrolysis of practically all other 
types of hydrocarbons at temperatures of 600-1100®C. On account of their high 
antiknock values, the lower aromatics, benzene, toluene and xylenes, are valuable 
constituents of cracked gasolines. The more recent developments in the production 
of aromatics by cracking have for their object the formation of optimum yields of 
light benzenoid hydrocarbons for blending with gasolines, and in this respect the 
lower paraffin hydrocarbons have received special attention since they constitute 
a cheap and abundant source of raw materials. Aromatization of paraffins and 
olefins would appear, therefore, to 1 k‘ a promising method for the better utilization 
of petroleum gases. 

As pointed out previously (see Chapter 4), much higher temperatures may be 
employed in the laboratory for pyrolytic conversions than would be feasible in com¬ 
mercial operations. Furthermore, when the hydrocarbons undergoing treatment 
are liquids, e.g., kerosene distillates, the gas loss {i.e., the proportion of product 
obtained as butanes or other hydrocarbons of lower molecular weights) is often 
high, sometimes as much as SO to 60 per cent of the charging stock. The applica¬ 
tion of pressure and the use of catalysts may reduce, at least to some extent, the 
destructive effects attendant upon the employment of high temperatures. 

Production of Aromatic Hydrocarbons from Liquid Petroleum Fract-ions 

According to Kofnian,^ cracking at 700°C. of the low-boiling (100° to 150°C.) 
hydrocarbons, from the pyrolysis of alcohol,'*^ yields 5.8 per cent benzene, 19.5 per 
cent toluene and 18.5 per cent xylenes. Kanep* found that the proportion of aro¬ 
matics decreased with increasing boiling range of the charging stock. Thus, he 
reported that, when cracked at 700°C., a petroleum fraction boiling up to 150°C. 
gave 20.9 per cent aromatics, that boiling at 150-210°C. yielded 15.6 per cent, 
while a third cut, distilling at 210-270°C., furnished 12 per cent. At still higher 
temperatures, e.g., a glowing platinum wire, Kogasin^ was decomposed into light 
benzene hydrocarbons (20 per cent) and gaseous products (80 per cent).® The 
latter consisted mainly of unsaturated hydrocarl>ons. 

Vapor-phase cracking of Surakhany paraffinic fuel oil at atmospheric pressure 
in an iron retort at 650-800°C. has been shown by Butkov, Rabinovich and Kol- 

»L. S. Kofman, Siniet. KattrMttk, 1934. No. 3. 7; Chrm. j4hs.. 1935. 29. 3975. 

■ Pyrolysis of alcohol to butadiene, for the production of synthetic rubber, is discussed in Chap¬ 
ter 4. 

• E. K. Kanep, Materials on Cracking and Chemical Treatment of Products Obtaitted, Khimteoret 
(Leni^rad), 1935, No. 2, 71; Brit. Chem. Abs. B. 1936, 484; Chem. Abs., 1935, 29. 5640. 

• Koemsin is a mixture of hydrocarbons resulting from the reaction of carbon monoxide and 
hydrogen. See Chapter 52. 

• F. Fischer, K. Peters and K. Winaer, Brennstoff'Chem., 1935, 16, 421; Chem. Abs., 1936, SO. 
3991. 
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pcnskaya® to yield substantial quantities of aromatic hydrocarbons. Within this 
temperature range the proportion of light products amounted to about 18 per cent. 
An increase in the cracking temperature raised the yield of benzene but toluene 
formation attained a maximum of 3.6 per cent and then decreased at higher tem¬ 
peratures. The naphthalene fraction of the products increased with the tempera¬ 
ture of pyrolysis and was 2.7 per cent at 800®C. Cambron and Bayley®* point out 
that gasoline containing more than 25 per cent of aromatics is secured by the crack¬ 
ing of petroleum distillates, provided a condition of turbulent flow is maintained 
in the reaction zone. 

In the course of an intensive study of the vapor-phase cracking of various 
hydrocarbon materials in a KA2 steel tube, using steam as a diluent to minimize 
carbon production, GrolF found that the optimum temperature for aromatic forma¬ 
tion was about 800°C. He obtained the following yields by pyrolysis of a refined 
gas oil, containing originally only small amounts of aromatic constituents. 


Temperature °C. 750 800 

Yield, gal. per bbl. of charge 

Olefins boiling below 75®C. 0.90 0.95 

Benzene. 3.03 3.87 

Toluene. 1.73 1 49 

Xylenes and styrene. 1 06 0.77 

Trimethylbenzenes. 1.32 0 52 

Higher alkyl-benzenes. 0 62 

Naphthalene. 12 4 

Alltyl naphthalenes. 8 53 

Anthracene and phenanthrene. 7.35 

Alkyl anthracenes, etc. 3.82 

Heavy tar residue. 32.6 


The influence of temperature on the composition of the light liquid reaction prod¬ 
ucts is very clearly shown by GrolYs results. The distillation curve of the liquids 
made by cracking at 600°C. does not show any plateaus characteristic of aromatic 
hydrocarbons. -At 650°C. near the maximum gasoline yield, the plateaus for the 
lower aromatics first appear on the distillation curves. At this temperature, ben¬ 
zene, toluene and xylene are present in about equal amounts, though still mixed 
w'ith much aliphatic hydrocarbons. At 700°C. the aromatics predominate in the 
light fractions with the yield of benzene exceeding that of toluene, and a smaller 
amount of xylene. A further increase of cracking temperature causes the gradual 
disappearance of the aliphatic hydrocarbons and fission of side chains from the 
alkylated aromatics. These changes are shown by the increasing sharpness of the 
breaks in the distillation curves and by the increase in the benzene plateau at the 
expense of those of toluene and xylene. 

Aromatics may be obtained by the dehydrogenation of cyclohexane hydrocarbons 
in the presence of catalysts at relatively low temperatures. Petroleum fractions 
rich in cyclohexane hydrocarbons may be similarly dehydrogenated under these 
mild conditions without appreciably altering the other hydrocarbon constituents. 
Thus, Zelinskii and Shuikin* have effected almost complete dehydrogenation of 
cyclohexanes in fractions of Surakhany gasoline by passage of vapors of the latter 

• N. A. Butkov, E. I. Rabinovich and T. P. Kolpenakaya. Neft. Kkos., 1933, 2S. 29; Chem. Abi., 
1934, 28, 302; Brit. Chem. Abi. B. 1934, 308. See also V. r. Gerr and A. V. Kudinov, Abct. 
Neft. Khoa.. 1935, No. 7. 8, 119; Chem. Abt., 1936. 30, 6542; /, Inst. Pet. Tech., 1936, 22, 463A. 

••A. Cambron and C. H. Baylcy, U. S. P. 2,057,007, Oct. 13, 1936; Chem. Abs., 1936. 30, 
859.5. 

’H. P. A. Groll. Ind. Eny. Chem.. 1933, 25. 784; Brit. Chem. Abs. B, 1933, 691; Chem. Abs., 
1933. 27, 4063. 

•N. D. Zelinskii and N. I. Shuikin. Ind. Ena. Chem.. 1935. 27, 1209; Chem. Abs., 1936, 30, 
601; /. Inst. Pet. Tech., 1935, 21. 448A. Bull. Acad. set. U.R.S.S., 1935, 229; Chem. Abt., 1936, 
30, 601; Brit. Chem. Abt. B, 1935, 1081. 
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together with hydrogen over catalysts of nickel on alumina, or platinum on acti¬ 
vated charcoal, at 300®C. The condensates contained over 50 per cent by volume 
of aromatic hydrocarbons. Catalytic aromatization of Novo-Bogatinsk (Emba) 
gasoline in the presence of the same catalyst has been investigated also by Zelin- 
skii and Shuikin.^^ 

Pyhiila*^^ investigated the naphthalene content of the light tar produced (in 
50 per cent yield) by cracking Baku crude oil at 650-700°C. Variable proportions 
of naphthalene were obtained from this material by different methods of recovery, 
the largest being secured by fractionation in a long iron column whereby additional 
heating in the vapor phase resulted. Besides naphthalene. Pyhala isolated two 
other solid hydrocarbons, melting at 80.5-81.0®C. and 82.5-83.1 ®C., respectively, 
which he believed to be labile isomers of naphthalene since they were converte<l 
in^o the latter by heat. 

Pyrolysis of paraffin wax (Rangoon) at 450®C. furnishes liquid hydrocarbons 
which are partly aliphatic and partly cyclic, and analysis of these (by aniline point 
and refractive index) indicated they contained 1.6-1.7 benzene rings per mole¬ 
cule.*' When operations are carried out the presence of hydrogen (at a pressure 
of 1(X) kg. per s(|. cm.) the resulting products contain only 0.4-0.5 benzene rings 
per molecule. On the other hand, hydrogenation of the wax. using nickel on 
kieselguhr as a catalyst, prevented cyclization. It thus appears that the latter 
phenomenon may he controlled or entirely suppressed by choosing the proper 
conditions of pyrolysis. 

PROnrCTIO.N' OF .XkO.M.X IK HyOKCK .\KIiO.NS FRO.M TIIK LoWER PaR.\FFI.\S 

Because of their cheapness and availability in large amounts, the lower paraffin 
hydrocarbons have been extensively studied as raw materials for the production of 
the lower aromatic hydrocarbons. Methane is the preponderating constituent of 
most petroleum gases but pyrolysis of this hydrocarbon furnishes only small 
amounts of aromatic li(|uids evlen under the best conditions. Tbe average yield of 
light aromatic oil at temperatures of 1(X)0-12(X)®C. under optimum conditions of 
space vel(Kity appears to he alxnit 0.27 gal. per 1000 cu. ft. of methane.*- The low 
conversions seem to be due to .some extent to the marked inhibiting action of the 
hydrogen formed during aromatization. If some economic method of removing 
hydrogen can be found, the total conversion into benzene could be increased to 
perhaps 50-60 per cent of the methane supplied.*•'* It is interesting to note that 
benzene constitutes about 80 per cent of the light liquid from the pyrolysis of 
methane. 

The production of aromatic liquids from methane continues to be a subject of in¬ 
vestigation although the reported yields are not superior to those originally pro¬ 
cured by Fischer. Thus. Kafuku*** obtained 3.5 kg. of oil per 1000 cu. ft. of 
natural gas (containing 94 per cent of methane) by pyrolysis in silica tubes at a 
temperature of 1000-1050®C. The light oil consisted of 95 per cent of benzene, 
while the heavy oil had about 50 per cent of naphthalene and 20 per cent of an- 

• N. D. Zelintkii *n<i N. I. Shuikin. J. Gen. Chem. (I'.S.S.R.). 1934. 4. 901; Brit. Chrm. Abs. 

B. 1935. 133; Chem. Ahs.. 1935. 29. 2721. Sec also /. Applied Ckcm. (U.S.S.R.}, 1936, 9. 260; 

Chem. Ahs., 1936. SO. 5555; Brit. Chrnt. Ahs. B. 1916, 581 

’•E. Pyhala, Petrotenm 1934. SO (29), 1; Ckcm. Ahs.. 1Q35. 29. 1235; Brit. Ckcm. Ahs. B, 

1934. 818; /. Inst. Pet. Tcck.. 19,14. 20. 4R7A, 

H. I. Waterman. T. J. I.eendertse. I.. Adam and C. v.nn Vlodron. J. Inst. Pet. Tech., 1935. 

21. 950; Chem. Ahs.. 1936, SO. 2738; ;. Inst. Pet. Tech., 1936. 22, 19A. 

P. K. Frolich and P. J. Wieievich, Ind. Eng. Chem., 1935. 27, 1055; Brit. Ckem. Ahs. B, 

1935. 980; Ckem. Ahs.. 1935. 29. 7624. 

'■A. E. Dunatan. E. N. Hague and R. V. Wheeler, h%d. Eng. Ckem.. 19.14. 26, 307; Ckem. Ahs., 

1934. 28, 2495; /. Inst. Pet. Tech.. 1934, 20. 319A; Bril. Chem. Ahs. B. 1934. 486. 

^ **K. Kafiiku. /. FhH See. Japan, 1934, IS. 516; Chem. Ahs., 1934. 28, 5209; Brit. Chi^. Ahs. 
B. 19J4. 56J. 
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thracene. Oda's'® experiments on the decomposition of methane in quartz tubes 
showed oil yields of the same order as those obtained by Fischer. Dilution of 
methane with hydrogen or nitrogen greatly reduced these even when larger reac¬ 
tion tubes, higher temperatures and longer heating periods were employed. The 
formation of aromatic hydrocarbons from Japanese natural gases has also been 
investigated.'® Optimum operating conditions with these gases, which arc rich in 
methane, appeared to be a temperature of 1050-1100°C. and a contact time of 
0.4-0.5 second. Single-pass operation furnished 87-113 g. of light oil per cubic 
meter of gas, while recycling gave increased yields but also furnished graphitic 
carbon and a gas containing 70-80 per cent of hydrogen. Fujio'^ reports 12 per 
cent of tar containing 23 per cent of benzol and 19 per cent of naphthalene from 
methane by pyrolysis in quartz or porcelain tubes at 1000-1150®C. 

If the methane decomposition is limited to about 25 per cent and the tempera¬ 
ture range kept within 1000® to 1200®C.. then according to Smith, Grandone and 
Rall'^® the optimum time of contact (0) in seconds is expressed by the formula 

19 525 

logioe - —- 15.0967 


The above relation is based upon the assumption that the pressure in the reaction 
zone is atmospheric. 

The higher homologues of methane furnish much greater amounts of liquid 
hydrocarbons and at considerably low temperatures. Dustan, Hague and Wheeler'® 
obtained the following yields of liquid aromatic hydrocarbons, calculated on gas 
input, by pyrolysis of the higher paraffins in silica tubes and at a gas flow of about 
80 liters per hour per liter of reaction space. 

Table 42 .—Single Stage Pyrolysis of Paraffin Hydrocarbons at 




Atmospheric Pressure 


Paraffin ^ 

Temp. ®C. 

% Conversion 
to Total 
Liquids 

% Conversion 
to Gasoline 
below 170®C. 

Yield of Light 
Oil below 170®C. 
Gallons per 1000 
cu. ft. 

Ethane. 

850 

17.9 

11.2 

17 7 


900 

21.9 

10 6 

16.0 

Propane. 

850 

23.1 

11.7 

25.6 

Butane. 

800 

20.4 

12.9 

38.5 


850 

24 6 

11.6 

37.8 

Pentane. 

850 

26.8 

11.9 

— 

Hexane. 

800 

33.7 

19.2 

— 


850 

33.8 

19.0 

— 


Results obtained in silica tubes are usually not surpassed when the reaction zones 
are made of other substances, such as .special alloy steels. Materials to be used 
in the construction of tubes for large production of aromatic hydrocarbons from 
petroleum gases should be heat-resisting, non-fragile, non-porous, should inhibit 
carbon deposition, and should catalyze benzene formation. Silica, porcelain, 
graphite, copper, aluminum, iron, nickel, fireclay and a number of alloys were tested 


** R. 0<U. J. Soe. Chem. Ind., Japan, 1934, 37, Suppl. binding, 630; Chem. Abs., 1935, 19, 
1073; Brit. Chem. Abs. B, 1934, 261. 

M K. Kobayatht, K. Yamamoto, H. lahikawa and S. Hinoniahi. J. Soc. Chem. Ind., Japan, 1934, 
17, Suppl. binding, 785; Chem. Abs., 1935. 29, 1959; Brit. Chem. Abs B, 1935, 292, 

S. Fujio, /. Fuel Sac., Japan, 1934, 13, 435; Chem. Abs,, 19.34, 28, 4208; Brit. Chem, Abs. 
B, 1934, 563. 

H. M. Smith, P. Grandone and H. T. Rail, U. S. P. 2,061,597, Nov. 24, 1936; Chem. Abs., 
1937. 31, 710. 

WA. E. Donatan. E. N. Hacue and R. V. Wheeler. Ind. Bng. Chem.. 1934, 26. 307: Chem. 
Abe., 1934. 28, 2498; J. Inst. Pet. Tech.. 19.34. 20, 319A; Brit. Chem. Abs. B, 1934, 486. Cf. 
D. N. Andreevakii, Coir and Chemistry (U.S.S.R.), 1935, No. 11. 87; Chem Abs., 1936, 10. 7536; 
Brit. Chem. Abs. B, 1936, 536. 
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by Dunstan and his coworkers on a laboratory scale but none proved entirely satis¬ 
factory. Two of the best alloys were Ferralloy (14 per cent aluminum, 86 per cent 
iron) and H.R.4 (26 per cent chromium, 0.3 per cent nickel, 1.5 per cent manganese, 
0.9 per cent silicon, 0.15 per cent carbon and the remainder of iron). The former 



Courtesy National Research Council of Canada 

Fig. 55.—Effect of Turbulent Flow on Liquid Yields in Pyrolysis of Propane and 
M-Butane. (A. Cambron and C. H. Bay ley) 


was found to be superior to silica in preventing carbon deposition and in favoring 
benzene production. 

The conversion of propane and n-butane into aromatic hydrocarbons by py¬ 
rolysis at atmospheric pressure in baffled quartz tubes has been investigated by 
Cambron and Bayley.^® The advantage of employing conditions of turbulent flow 
is clearly shown in Fig. 55, in which the yields of liquids at various temperatures 
from a given tube are compared under conditions of turbulent and stream-line flow, 
respectively. Pyrolysis of propane in a baffled quartz tube at 950-1000®C. in a 

^A. Cambron and C. H. Bayley, Canadian J. Restarcht 1933, 9 591; Brit, Cham, Abs. B. 1934, 
309: Ckem. Abs„ 1934, 29, 1S06. 1507. 
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single stage operation furnished up to 20 lb. of total liquids and 12 lb. of light oil 
per 1000 cu. ft. of gas treated. By operating in 2 stages, with inter-stage separa¬ 
tion of the liquids, these yields were increased to about 30 lb, of total oil and 20 lb. 
of light oil per 1000 cu. ft. Later, Cambron and Bayley^® studied the conversion 
of propane into aromatic hydrocarbons by pyrolysis in baffled tubes of special heat- 
resisting alloys. Contrary to the experience of Groll,^' these investigators ob¬ 
server! that chromium-nickel steels of the KA2S type were unsuitable since they 
markedly catalyzed carbon deposition. However, a nickel-free chromium steel 
(containing 28 per cent of chromium) did not cause carbon deposition to any ap¬ 
preciable extent. Typical single pass experiments with tubes of the latter material 
at a temperature of 850®C, gave yields of total liquids aand light oil of 26 lb. 
and 19 lb., respectively, per 1000 cu. ft. of propane passed. Even better results 
were secured by recycling part of the exit gas and operating under slight pressure 
(up to 1 atmosphere). Under these conditions high rates of conversion could be 
obtained at temperatures as low as 800°C., 23 lb. of light oil together with 10 lb. 
of liquids boiling above 200°C. being produced per 1000 cu. ft. of propane put 
through. The composition of the liquids was determined by fractionation and 
chemical methods. The light oil contained 64 per cent benzene, 14 per cent toluene, 
7.8 per cent styrene and small amounts of cyclopentadiene, xylenes and higher 
aromatics. The liquids boiling above 200°C. contained 25 per cent naphthalene, 
12.5 per cent anthracene and smaller amounts of mono- and dimethyl naphthalenes, 
acenaphthene and phenanthrene. 

Conversion of the lower paraffin hydrocarbons into liquid hydrocarbons can be 
effected in two stages, in the first of which the paraffin is pyrolyzed at high tem¬ 
peratures and low pressures to furni.sh a gaseous product rich in olefins, which is 
then subsequently polymerized at lower temperatures and high pressures. If aro¬ 
matic hydrocarbons are desired, the polymerization step should be carried out at 
moderately low pressures, for example at 30-50 atmospheres and 600-650°C. Much 
higher yields of liquids are obtained by conducting polymerization at 200 atmos¬ 
pheres pressure and at lower temperatures, for example, 400°C. However, it was 
noted by Frolich and Wiezevich^^ that the use of the latter conditions causes a 
change in the chemical composition of the products from the aromatic type ob¬ 
tained at lower pressures to a decidedly non-aromatic material at the higher 
pressures. 

The production of aromatic hydrocarbons from Persian natural gases in a semi¬ 
industrial plant has been described in some detail by Cadman.^^ The gases were 
first freed of hydrogen sulphide and were then conducted through a furnace and 
thence to a baffled reactor, which was not externally heated. After the heating 
.section, the gas pas.sed to a combined water-spray cooler and tar leg in which the 
gas temperature was reduced from 800-850°C. to about 90°C. and the bulk of the 
tar thus separated. After removal of naphthalene and tar fog. the gas was cooled 
in a series of film coolers and then led to the benzene recovery plant, which was of 
the usual oil absorption type.^^ A line diagram of the plant (without the desul¬ 
phurization and refining sections) is .shown in Fig. 56. The main line of research 
resolvetl itself into the testing of various furnace designs and materials from the 

A. Cawhnm ami C. II. Baytey. Canadian /. Hetcan'h, 10, I4.S; Client. Ahs., 1^.14. 2t, 

21174; Brit. (Hem. Ahs. A, 19.14. .S07. 

«H. P. A. Croll, Ind. Enq. Chem., 19.1.1, 25, 7S4; Brit. Chem. Ahs. Ek »9.1.1. (,9l; Chem. Ahs.. 
19.1.1. 27. 406.1. 

«P. K. Frolich ami P. J. Wiracvich. hid. Enq. Chem., I9.1.S, 27, 10.S5; Brit. Chem. Ahs. B. 
1935. 980; Chem. Ahs., 1935. 29, 7624. 

»W. H. Cadman. /itd. Enp. Chem., 1934. 26, 315; /. Inst. Pet. Tech., 1934. 20, 319A; Brit. 
Chem. Abs. B, 1934, 486; Chem. Abs., 1934. 26, 2499. 

••For the recovery of betieol by active carbon, »ee H. Hollitifa and S. Hay, J.S.C.I., 1934. SI, 
143; J. !ntt. Pet. Tech., 1934. 20, 325A; Brit. Chem. Abs. B, 1934. 389; Chem. Ahs., 1934, 28, 2504. 
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viewpoints of satisfactory life at high temperatures, production of benzene and 
efficiency of heat transfer. Fireclay tubes, though resistant to temperature and 
non-catalytic as regards carbon formation, were unsuitable on account of poor 
heat transfer owing to the thickness of wall necessary for mechanical strength. Of 
the special steels tested, H.R.4 (containing 26 per cent of chromium and only 0.3 
per cent of nickel) was the best but even this alloy became brittle on continued use 
with skin temperatures of 1000-1100®C. Calorized tubes were also tried but had 
a very short life under the operating conditions. The most satisfactory heating 
system consisted of a coil of straight lengths of tube with return bends connected by 
flanges, housed in a gas-fired furnace of the radiant heat type. Various other 
methods of heating were tried, including surface combustion and submerged flame 
heating, as well as tests in a recuperator furnace, but none of these proved very 



Courtesy Industrial and Engineering Chemistry 

Fk;. 56.—Line Diagram of Plant for Production of Aromatic Hydrocarbons from 
Natural Gases. (W. H. Cadman) 


.satisfactory. The reaction products consisted of carbon, a gas rich in olefins and 
liquids of an aromatic nature. In the portion of the latter boiling up to 200®C.. 
there was a large fraction (boiling round 80®C.) consisting mainly of benzene to¬ 
gether with some cyclohexene. Toluene was the predominating constituent in the 
cut boiling at 105-115®C. while styrene, m- and />-xylenes were present in the 135- 
150®C. fraction. Indene was isolate<l in the distillate boiling around 180®C. Naph¬ 
thalene, anthracene and phenanthrene were readily isolated from the tar fraction 
boiling above 20()®C., and the prc.sence of chrysene was indicated. 

Typical crude l>enzol yields by pyrolysis of various desulplturized Persian natu¬ 
ral gases in H.R.4 reaction tubes at surface temperatures of the oVder of 1000- 
1050®C. and gas temperatures of 80()-900®C. are given in Table 43. Pyrolysis 
experiments on a semi-technical scale in metal tubes and operating at a pressure of 
about 30 lbs. per sq. in. gave practically the same benzol yields as those obtained at 
atmospheric pressure. However, operation under slight pressure was advantageous 
since heat transfer was improved and throughput increased. 
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Table 43. — Crude Benzol by Pyrolysis of Natural Gases 

Yield of Crude % Composition of Benzol 

Benzol, Gallons Benzene Toluene Styrene and 


Gas Pyrolyzed per 1000 cu. ft. Fraction Fraction Xylene Fraction 
Low-Pressure stripped.... 0.96 73.4 5.3 5.8 

Low-Pressure unstripped.. 1.46 69.1 6.4 7.1 

Accumulates. 2.6 70.0 5.5 5.6 


The refining of pyrolysis benzol has been briefly di.scussed by Cadman, who 
considers that the same general methods as those used for refining coal-tar benzene 
are also applicable. Sulphuric acid refining was satisfactory in that the refined 
product was stable and of good quality, although useful unsaturated material is 
wasted. Vapor-phase refining methods did not prove to be very successful but 
hydrogenation of such highly unsaturated fractions as the styrene fraction appears 
promising. Pyrolysis l)enzene is a good material for the testing of inhibitors. 


Production of Aromatic Hydrocarbons from the Lower Olefins 


Pyrolysis of the lower olefin hydrocarbons at temperatures of 700° C. or above 
leads to the production of considerable amounts of aromatic liquids. The propor¬ 
tions of such liquids from the lower olefins are considerably greater than those 
from the corresponding paraffin hydrocarbons, a fact readily explicable on the 
basis of the theory of aromatic formation, which is developed later. Typical yields 
of aromatic liquids from the lower olefins by single stage pyrolysis in quartz tubes 
at rates of flow' of about 80 liters per hour per liter of reaction space are sum¬ 
marized-® in Table 44. The.se results may be compared w ith the yields of aromatic 


Table 44. — Yield of Liquids by Pyrolysis of Olefins, 


Olefin^ 

Temp. °C. 

Conversion 
to Total 
Liquids 
% by Wt. 

Conversion 
to Gasoline 

Vc by Wt. 

Imp. Gallons 
of Gasoline 
Boiling below 
170°C. per 1000 
cu. ft. of Olefin 

Ethylene. . 

800 

36 1 

17 7 

16 

Propene 

750 

35 6 

20 4 

2.75 

800 

40 6 

19 0 

2.5 

Butene-1. 

700 

35.8 

23.6 

4 1 


750 

39.6 

22.5 

3 95 

Butene-2... 

700 

37 0 

25.8 

4.45 


750 

39.6 

23.2 

4.1 


liquids obtained by Groll^** by pyrolysis of various olefin hydrocarbons at atmos¬ 
pheric pressure in KA2 steel tubes and at a rate of flow of 90 liters per hour per 
liter of tube space. (See Table 45.) 

The marked catalytic action of certain metals on hydrocarbon decompositions 
is well illustrated by the work of Hurd and Eilers**^'^ with ethylene, propene, iso¬ 
butene, diisobutylene and pentene-2. In the presence of Monel metal, nickel and 
iron, the production of liquid hydrocarbons by pyrolysis of these olefins at tempera¬ 
tures of 600-700®C. was almost entirely suppressed while carbon formation was 
pronounced. In general, olefins are more susceptible to the catalytic influence of 


•A. E- Dunttan. E. N. Hague and R. V. Wheeler, /nd. Eng. Chtm., t934, 26. 307; Chem. Abs., 
1934, 2$. 2498; J, Inst, Pet. Tech,, 1934, 20, 319A; Brit. Chem. Abs. B, 1934, 486. See alao. A. E. 
Dunttan and R. V. Wheeler, U. S. P. 1,976.717, Oct. 16, 1934, to Gatoline Pr(^ucts Co.: Chem. 
Abs„ 1934. 28, 7486; /. Inst. Pet. Tech., 1935, 21. 26A. See alto. C. Candea and E. Macoutki. 
Buil. set. Scale palytech. Timisoara. 1936. 6, 305; Chem. Abs., 1936, 30. 7317. 

•H. P. A. GrolL Ind. Eng. Chem,, 1933, 25. 784; Brit. Chem. Abs. B, 1933, 691; Chem. Abs.. 
1933. 27, 4063. 

•’C. D. Hurd and L. K. Eilcrt, Ind. Eng. Chem.. 1934. 26. 776; Brit. Chem. Abs. B. 1934. 
792; Chem. Abe., 1934, 28. 5646; /. Inst. Pet. Tech., 1934, 20. 493A. 
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Table 45.— Yield of Aromatics by Pyrolysis of Olefins, 


Olefin 

Temp. °C. 

Conversion to 
Total Liquids 
% by Wt. 

Conversion to 
Benzene, Toluene, 
Styrene and 
Xylenes 
% by Wt. 

Gallons of 
Benzene, 
Toluene, 
Xylenes and 
Styrene per 
1000 cu. ft. 
of Olefin 

Ethylene. 

. . . 800 & 825 

32.1 

15.5 

1.6 

Propene. 

775 

21.4 

— 

— 


800 

40.0 

19.2 

3.0 

Butene-2. 

800 

30.5 

19.2 

4.1 


these metals than are the corresponding paraffins. Hurd and Eilers found that 
Ascoloy (a chromium steel containing 24-30 per cent of chromium and 0.21-0.35 
per cent of carbon) did not influence the development of carbon from the lower 
olefins at temperatures of 700°C., and the yields of aromatic liquids obtained with 
tubes of this metal were similar to those secured with silica and glass. Chromium, 
molybdenum and lead have been suggested also as contact agents.^® 

The effect of pressure on the production of aromatic hydrocarbons from olefins 
apparently cannot he deduced from the available kinetic data. However, Dunstan, 
Hague and Wheeler^® found no increase in yield of aromatic liquids from ethylene 
at 600-700°C. when the pressure was raised from atmospheric to 150 lbs. per sq. in. 
At the higher pressure, however, the working temperature could be reduced by 
more than 100°C. without loss of yield but increasing the pressure in this tempera¬ 
ture region appeared to accelerate the deposition of carbon. On the other hand, 
Wagner^^ recommends pressures of 500 to 1500 lb. per sq. in. and temperatures of 
3S0.540°C. 


Production of Aromatic Hydkocakbo.ns fro.m Cyct.ofaraffins 


It has long been known that cyclohexane hydrocarbons can be dehydrogenated 
in the presence of catalysts, such as platinum or nickel, to the corresponding aro¬ 
matics. This method has been used for the preparation of the latter from petroleum 
fractions rich in cycloparaffins.^' The equilibria involved in the transformation of 
the lower alkylcyclohexanes to the corresponding alkyl benzenes have been investi¬ 
gated by Vvedenskii, Vinnikova, Zharkova and Funduiler.^^ rate of dehydro¬ 

genation of dimethylcyclohexane, at temperatures of 200° to 350°C. and in the 
presence of nickel or aluminum oxide catalysts, is only slightly greater than that 
of cyclohexane.'^’"* Very little methane is formed if the dimethyl derivative is pure. 

In the absence of a catalyst, however, it is doubtful whether dehydrogenation 
is responsible for a large part of the aromatic materials from cyclohexanes on 
pyrolysis. In the purely thermal decomposition of cyclohexane at atmospheric pres- 
.sure and at temperatures of about 650°C., the main reaction products appear to 
be butadiene and ethylene rather than benzene. In the case of cyclohexcnc, 

■French P. 750,869, 1933, to I. G. Farhcnind. A.G.; Chem, Abs„ 1934, 28, 1046. British P. 
422.273. 1935: Chem. Abs.. 1935, 29. 4373; Brit. Chem. Abs. B. 1935. 342. 

■A. E. Dunstan, E. N. Hague and R. V. Wheeler. Ind. Ena. Chem., 1934. 26. 307; Chem. Abs., 
1934. 28. 2498; /. Inst, Pet. Tech.. 1934. 20. 319A; Brit. Chem. Abs. B. 1934. 486. 

■C. R, Wairner. U. S, P. 2.028.886. Jan. 28. 1936, to Pure Oil Co.: Chem. Abs.. 1936. SO. 1992, 

«N. D. Zeltnskii and N. I. Shuikin, Ind. Ena. Chem.. 1935, 27, 1209; 7 . Inst. Pet. Tech., 1935. 
21, 448A: Chem. Abs., 1936. SO, 601. 

■A. A. Vvedenidcli, S. G. Vinnikova, V. R. Zharkova and B. M. Funduiler, .f. Cen. Chem, 
(U,S.S,R.), 1933, S. 718; Chem. Abs., 1934. 28. 2598; Brit. Chem. Abs. A, 1934. 146. 

■A. A. Balandin and Yu. K. Yur’ev. /. Phvs. Chem. (V.S.S.R.), 1934, S. 393; Chew^ Abt„ 
1934. 28, 7127; Brit. Chem, Abs, A, 1935. 310. Cf. L. Ruiicka and C. F. Seidel. Heir. Chim. Acta, 
1936. 19, 424; BriS. Chem. Abs, A, 1936, 713; Chem. Abs., 1936. SO. 6343. Also C. D. Nenitieacu 
•ad E. Ooraneacu, Ber., 1936, 69, 1040; Chem. Abs., 1936, SO, 4824. 
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Schmidt*^ has shown that rupture of the ring occurs more readily than dehydro¬ 
genation. Also, this hydrocarbon does not form more aromatic hydrocarbons than 
any other olefin.®® It seems likely, therefore, that the development of aromatics 
from cyclohexanes in purely thermal processes is the result of secondary decom¬ 
positions of the ethylene and butadiene initially formed. The available information 
on the pyrolysis of cyclopentane hydrocarbons indicates that rupture of the ring is 
the main process and that aromatics are the result of secondary reactions of the 
olefins prt^uced. 

Dehydrogenation of hydroaromatic hydrocarbons in petroleum fractions is said 
to be effected at 300-500®C. in the presence of vanadium oxide on charcoal.®** 
Difficulty reducible oxides or sulphides, such as those of nickel or molybdenum, are 
suggested also as catalysts,®^ as well as chromium-copper alloys.®® 

Mechanism of the Formation of Aromatic Hydrocarbons in the Pyrolysis 
OF Aliphatic Hydrocarbons 


The exact mode of formation of aromatic licjuids during the pyrolysis of ali¬ 
phatic hydrocarbons is still the subject of much controversy. Butadiene is re¬ 
garded by Wheeler and his co-workers®® as the essential intermediate which may 
be produced by dehydrogenation of butene or by combined polymerization and de¬ 
hydrogenation of ethylene. This diolefin, according to Wheeler's theory, combines 
with the lower olefins to form cyclohexenes which then dehydrogenate to benzenoid 
hydrocarbons according to the general scheme:— 


HC—CH 

\ 

H,C CH, 

R—CH==CH—R' 




hc=ch 

/ \ 

H.C CH, 

\ / 

RHC—CHR' 

HC=CH 


-H, 


HC 


\ 

CH 


RC—CR' 




HC=CH 
/ \ 
H,C CH 

\ / 

RHC—CR' 


In support of this mechanism it was found that equimolecular proportions of 
ethylene and butadiene react at comparatively low temperatures to give cyclohexene 
and the latter can be converted to the extent of 25 per cent into benzene at 700®C. 
Polynuclear aromatic hydrocarbons might be produced similarly by combination of 
butadiene and cyclohexene with subsequent dehydrogenation of the resulting partly 
hydrogenated naphthalenes. Dubois^® also assigns an important role to ethylene as 
he found pyrogenation of this olefin for 1.5 and 6 minutes at 700®C. yielded almost 
exclusively aromatics. P'rom these he isolated benzene, toluene, xylene, naphthalene 
and anthracene. 

«<). Schmidt, /. hlcktrochcm.. I9.LL 39. 975; them. Ahs.. J9.U. 21. 1117; Hrit, Chrm, Ah.x. 
B. 1934. 51. 

»H. P. A. droll, Ind. liny. Chem.. 1934, 26. 697; Chem. Ahs., 1934. 28. 45KO; Brit. Chem. 
Abt. A. 1934, 877. 

•• d. F. Horsley. British P. 415,793. 1934, to lm|>erial Chemical ImliiHtries Ltd.; Chem. Abs., 
1935. 29, 1231; Brit. Chem. Abs. B. 1934, 952; /. Inst. Pet. Tech., 19.14. 20, 581 A. 

A. Mittasch, M, Pier, R, Wietiel and H. Langheinrich. (lerman P. 627,273. 1936, to I. d. 
Farbenind. A.-G.; Chem. Abs., 1936, 30. 3439. British P. 406.808, 1934; J. Inst. Pet. Tech., 1934, 
20, 336A. French P. 760,271, 1934; Chem. Abs., 1934. 28, 3415. 

•*V, I. Karahev. V. I. Sever’yanova and A. N. Sivova, J, Applied Chem. (U.S.S.R.), 1936, 9, 
269; Bpit. Chem. Abs. A, 1936. 712; Chem. Abs., 1936. 30, 5570. 

*• For a review of this theory, see Carleton F.llis, "The Chemistry of Petroleum Derivatives." 
The Chemical Catalog Co,. Inc., New York, 1934. 

**J. Duhois. Praemvst Chem., 1933. 17, 188; Chem. Abs., 1934, 28. 7490. .See also F. I. I.. 
Uwrence. /. Inst. Pet. Tech., 1935, 21, 790; Chem. Abs., 1935, 29, 8305; Brit. Chem. Abt. B, 
1935, 979. 
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Groll^^ advanced a theory which appears to be a development of Berthelot’s 
original concept of the intermediate formation of acetylene and subsequent poly¬ 
merization of this hydrocarbon. According to Groll, divalent radicals of the type 
R—C=CH— and —HC==CH— (“nascent acetylene”) result from demethanation 
of the lower olefins and these polymerize directly to aromatic hydrocarbons. It was 
considered nascent acetylene from demethanation of propene polymerizes to benzene 
rings more readily than it forms free acetylene. On the basis of this theory there¬ 
fore, propene is an important intermediate in benzene production, and Groll be¬ 
lieved that this was supported by the higher yields of aromatics from propene 
than from the other olefins. Hague and Wheeler^- contest this conclusion and state 
that ethylene, under proper conditions, forms aromatic hydrocarbons to a greater- 
extent than either propene or butene and that the ratio of toluene to benzene in 
the litjuid products from propene is higher than for the other olefins. The high 
yield of toluene is due to interaction of butadiene and propene. 
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The assumption of the intermediate formation of divalent unsaturated radicals 
is not considered by Groll to l)e essential since acetylene should polymerize so 
smoothly under the cracking conditions necessary for aromatic production that it 
may well be an intermediate, though appearing to only a limited extent in the final 
products. It has been shown by GrolH-^ that small quantities of acetylene are 
actually present in the pyrolytic pro<iucts from lx)th propane and propene at tem¬ 
peratures as low as 600-650®C. 

Perhaps the most important objection which has been raised to Wheeler’s theory 
is that cyclohe.xene, regarded ty Wheeler as the immediate precursor of benzene, 
has a greater tendency to decompose into e(|uimolecular proportions of ethylene 
and butadiene than to dehydrogenate thermally to benzene.The yield of aro¬ 
matic hydrocarbons obtained by cracking cyclobexene at 7(X)°C. is about 46 per 
cent, of which ai)out half is benzene. On the other hand, it has been shown by 
Wheeler and Wood, that substantial quantities of cyclohexene are produced by di¬ 
rect combination of butadiene and ethylene. It would seem therefore, that a quasi¬ 
equilibrium may exist between butadiene, ethylene and cyclohexene, according to 
the scheme. 


C,H 4 TC,H, C«H,o(->- C.He + 2H,) 

and that dehydrogenation of cyclobexene ultimately effects transformation of ethyl¬ 
ene and butadiene into aromatics. Tf the conversion of cyclohexene into benzene 
is slow compared with the attainment of equilibrium between butadiene, ethylene 
and cyclobexene, such a scheme would serve to explain why pure cyclohexene de¬ 
composes. to a considerable extent into ethylene and butadiene, while, on the other 
hand, pyrolysis of a mixture of ethylene and butadiene forms cyclohexene and 
aromatic hydrocarbons. 

«H. P. A. Groll. Uxd. Eng. Chcm.. 1933, 25. 784; Brit. Chcm. Abs. B, 1933. 691; Chcm. Abs., 

1933. 27, 4063. 

«E. N, Hague and R. V. Wheeler, /nd. Eng. Chcm., 1934. 26, 697; Chcm Abs., 1934. 28. 4S79; 
Brit. Chcm. Abs. A. 19.34, 877. 

♦»H. P. A. Groll, /»«/. Eng. Chcm., 19.34, 26, 697; Brit. Chcm, Abs. A. 1934, 877; Chcm. Abs., 

1934. 28, 4S80. 

««G. Egloff and E. Wilson. Ind. Eng. Chcm.. 193$. 27. 917; Chem. Abs., 193$. 2t, 6203; Brit. 
Chrm. Abs. A, 193$. 1206, 
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Technical Processes for the Production of Aromatic Hydrocarbons 

The conversion of aliphatic hydrocarbons into aromatics involves heat treat¬ 
ment at temperatures of the order of 700®C, The factors influencing the yield of 
products include temperature, contact time, pressure and tube material or use of 
special catalysts. The available experimental data, however, appear to indicate 
that the yields are little affected by the pressure factor within certain limits, the 
main advantage being increased throughput of material. Many of the technical 
processes described are operated at about atmospheric pressure though in some 
cases inert diluents are employed to reduce the partial pressures of the reactants. 
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Fig. 57.—Development Plant for Production of Aromatic Hydrcx'arbons from Natural 

Gases. (W. H. Cadman) 


The question of construction material is of prime importance since it is essential 
that the pyrolysis tubes should be mechanically strong, heat resistant, and non- 
porous and at the same time should not catalyze carbon formation. Tube walls 
should be as thin as possible, consistent with mechanical strength, otherwise heat 
transfer will be poor. This, of course, applies to the case of externally heated re¬ 
actors which, in spite of some disadvantages, have been generally used. Special 
heat resisting alloys or tubes coated with heat resisting materials have been pro¬ 
posed. In this connection it is interesting to note that Wheeler^**^ points out that 
materials having stable electronic structures, as shown by high values of electrical 
and thermal resistance, melting point, tensile strength, hardness and resistance to 
chemical action, do not catalyze decomposition of hydrocarbons into carbon and 
hydrqgen. He suggests that alloy steels possessing these characteristics should be 
favored as structural materials in technical processes involving heat treatment of 
hydrocarbons. A number of such special steels have already been mentioned, the 
best of these being high chromium steels of low nickel content. However, Harns- 

««T. $. Wheder. /. Vniv. Bombay. 1933, 3 (2), 123; Chem. Abs.. 1934, 38, 5322; Brii. Cham. 
Abs, A, 1934, 851. 
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berger^® employed chrome-nickel alloy steels for the production of oil gas by 
pyrolysis of petroleum fractions at 700-760®C., the carbon deposit being periodically 
removed from the cracking zone by blowing with steam or air. According to 
Fostertubes of an alloy steel containing 25-30 per cent of chromium have been 
in use for three years in a vapor-phase cracking unit operating at a temperature 
of 870®C. It has been proposed to suppress still further carbon formation by 
coating tubes of heat resisting alloys with chromium or molybdenum.**^ Iron tubes 
covered with chromium or tin are recommended by Porter.*® Steigerwald^**® re¬ 
ports that both chromium and graphite are useful contact materials for the con¬ 
version of natural gas into aromatic hydrocarbons at 800-1200®C. 

A number of non-metallic refractory materials have been proposed as contact 
agents, as for example, chamotte plates or other non-metallic substances coated 
with silicon.®^ Another procedure is conducting gaseous hydrocarbons at a uni¬ 
form velocity through a number of straight, unobstructed passages consisting of 
refractory materials such as chamotte, silicon or silicon carbide.''^- Chambers filled 
with checker bricks containing silicon carbide, zirconium or magnesite are recom¬ 
mended for effecting the conversion of olefins into aromatic hydrocarbons at 
elevated temperatures.*'^® 

Greenstreet^* converts hydrocarbon gas mixtures into aromatic hydrocarbons 
by contacting the former at 600-1200®C. with catalysts which do not become 
coated with carbon. Examples are said to be copper, cobalt, manganese, chromium, 
molybdenum, tungsten, tin, aluminum, the alkali or alkaline earth metals, silicon, 
boron, and silica gel. Substances which resist high temperatures, such as the 
carbides, nitrides, silicides and borides of the above elements, or iron-aluminum 
alloys, silicon carbide or graphite may be employed. Lustrous carbon is used by 
Chesny®® in the conversion of propane-containing gases into liquid hydrocarbons 
at 900-925®C. Other contact agents for the conversion of gaseous paraffins into 
benzene hydrocarbons by heat treatment in the absence of steam are the oxides of 
chromium, tungsten, vanadiunv or uranium.®® Bauxite and fuller's earth have been 
suggested by Towne®^ and also the oxides of aluminum, nickel and zinc,®^ sup¬ 
ported on silica gel, pumice, bauxite or activated carbon for the reforming of 
straight-run gasoline at 500-700®C.®® Selenium vapors, at 650-950®C., are re- 

^ A. E. HarnstxTger, U. S. P. 1,<}00.057. Mar. 7. to Pure Oil Go.; Chem. Abs.. 1933, 27, 

3063. 

♦’A. I.. Foster. S'at. Pet. \nvs, 1932. 24 (37). 27. 

** C. Steigerwalcl. I’. S. P. 1.905.520. Apr. 25. 1933, to I. G. Farbenind, A.-G.; Chem. Abs., 
1933. 27, 3481. 

F. Porter, U. S. P. 1.895.086. Tan. 24. 1933, to Continental Oil Co.; Brit. Chem. Abs. B, 

1933, 903; Chem. Abs.. 1933. 27. 2459. 

C. Steiserwald. V. S. P. 1.958.648. May 15, 1934. to T. G. Farbenind. A.-(i.; Chem. Abs., 

1934. 28. 4429. 

P. Feiler. H. Weigmann and H. Haul)er. (German P. 578.778. 1933. to I. G. Farlienind. A.-G.: 
Chem. Abs., 1934, 28, 776. Cf. P. Feiler and H. Weigmann, German P. 634,330, 193t>. to 1. G. 
Farbenind. A. G.; Chem. Abs., 1936. 30, 8240. 

»P. Feiler and H. Hiiuber. C. S. P. 1,967.665. July 24. 1934. to I. G. Farbenind, A. G.; Chem. 
Abs., 1934. 28, 5830; /. Inst. Pet. Tech.. 1934. 20, 535A. 

“P. Feiler. H. Weigmann and G. Hirschberg. V. S. P. 1.973.851. July 18. 1934. to I. G. 
Farbenind. A.-G.; /. Inst. Pet. Tech., 1934. 20. 579A; Chem. Abs., 1934. 28. 6882. H. Haulier. 
German P. 583.685. 1933, to 1. G. Farbenind. A.-G.; C/irm. Abs., 1934. 28. 1046, 

•*r. T. Greenstreet. French P. 762.184. 1934; Chem. Abs.. 1934. 28. 4574. See al^m. British 
P. 412,933. 1934; Chem. Abs., 1935. 29. 593; Brit. Chem. Abs. B, 1934, 8(^9; J. Inst. Pet. Tech., 
1934, 20. 53SA. 

“H. H. Chesny. IT. S. P. 1.965.135, Julv 3. 1934. to Tnion Oil Co. of Calif.; Chem. Abs., 1934, 
28, 5655; /. Inst. Pet. Tech., 1934. 20. 53'5A; Brit. Chem. Abs. B. 1935. .U3. 

••E. Unckh and H. Hauber, C. S. P. 1.988.873. Jan. 22, 1935, to I. G. Farlienind. A. G.; Chem. 
Abs., 1935, 29, 1832. The oxides of chromium and vanadium have also lieen recommended by K. E. 
Skarblom (.Swedish P. 84.830. 1935. to Kungl. Armeforvaltningens Artilleridepartement; Chem. 
Abs.. 19.16, SO, 6389) for the conversion of cymene to pro|iene and toluene. 

®»C. C. Towne. U. S. P. 1,943,246, Jan. 9, 1934, to Texas Co.; Chem. Abs.. 1934, 28. 1842; 
Brit. Chem. Abs. B. 1934. 917. 

C. C. Towne, Canadian P. 334.983, Aug. 15. 1933. to Texaco Development ('orp.; Chem. Abs., 
1933, 27, 5531. 

•C. C. Towne, Canadian P. 335.120, Aug. 22, 1933, to Texaco Development Corp.; Chem. Abs., 
1933, 27. 5529. 
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^rted to aid in the transformation of aliphatics (e.g., ethane, propane and butane) 
into aromatics,®® 

The volatile, gaseous fractions, from the stabilization of natural gasoline, may 
be converted into aromatic hydrocarbons by mixing with 2-5 per cent of steam, 
preheating the mixture by contact with a hot mass of ferric oxide and then bring¬ 
ing it into contact with more ferric oxide at 538-593®C. Further steam is added 
to bring the total amount up to 15 per cent and the gases then contacted with an 
extended surface of metallic iron at 641-704°C.®' In another process,®*^ olefins are 
preheated to 300-800°F. and then raised to a higher temperature by admixture with 
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Fig. 58.—Semi-commercial Pyrolysis Plant for Aromatic Hydrocarbon Production. 

(W. H. Cadman) 


hot gaseous combustion product.s. Afterwards they are passed into a reaction 
chamber filled with catalytic refractory material, such as fire brick coated with 
aluminum phosphate, alumina, ferric oxide or thoria. When the olefins contain 
admixed methane, regulation of the temperature can be effected so that only the 
unsaturated hydrocarbons are transformed into aromatics.®® These are separated, 
and methane is recovered from the residual gas either by licjuefaction or by treat¬ 
ment with copper oxide at 150°C. whereby hydrogen (from thermal decomposition 
of the hydrocarbons) is preferentially oxidized. 

Aromatics may be prepared from butane by maintaining it at a conversion 
temperature «ind pres.sure (470°C. and 3(KK) lbs. per s<|. in., respectively) and add- 


» 2.01 1, .^H5, Aug. 1.1. 19.15. ii> Trxan Co.; Chem. Ahs.. 19.15, 29, 6(»0(»; 

Bnt. Chem, Abt. B, 1936, 916. 

B, 19.13. 996; Chem. Aht.. 1933, 27, .1064. 

lOiT'ai BrttUh P. 418.779, 1934; Chem. Abs., 1935, 29. 3143; Brit. Chem. Ahs. B. 


•• W. Sexaurr and S. Loch. German P. 605,432. 
1935, 29. 1103; /. Inst. Pei. Tech., 1934, 20, 617A. 

A. G.; Chem. Abs.. 1934. 28. 3078. 


1934. to Concordia Berffluin-A. rt. 
Cf. French P. 758.869, 1934, to I. 


; Chem. Abs.. 
Cl. Farlienind. 
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ing successive small quantities of olefins.®^ Introduction of the latter should be so 
regulated that at no time do they constitute more than 5-10 per cent of the hydro¬ 
carbon present. 

A two-stage process comprises first preheating refinery or natural gas to 550®C. 
and then conducting the products into a second heated, or soaking, zone (650- 
950®C.) where they are mingled with liquid gasoline or naphtha stock. By main¬ 
taining the mixture at the latter temperatures a high anti-knock gasoline is ob¬ 
tained.®® Lawrence®® separates still gases into several fractions, one of which is 
then heated to a temperature at which formation of unsaturated hydrocarbons 
occurs. The heated fraction, together with an untreated portion, is introduced into 
a reaction zone in which normally liquid aromatics are developed. The latter are 
separated and the unreacted gas is recycled. Frey®^ suggests that the volatile 
hydrocarbons be subjected to a temperature of 750-1200°F. and a pressure of 500- 
5000 11). per sq. in. Afterwards the normally liquid products and methane are 
removed and the residual gases, under a pressure of 500 lb. per sq. in. are con¬ 
ducted through a reaction zone at 1250-1750® F. 

Manufacture of Biphenyl 

The formation of biphenyl by condensation of two molecules of benzene (with 
elimination of hydrogen) is of technical importance since biphenyl can be used as 
a heat exchange medium. The preparation of biphenyl from benzene takes place 
over a wide temperature range, but in practice temperatures of 600-900®C. are 
usually employed. At 400-500®C. reaction is favored by increased pressures,®® 
but commercial methods of manufacture are usually operated at too high tem¬ 
peratures for the application of pressures greater than a few atmospheres. It has 
been shown by Wibaut and his co-workers®® that the yield of biphenyl at 420-440®C. 
under pressures of about 120 atmospheres is increased by catalysts such as hydro¬ 
gen iodide, iodine and nickel. 

At high temperatures, however, reaction is sufficiently rapid in the absence of 
catalysts for the industrial production, but carbon formation is apparently a trouble¬ 
some feature and is catalyzed by some materials which are, therefore, to he avoided 
in continuous operation. Thus, Garcia Banus and Guiteras^® noted that the de¬ 
composition of benzene in the presence of a nichrome wire, heated electrically to 
1020-1030®C., results in the deposition of graphite, which lowers the rate of bi¬ 
phenyl formation after a short time. It is reported that carbon formation at a 
temperature of 800®C. may be inhibited by coating the metal surfaces of the crack¬ 
ing tube with selenium, cobalt sulphide, cobalt, nickel chloride, copper sulphide, 
silicon, antimony, tin. molylxienum or its sulphides.^' Williams^- suggests adding 

F. E. Frey, U. S. P. 2.002..194. Mav 21. 19.15, to Phillips Petroleum Co.; Chrm. Abs., 

29, 437.1; /. Inst. Pci. Tech., 19.15. 21. 267A. 

British P. 406.326, 1934, to Texaco Development Corp.; Ckcm. Abs., 1934. 28, 4900; Brit. 
Ckcm. Abs. B. 1934. .191. 

•• F. I. L, Lawrence. U. S. P. 1.96.1.092, June 19. 1934. to .\tlautic RefininR Co.; Ckcm. Abs., 
1934. 28, 4896, See al!^> French P. 797,670, 1936, to Alco Products Inc.; Ckcm. Abs., 19.16, 30, 7.125. 

F. E. Frey. U. S. P. 2,0.18.834. Apr. 28, 1936, to Phillips Petroleum Co.; J. Inst. Pet. Tech., 
1936. 22. 264A; Ckcm. Abs., 1936, 30. 4312. 

•J. P. WilMut, H. M. Roniijn and H. D. T. Willink, Ree. trax\ ehim. 1934. 53. 584; Brit. 
Chem. Abs. A. 1934, 763; Ckem. Abs., 1934. 28, 4725. 

••J. P. VVihaut, H. M. Romijn and H. D. T. Willink, Ree. frar. ehim., 1934, 53, 584; Brit. 
Ckcm. Abs. A, 19.14, 76,1; Ckcm. Abs., 19.14, 28. 4725. 

’•A. Garcia Banua and J. Guiteras. Angles, soe. cspgfk. fis. qnim., 193.1. 31, 255; Brit. Ckcm 
Abs. A, 1933. 1042; Ckem. Abs.. 1933. 27. 2948. 

^J. E. Mooae and W. N. Pritchard. IL S. P. 1,968.154, July 31, 1934, to Swann Research, Inc.; 
Ckcm. Abs., 1934. 28. 5834; Brit. Ckem. Abs., B, 1935. 621. 

«W. H. Williams, V. S. P. 1,978,069. Oct. 23. 1934, to Dow Chemical Co.; Ckcm. Abs., 1935. 
M. 182. See also, V. S. P. 1,976,468. Oct. 9. 19.14; Brit. Ckcm. Abs. B, 1935. 840; Ckcm. Abs 
1934. 88 , 7263. 
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about 0,1 per cent of sulphur, carbon disulphide, hydrogen sulphide or sulphur 
dioxide to benzene before subjecting it to pyrolysis, 

A number of specific catalysts have been proposed for the production of bi¬ 
phenyl, One example of such is a neutral silicate of aluminum or magnesium, 
free from alkali metal compounds.'^* Drossbach and RoelF^ suggest an alkali 
metal oxide or oxides of thorium, cobalt, tungsten or aluminum. A catalyst con¬ 
sisting essentially of at least one difficultly reducible metal oxide, superficially coated 
with lustrous carbon, has also been recommended.'^® Instead of employing ex¬ 
ternally heated reaction chambers, Williams^^ decomposes benzene in a tubular, 
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Fig. 59.—Flow Diagram of Steam Boiler Unit Employing Dowtherm for Indirect Super¬ 
heating and Reheating of Steam. (D. H. Killeffer) 


electrically heated element of graphite or silicon carbide at 650-950®C., the vapors 
to be pyrolyzed being preheated on the outer surface of the element. Or the 
volatilized benzene hydrocarbons are conducted through a heated steel tube under 
conditions of turbulent flow.*^^ 

In the process developed by Reilly,*^* benzene vapor (preheated to about 650®C.) 
is intimately mixed with about 2 parts by weight of steam (superheated to 1050- 
1100®C.). The resulting mixture, which is at a temperature of 800-950®C., is 
conducted through a steel reactor coated internally with a film of magnetic iron 

® E. Tftcbunkur and W. Kl«in, U. S. P. 1,957,988, May 8, 1934, to I. G. Farbenind. A.-G.; 
Chem. Abs.. 1934. 28. 4068. 

«0. Droialiach and E. Roell. U. S. P. 1,996.738, Apr. 9. 1935, to I. G. Farbenind. A.G.; 

Chrm. Abs., 1935. 29, 3351 German P. 548.762, 1933; Chem, Abs., 1934, 28. 1052. 

**0. Drofibach and E. Roell. U. S. P. 1,^6,739, Apr. 9. 1935. to I. G. Farbenind. A.*G.; 

Ckrm. Abs,, 1935.* 29, 3351. German P. 586.878. 1933; Chem, Abs., 1934, 28, 1360. 

»*W. H. William*. U. S. P. 1,925,784, .Sept. 5. 1933, to Dow Chemical Co.; Chem, Abs., 1933, 
27. 5341; Brit. Chem. Abs. B, 1934, 618. U. S. P. 1.981.015. Nov. 20, 1934, to Dow C'hemical Co.; 
Brit. Chem. Abs. B. 1935, 939; Chem. Abs.. 1935. 29, 409. 

’’J. N. Carothers. U. S. P. 1.907.498, May 9. 1933, to Swann ReMarch, Inc.; Brit. Chem, Abs. 
B. 1934, B7,Chem. Abs., 1933. 27, ,1481. 

wj. H. Reilly, U. S. P. 1.938.609. Dec. 12. 1933, to Dow Chemical Co.; Brit. Chem. Abs. B, 
1934, 825; Chem. Abs., 1934, 28, 1365. 
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oxide. The yield of biphenyl from a single-stage operation may be as high as 30 
per cent, this representing 90-95 per cent of the benzene reacting. Passage of 
benzene through molten inorganic salts at 750-850®C. is said to produce less car¬ 
bonaceous by-products than when molten lead is used.*^® 
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Fig. 60.—E.\tcrior Side View of Duwtherm Power Unit. (D. H. KilleflFer) 


Diaryl hydrocarbons are refined by treatment with an agent, such as concen¬ 
trated sulphuric or phosphoric acid.^^^ 

On account of its thermal stability, biphenyl is finding considerable application 
as a heat-transfer medium, especially in the form of a low melting mixture wdth 
diphenyl ether (containing 26.5 per cent of biphenyl). This medium on continued 
exposure to air at temperatures of about 650®F. undergoes slight oxidation but in 
other respects is very stable,**' Its use in a high-pressure steam boiler plant has 

E. Warren and C. B. Durgin. I’. S. P. 1,891,514, IVc. 20. 1952, to Swann Research, Inc.; 
Brit. Chem. ^bs. B, 19.14, 11; Chem. Abs.. 195.1, 27. 1896. 

»German P. 586.800. 19.1.1. to I. G. Farbenind. A. G.; Chem. Abs., 19.14. 28. 1353. 

R. I.. Hetndel. Jr., Meeting of Amer. Inst. Chem. Engrs., New York. May. 1934; Chem. Abs., 
1934, 28, 3811. This mixture is known as I>owtherm A. For a comparison of mercury and 
biphenyl as heat-transfer media, see C. A. Hulsart. Refiner, 1934. 13, 266; /. Inst. Pei. Tech., 
1934, 20, 530A; Chem. Abs., 1934, 28, 6215. For a comt>arison of mixtures of chlorinated benxene 
*nd biphenyl •• hett-transfer media, see F. D. Snell, !nd. Eng. Chem., 1937, 29. 89; Chem. Abs.^ 
1937, 910, 
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been described by Killeffer.*^ In addition to diphenyl ether, naphthalene and di- 
phenylamine or aniline may be incorporated with biphenyl.^ The resulting com¬ 
position should have a freezing point not higher than 6^C. It is interesting to 
note that biphenyl and diphenyl ether have been recommended as ingredients of 
a lubricant employed at high temperatures.^^ 

"D. H. Killeffer. Ind, Eng, Chem., 1935. 17. 10; Brit, Ckem. Abs. B. 1935, 577; Ck^m, Abt„ 
1935. 29. 853. E. F. Hoitcn. !nd. Eng. Cktm,, 1936. 8S. 691; /. Inst. Pst. Tech., 1936. 22. 442A; 
Ckem. Abs,, 1936. $0. 4727. 

»0. D. Lucat. U. S. P. 1.941,014. Dec. 26. 1933. to Whctaoc Foundry and Enfinccrinf Co.. 
Ltd.; Ckem. Abs., 1934, 2S. 1519. French P. 77S.241. 1935; Ckem. Abs., 1935. 29. 4485. 

MH. H. Dow. U. S. P. 1.918.593, JuHr IS. 1933. to Dow Chemical Co.; Brtl. Ckem. Abs. B. 
1934. 567; Ckem. Abs., 1933, 27, 4919. 



Chapter 6 

Action of Aluminum Chloride on Hydrocarbons 

Aluminum chloride has long been known to exert a profound disintegrating 
and rearranging action on all types of hydrocarbons at relatively low temperatures 
but it is only within the last few years that the mechanism of such processes has 
received attention. Indications are that the chemical reactions involved comprise 
rupture of carbon chains, isomerization and polymerization, and that frequently all 
take place simultaneously. The practical applications of the action of aluminum 
chloride on hydrocarbons are (1) the production of gasoline from high boiling 
petroleum fractions, (2) the formation of higher boiling products, including hydro¬ 
carbons having lubricant properties, from olefin hydrocarbons, and (3) the syn¬ 
thesis of resinous materials from cracked distillates. The industrial future en¬ 
visaged for gasoline made by cracking petroleum in the presence of aluminum 
chloride does not appear to have materialized. This is partly due to the fact that 
gasolines produced in this manner have relatively low antiknock values and are 
therefore not as satisfactory as those formed by thermal cracking operations. 

Besides aluminum chloride, other anhydrous inorganic halides including boron 
trifiuoride, tin tetrachloride or zinc chloride have been suggested both as catalysts 
for the preparation of gasoline and also for polymerizing unsaturated hydrocar¬ 
bons. The action of such halides will be briefly described in this chapter, with 
particular attention to aluminum chloride from an industrial viewpoint. 

Production of Gasoline with Aluminum Chloride 

Processes employing aluminum chloride in cracking higher petroleum fractions 
to gasoline have usually been carried out at temperatures of about 300”C. and under 
sufficient pressure to avoid excessive volatilization of the chloride. Much informa¬ 
tion regarding the chemical composition of such gasolines is available from the 
researches of a number of Russian technologists. Thus, 2^1inskii and Mikhlin' 
obtained a 48 per cent yield of gasoline, consisting of paraffin, naphthene and aro* 
matic hydrocarbons, by cracking Emba crude petroleum with 10 per cent of alu¬ 
minum chloride at atmospheric pressure. Treatment of Grozny paraffin at 130- 
140*C. was found to give 55 per cent of a colorless distillate of which the fraction 
boiling up to 150®C. contained only 3 to 4 per cent of aromatic hydrocarbons, cor¬ 
responding to the dehydrogenated naphthenes, the remainder being paraffins. Gas¬ 
oline (42 per cent yield) from cracking cercsin in the presence of aluminum 
chloride contained 2 per cent of aromatics and some naphthenes, while the light 
kerosene was mainly naphthenic. Zelinskii and Mikhlin noted that when only small 
proportions of the halide were used unsaturated hydrocarbons appeared in the 
cracked products. 

The decomposition of a Rumanian kerosene by this means has been studied by 

^ «N. D. ZeiintkH and K. R. Mikhlin. /. Chrm, (U.SS.RJ. 6. 16; Forfigu 

PHrotenm Uck„ 19JJ. 1, 8; /. Imt, PH. Ttek., IW4. 80, J63A; Ckcm. Abs„ I93J. 87. 5176. 
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Candea, Kuhn and Manughevici.^ They found that reaction begins even in the 
cold, is more marked on heating and is very pronounced under moderate pressures. 
Tests carried put at temperatures up to 370®C. gave 24 per cent of light liquid and 
gaseous products boiling up to 150®C. The application of pressures of 10-40 at¬ 
mospheres caused an increase to 40 per cent in the yield of light fractions. It was 
noted that the reaction took place at Jower temperatures and pressures when a 
copper autoclave was employed. 

From experiments on the cracking of kerosene, spindle, automobile and cylinder 
oils with 10 per cent of aluminum chloride^ Borisov,' Ojiverdoyskaya and Epifan- 
skii^ concluded that it was largely the naphthene hydrocarbons which were at¬ 
tacked. These were decomposed by the splitting off of side chains (afterwards 
appearing as paraffin hydrocarbons), by partial dehydrogenation with formation 
of aromatic hydrocarbons and by rupture of the ring system to yield paraffins and 
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Fig. 61.—Flow Scheme for Cracking Petroleum Fractions with Aluminum Chloride 

Catalyst. (A. M. McAfee) 


highly condensed hydrocarbons of the type of asphaltenes and carbenes. That aro¬ 
matic hydrocarbons are present in the low-boiling fractions resulting from the 
action of the halide on petroleum distillates has also been shown by Dobryanskii 
and Zelenin.^ A typical gasoline formed in this way was found to contain 2 per 
cent benzene, 5.4 per cent of toluene and 5.7 per cent of xylene, while the gas 
evolved was principally butane. Zudilov® obtained stable gasoline fractions by the 
action of 10 to 15 per cent of catalyst on the higher fractions of primary tat from 
sapropelite, the yields varying from 40 to 70 per cent. 

Instead of adding freshly prepared aluminum chloride to the petroleum fraction, 
the catalyst may be generated in situ. This was achieved by Galle® on adding the 
metal, previously activated by treatment with mercuric chloride, to petroleum and 
passing a current of dry hydrogen chloride through the mixture. Apparently a 
very active form of metallic chloride is produced, for by treating a petroleum frac¬ 
tion (boiling 155® to 300®C.) in this manner, an almost quantitative yield of gaso- 

•C. Candea, }, Kuhn and C. Manughevtci, 24me Congr. chim. ind., Paris, Oct., 1M4; Chtm, Abi., 
1935. 29, 6410. 

• P. P. Borisov, M. V. Gaverdovskaya and P. F. Epifanskii, Ntft, Khot., 1935, 17 (1), 74: 
Chent. Abs., 1935, 29, 4926. 

•A. F. Dobryanskii and N. I. Zelenin, Khim. Tverdogo Tapliva, 1933, 4, 606; Chtm. Abs., 1934, 
28, 6299: Brit. Chem. Abs. B, 1935, 54. 

•I. E. Ztidilov, Khim. Tverdogo TopHva, 1932, 3, 129; /. Inst. Pet. Tech., 1935, 21, S8A; 
Chem. Abs.. 1934, 28. 5633. 

•E. Calle, Petroieum Z., 1934, 30 (8), I; Brit. Chem. Abs. B, 1934, 390; Chem. Abs., 1934, 
28, 3880, 
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line is said to have been attained. The latter consisted of a mixture of paraffins, 
aromatics and naphthenes but no unsaturated hydrocarbons. The degree of amal¬ 
gamation of the aluminum must be carefully controlled to give the optimum effect. 
In this connection it is interesting to note that high boiling hydrocarbons may be 
cracked by first halogenating at a temperature between 0® and 150®C. and then 
treating (at 100-150®C.) with aluminum which has previously been activated by 
immersion in a solution of a salt of a less electro-positive metal.'^ 

Some details of a procedure for cracking high boiling petroleum fractions have 
been disclosed by McAfee.® The charging stock, (which should contain a high 
proportion of naphthenes), is heated to just below the temperature of incipient 
thermal decomposition, e.g., 315 to 400®C., and about 2 per cent of aluminum 
chloride is added in the form of a heated mixture containing 80 per cent of the 
catalyst and 20 per cent of oil. The mixture passes to a converter, which is not 



Fig. 62.—Sketch of Catalytic Cracking Process Involving Preliminary Removal of 
Corrosive Vapors. (W. M. Stratford) 

heated and in which an approximately constant oil level is maintained, and reac¬ 
tion is allowed to take place under a pressure of 75 to 300 lbs. per sq. in. The 
vapors leaving the reactor are sprayed with an aqueous solution of caustic soda 
prior to condensation. The coke which builds up in the reaction chamber may be 
removed periodically by cooling to below 100®C. and washing out with water or 
aqueous alkali. A somewhat similar cracking process has been described by Jen¬ 
kins and Stratford,® who employ 2 to 10 per cent of an aluminum chloride-hydro¬ 
carbon catalyst and effect reaction under pressure and at a temperature (about 
482®C.) at which conversion takes place almost instantaneously. To obviate cor¬ 
rosion in processes of this type, Stratford*® subjects oils, which normally tend to 
liberate hydrogen chloride with these catalysts, to a preliminary treatment wdth the 
halide at a temperature substantially below that at which decomposition of the oil 
occurs but sufficiently high to effect release of the corrosive substances. An ap¬ 
paratus for refining petroleum utilizing metallic halides has been described by 

»H. Engel and J. Jannek. U. S. P. 1,941,884, Jan. 2, 1934; /. Inst, Pet. Tech.. 1934, 20, 189A; 
Ckem. Abs., 1934. 2t, 1850. 

•A. M. McAfee. U. S. P. 1,976,507, Oct. 9. 1934, to Gulf Refining Co.; Brit. Chem. Abs. B. 
I9.rs, 838; Ckem. Abt., 1934. 28, 7518. 

•V. N. Tenkinf and W. M. Stratford. U. S. P. 1,953.612, April 3, 1934. to Texas Co.; Chem. 
^bs., 1934, 28, 3886; Brit. Ckem. Abs. B. 19.15. 90. 

Stratford. V. S. P. 1.952,898. M.trch 27, 19,14. to Texa^ Co.; Chem. Abs., 1934. 28, 
•*886; Brit. Ckem, Abs. B. 19.15. 90. 
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Carl.^^ This consists of a still fitted with a series of beaters so mounted that 
adjacent i>airs inter-rotate in opposite directions, and thus furnish more intimate 
contact b^ween the oil and catalyst. 

Lelgemann^^ suggests cracking high boiling hydrocarbons at temperatures up 
to 370^C. in contact with 5 to 10 per cent of aluminum chloride, which is con¬ 
tinuously reactivated by introducing charging stock containing about 0.3 per cent 
by weight of nitrosyl chloride. He also points out that both aluminum and iron 
halides may be employed in an amount not exceeding 12 per cent of the charge.^^ 

Action of Aluminum Chloride on Paraffin Hydrocarbons 

The action of aluminum chloride on the paraffin hydrocarbons is complex. 
Several different types of reaction occur simultaneously: In addition to isomeriza¬ 
tion, rupture of the carbon chain takes place with the production of a lower paraf¬ 
fin hydrocarbon and an unsaturated hydrocarbon fragment which is polymerized 
by, and probably combined with, the halide. Nenitzescu and Dragan^^ reported 
that freshly sublimed aluminum chloride caused n-hexane. at its boiling point, to 
partially decompose, forming a lower-boiling isomer, probably 2- or 3-methyl- 
pentane. In addition, simultaneous hydrogenation and dehydrogenation take 
place, producing pentane and cyclohexane in accordance with the following scheme: 

CH,—CHr-CH, CHr-CHr-CH, 

i I I + H, 

CHr-CHr-CH, CHr-CH,--CH, 

With if-heptane this catalyst causes the formation of fractions boiling both lower 
and higher than heptane. The low boiling fractions are apparently paraffin.^ 
formed by splitting of the hydrocarbon chain, while the high boiling fractions 
consist of mono- and bicyclic naphthenes. Moist aluminum chloride yields a con¬ 
siderably increased quantity of gases (cleavage products), the proportion of the 
latter being to some extent determined by the amount of water present. A hydro¬ 
genation actiqn of aluminum chloride is strongly evidenced with alkyl chlorides. 
Under these conditions a vigorous action occurs by which the alkyl chloride is re¬ 
duced to the corresponding hydrocarbon at the expense of hydrogen from the 
heptane, which in turn is largely converted to higher boiling cycloparaffins, and 
only slightly to the lower paraffins. 

A similar investigation with «-hexanc was made by Calingaert and Beatty.*^ 
who modified the procedure in that the low-boiling reaction products were con¬ 
tinuously withdrawn and subsequently identified. Tarry polymerization products 
were also separated but not studied in detail. The yields of the various hydro¬ 
carbons isolated are given (on a percentage basis) in Table 46. 

It is suggested that branched-chain heptanes may result from condensation of 
lower-boiling hydrocarbons formed in the reaction. rr-Heptane refluxed with alu¬ 
minum chloride yielded three hexanes, together with at least three and probably 
five of the eight branched-chain heptanes, these hydrocarbons totaling about 5 to 6 
per cent of the reacted if-heptane. 

WB. E. Carl. U. S. P. 1.963.259. July 19. 1934. one third to C. C. Campbell; J. I nit. Pei, Tech., 
1934. 20, SOIA: Chem. Abe., 1934. U, 5224. 

tfW. Lclfcmann. U. S. P. 1.936.539. Nov. 21. 1933. one half to H. T. Sorg; Brit. Chem. Abe. 
B, 1934. 790; Chem. Abe., 1934. 20, 000. 

i*W. Lelfemami. U. S. P. 1.936.633, Nov. 20, 1933; /. Inet. Pet. Tech., 1934. 20, 30A; 

Abe., 1934. U, 1517. See ahw Chapter 3. 

** C. D. Nenitaeacu and A. Dragan, Bet., 1933, 60, 1092; Chem. Abe., 1934, 20, 1025; Brit. Chem. 
Abe. A, 1934, 167. 

WG. Calingaert and H. A. Beattv. J.A.C.S., 1936. SO, 51; Chem. Abe., 1936. 00. 1733. See alao 
G. Calingaert and D. T. Flood, J.A.C.S., 1935, 57, 956; Chem. Abe., 1935, 20 , 4325; BHt Chem. Abe. 
A, 193S, 043. 
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Table 46 .—Products of Reaction of Aluminum Chloride on n-Heptane 


Hydrocarbon 

% Yield 

Pentanes and below. 

64.6 

2-Methylpentane. 

3.4 

3-Methylpentane. 

2.0 

ii'Hexane. 

0.4 

2,4-E>imethylpentane. 

1.5 

2,2,3-Trimethylbutane. 

0.5 

3,3-Dimethylpentane. 

0 4 

2-Methylhexane. 

1.2 

3-Methylhexane. 

1.6 

Polymerization products. 

. 24.4 


Moldavskii, Kobuirskaja and Livschitz^® report that n-hexane and fi-octane when 
treated with aluminum chloride at 20-90®C. gave a 30 per cent yield of isohexane 


m 
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Fig. 63.—Drawing of Ai>paratus for Treating Petroleum Oils with Aluminum Chloride. 

(B. E. arl) 


and isooctane, respectively. The reaction was greatly accelerated by hydrogen 
chloride. 

The work of Crosse and Ipatieff‘S on the reaction between paraffins and aro¬ 
matic hydrocarbons in the presence of anhydrous inorganic halides would seem to 
shed considerable light on the mechanism of the decomposition of paraffin hydro¬ 
carbons under the influence of such catalysts. By passing dry hydrogen chloride 
through a mixture of benzene, 2,2,4-trimethylpentane and aluminum chloride at 

. L. Moldavskii. M. V. Kobuirtkaia and S. E. Livsehitt. /. Cen. Chem. iU.S,S.R,), 1935, S, 

1791; BrU. Chem, Abt, B, 1936, 701; Ckcm, Abr, 1936, SO, 3402. 

, V. CroiM and V. N. Ipatieff, J.A.CS., 1935, 57, 3415; Chem. Abs„ 1936, SO. 1751; /. 

Pet. Tech., 1936, tt. S6A. 












200 


CHEMISTRY OF PETROLEUM DERIVATIVES 


25 to 50®C. (or zirconium tetrachloride at 50 to 75®C.)» these investigators ob¬ 
tained isobutane and a mixture of mono- and dibutylbenzenes. No reaction oc¬ 
curred in the presence of magnesium chloride or of nickel-promoted boron tri¬ 
fluoride. It is reasonable to assume, therefore, that aluminum chloride and 
zirconium tetrachloride decompose paraffins with the production of a lower paraf¬ 
fin and the complementary olefin, which, in the presence of aromatic hydrocarbons, 
is immediately converted into an alkylated aromatic hydrocarbon. 

As a result of investigations involving the action of aluminum chloride on 
«-butane, M-hexane, n-heptane and 2,2,4-trimethylpentane in the presence of dry 
hydrogen chloride, Ipatieff and Grossed® proposed the following general .mecha¬ 
nism of the reaction, which they termed an “auto-destructive alkylation.’' The 
initial reaction was considered to result in the rupture of a carbon-carbon bond 
and the formation of a paraffin and an olefin, either directly or through free radicals, 
according to the equation: 

CnHjn^l -^ + CxHjti (1) 

lower paraffin olefin 

The olefin from reaction (1) can directly combine with a paraffin under the influ¬ 
ence of a Friedel-Crafts catalyst giving a higher paraffin by alkylation. 

CnHjttfJ -f CxHjk -^ Cn+'iH2(„,.x)+.2 (2) 

higher paraffin 

This is the antithesis of reaction (1) and probably accounts for the isomerization 
of paraffin hydrocarbons under the influence of these catalysts. Thus, the iso¬ 
merization of «-hexane can be formulated in the following manner: 

CH,CH,CH,CH2CH,CH, — >- CHaCHjCHjCHa -I- CH,-=CH, 



n-hexane 

n-butane 

ethylene 


H 

1 


H 

1 


CHaCHjC-CH,-f CH,=CH2 —> CH,CH:C—CH, 

H (!:h, 

n-hutane ethylene isohexane 

The olefin resulting from the first reaction may, instead of combining with a 
paraffin molecule, undergo polymerization to yield a higher olefin which can in 
turn react either with a paraffin molecule to yield a higher paraffin or with the 
metallic halide to form a complex (lower layer).*” 

The overall effect of the action of aluminum chloride on the paraffins is em¬ 
braced in the following general equation: 

zC„H -h bCii,Hj»j4.2-h cC*,H|,j^5 +. (3) 

where z n = axi -f bx.j -f ex., -f. 

Ipatieff and Grosse found that the presence of dry hydrogen chloride was essen- 

** V. N. Ipatieff and A. V. Gro»M. Ind. Etiff. Chrm., 19.16, 2t, 461; Ckcm. Ahs., 19.16. SO. 3410. 
** See alto V. N. Ipatieff, A. V. Grosttc, H. Pines and V. I. Komarewsky, J.A.C.S., 1936, 
Si, 913; Chrm. Abs., 1936. SO. 5173; BrU. Chem. Abs. A, 1936. 960; /. Inst. Pst. Tech.. 1936, St, 
394A. Alio V. N. Ipatieff and A. V. Groaie, /. Gen. Chem. WS.S.R.), 1936, 6, 423; Brit. Ckem, 
Abs. A, 1936, 960. 
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tial and in the absence of the latter no reaction took place l)et\veen the Friedel- 
Crafts agent and paraffins except at higher temperatures (about 150-200®C.). In 
the case of n-butane, no appreciable action took place below 100®C. even in the 
presence of hydrogen chloride. However, at 175®C. n-butane was converted into 
propane, ethane and methane and also partly isomerized to isobutane. Treatment 
of w-hexane for 3 hours at its boiling point with aluminum chloride and a small 
amount of hydrogen chloride converted this hydrocarbon (to the extent of 20 to 
25 per cent) into a mixture of higher- and lower-boiling paraffins including iso¬ 
butane and isomeric hexanes. Decomposition of the resultant sludge with water 
yielded an unsaturated oil. In a similar way, w-heptane at its boiling point fur¬ 
nished, after 3 hours, about 35 to 40 per cent of paraffin hydrocarbons consisting 
of substances of both lower and higher boiling points than the original hydro¬ 
carbon, and unsaturated oils recovered from the sludge. In the case of 2,2,4-tri- 
methylpentane, the reaction with the catalyst in the presence of a trace of hydro¬ 
gen chloride took place even at room temperature, and after 3 to 4 hours at 
25-50®C. about 90 per cent of this octane was converted into lower and higher 
boiling paraffin hydrocarbons. In addition, a small amount of unsaturated oil was 
recovered by decomposing the aluminum chloride sludge with water. Of special 
interest in this work was the production of relatively large amounts of isobutane 
from the various paraffin hydrocarbons. 

Glasehrook, Phillips and Lovell^^^ obtained analogous results with aluminum 
chloride and //-pentane. These investigators also noticed that this promoter did 
not react detectahly in completely anhydrous media, even over considerable 
periods. Addition of small amounts of water, hydrated aluminum chloride, or 
alkyl chlorides initiated disintegration. However, when aluminum oxide was 
added to an anhydrous aluminum chloride-H-pentane mixture, no reaction re¬ 
sulted, thus indicating that hydrogen chloride was the activating substance. 
(Hydrogen bromide served ecjually well in this capacity.) The principal pnxl- 
ucts of the decomposition are isopentane and butanes, the quantity of the latter 
increasing linearly with reaction time. The isopentane concentration, however, 
increases rapidly toward a maximum value, then declines slowly with continued 
contact. Certain undefined, saturated high-boiling products and an insoluble, un¬ 
saturated polymer were also isolated hut were not identified. 

These workers found that aluminum bromide, on the other hand, although 
giving rise to the same products, did not require the addition of an initiating 
agent, and even under anhydrous conditions reacted readily and considerably more 
vigorously than did the chloride. A reaction mixture containing 1.52 mole per 
cent of aluminum bromide dissolved in the pentane underwent the same conversion 
in one half the time as did a mixture containing 17.4 mole per cent of aluminum 
chloride (promoted by 0.2 per cent of water per mole of aluminum chloride). 

The decomposition of octadecane and hexatriacontane by anhydrous aluminum 
chloride has been discussed by Bauer and Toma.*^ The light liquid products boil¬ 
ing up to 175®C. appeared to be entirely saturated and probably paraffinic, since 
they were not attacked by strong sulphuric acid and had iodine numbers of prac¬ 
tically zero. Octadecane yielded 60 per cent of liquids boiling up to 175®C., 13 per 
cent of a gas (85 per cent of which was lower paraffins), and a residue of car¬ 
bonaceous material. Under similar conditions hexatriacontane furnished 33 per 

•»A. L. Glatebrook. N. E. Phillips and W. G. Lovell. J.A.CS., 1936, SB, 1944; Ckem. Abs., 
1936. 30, 8145; /. /fut. Pet. Tech., 1937, 23. 22A; Bn#. Cftem. Abs. A, 1936. 1485. 

AK. H. Bauer and V. Toma, Ber.. 1934. 67, 1135; Ckrm. Abs., 1934, 28, 5804; Brit. Ckem. Abs. 
K 1934, 864. 
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cent of volatile liquids, 30 per cent of heavy oils boiling up to above 450^C., 24 
per cent of carbonaceous residue and 13 per cent of gas.^^ 

It appears from the work of Petrov, Meshcheryakov and Andreev** that anhy¬ 
drous zinc chloride, though much less active than aluiilinum chloride, is capable 
of causing the isomerization of paraffins at fairly high temperatures. Thus, with 
this chloride, n-heptane was found to isomerize to the extent of 20 to 25 per cent 
in 6 hours at 300 to 400®C. under 50 atmospheres of hydrogen. 

Action of Aluminum Chloride on Unsaturated Hydrocarbons 

The mechanism of the vigorous action between Friedel-Crafts agents and ole¬ 
fins has not yet been elucidated. Polymerization is perhaps the most important 
reaction, especially at low temperatures, but other transformations, such as iso¬ 
merization and splitting off of lower paraffin hydrocarbons, also take place. In 
general the products obtained from olefins at low temperatures consist of a poly¬ 
merized free oil and a metal halide-hydrocarbon complex, from which the com¬ 
bined oil can be liberated by decomposition with water. At higher temperatures 
the free oil invariably contains large proportions of paraffin hydrocarbons in the 
lower boiling fractions, and the metal-hydrocarbon complex tends to coke. 

The polymerization of ethylene by means of a suspension of aluminum chlo¬ 
ride in pentane at 125 to 150®C. and under a pressure of 70 to 250 kilograms per 
sq. cm. has been examined by Waterman and Tulleners.*^ The combined oil, 
representing about 10 per cent of the total oil yield, was liberated from the pasty 
complex and separated into fractions, each of which was subjected to hydrogena¬ 
tion. From the results it was concluded that this oil is highly unsaturated and 
contains cyclic hydrocarbons, the average number of rings per molecule increasing 
from 1.2 in the lower boiling fractions to 2.5 in the viscous higher fractions. The 
free oil consisted almost entirely of paraffin hydrocarbons (especially in the lighter 
fractions), with an increasing proportion of saturated cyclic hydrcKarbons iii the 
high-boiling portions. 

From the physical properties of the lower boiling substances Waternian and 
Tulleners deemed it probable that considerable proportions of branched-chain 
paraffins were present. This is supported by the work of Bowen and Nash.** 
who examined the liquid boiling up to 200®C. (51 per cent by volume of the crude 
product) formed by polymerizing ethylene with aluminum chloride at 150 to 160®C. 
under a pressure of 45 to 55 atmospheres. The octane number of this ethylene- 
polymer liquid averaged about 77 and was thus considerably higher than a Penn¬ 
sylvania straight-run motor fuel. This fact in conjunction with other physical 
characteristics indicated the presence of large proportions of branched-chain 
paraffins. 

In view of the experiments involving paraffins and olefins, Ipatieff and Grosse** 
believe that reactions using low-boiling paraffins as **inert solvents’* might not 
give a true picture of the condensation of ethylene alone. Studies were therefore 

** H. Gault and R. Sigwalt (jinn, eombnsiibfes liqnides, 1927, 2. 309, 543; Cktm. Abt., 1928. 88, 
379) obtained chiefly butane and a little propane in the gaseous products of the cracking of 
hetcadecane in the liquid phase in the presence of aluminum chloride. 

** A. D. Petrov, A. P. Meshcheriakov end D. N. Andreev, Ber., 1935, 68, 1; Ckem. Abt., 1935. 
8f, 2145; Brit. Ckrm. Abt. A, 1935. 324. 

I. Waterman and A. J. Tulleners, Chim. et ind., 1933. 88, 496; Cktm. Abt., 1933. 87, 
5715; Brit. Chem. Abt. B, 1934. 135. 

**A. R. Bowen and A. W. Nash, World Petroleum Congrett, 1933, 8, 774; Chem. Abt., 1934, 
28, 4871; Brit. Chem. Abt. B. 1934. 744. 

**V. N. Ipatieff and A. V. Crosse. J.A.C.S., 1936, S8, 915; Brit. Chem. Abt. A. 1936, 960; 
Chem. Abt., 1936, SO, 5175. 
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carried out using pure ethylene and pure aluminum chloride in glass-lined auto¬ 
claves. These workers also point out that the pure, dry substances do not react, 
even under pressures up to 50 atmospheres at 10® to 50®C., but that traces of 
hydrogen chloride (or moisture) must be present. Under the latter conditions, a 
maximum of about 10 molecules of ethylene are condensed by 1 molecule of the 
catalyst (thus 100 grams of catalyst polymerized 193 grams of ethylene). Investi¬ 
gation of the polymer resulting from treatment of ethylene at 25® to 30®C. under 
20 atmospheres pressure showed considerable chemical difference between the free 
upper layer and the combined lower layer. The former was almost wholly paraf¬ 
finic, though the reactivity toward potassium permanganate solution indicated the 
presence of some unsaturates and possibly naphthenes. The lower layer, however, 
after decomposition with ice water, was completely soluble in 96 per cent sulphuric 
acid, suggesting that it was entirely composed of unsaturates. Molecular weight 
and bromine number determinations gave an average value of two to three double 
bonds per molecule. Hydrogenation of certain fractions (boiling between 175® 
and 212®C. and 264® to W2®C.) yielded naphthenes, and hence, the original frac¬ 
tions were considered to have been cyclic unsaturated hydrocarbons of the terpene 
type. The polymerization mechanism was believed to begin as follows: 

(AlCl.) 

H,0=CH, 4*HC1 -H,CCH,C1 

(AlCU) 

HaCCH,Cl-f H,C==CH, -CH,CH,CH=CH,-f HCl 

Polymerization of a mixture of lower gaseous olefins (85 per cent total un¬ 
saturates) by aluminum chloride has been studied by Potolovskii and Atal'yan.*^ 
The products obtained at room temperature after ten days contained 45 to 50 per 
cent of gasoline and kerosene hydrocarbons and 50 to 55 per cent of heavier oil. 
The latter had a lower specific gravity and a higher viscosity index than corre¬ 
sponding natural oil fractions. The residue obtained on vacuum distillation was a 
drying oil formed by the polymerization of diolefins with olefins and to some ex¬ 
tent with benzene. When polymerization was carried out at 70®C., the resulting 
hydrocarbons had a lower average boiling point. 

The preparation of gasoline from unsaturated hydrocarbon gases by passage at 
350® to 700® F. and 600 to 1500 lbs. per sq. in. pressure over catalysts of the metal¬ 
lic halide type, including also iron chloride and titanium chloride, has been 
described by Wagner.^* 

The lower olefins having a branched-chain structure, such as isobutene and 
trimethylethylene, are particularly ‘susceptible to polymerization under the influ¬ 
ence of Friedcl-Crafts condensing agents. The former reacts violently even at 
temperatures as low as —80®C. and the products have a very high mean molecular 
weight. According to Waterman, Over and Tullcners,** such low temperature 
polymers have a partly cyclic structure and are mainly saturated. High molecular 
weight substances having a more or less cyclic character have also been obtained 
by polymerization of isopropylethylene, aryiii-methylethylethylene and trimethyl- 
ethylene by aluminum chloride at —80®C.^ At higher temperatures (85® and 
200®C.) yields of substances having partly cyclic structures (i.e., naphthenic hydro- 

« T.. Potolovskii and A. Ataryan, Aset. Krft, A7i<w., 1935. 1, 109; Chrm, Abs., 1935, 19, 6032. 

■C. R. Wagner. U. S. P. 1.934,896. Nov. 14. 1933, to Pure Oil Co.; /. Pet, Tech., 1934. 

20. 40A; Ckem, Abs,, 1934, 20, 631. 

• H, I. Waterman. J. Over and A. J. Tnllenert. Rec, trar. rkim., 1934, 5S, 699; Ckem, Abs„ 
1934. 20, S397; Brit, Ckem, Abt, A. 19.i4. 864. 

J. l.eendertse. A. J. Tullener* and H. I. W’aterman. Ree. trav, chim.. 1934, 53. 715; Ckem. 

1934, 20. 5398; Brit. Ckem. Abs. A. 1934. 864. 
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carbons) have been obtained.^^ Iso-olebns have been reacted at temperatures as 
low as —-SO^C. with catalysts such as boron trifluoride.®^ Thus the action of 
gaseous or solid volatile halides of elements of Groups 2, 5, 6 and 8 (e.g. beryllium, 
arsenic, uranium, iron or osmium chlorides or fluorides) on liquid isobutene at 
temperatures above —10®C, produces high molecular weight polymers. The liquid 
volatile halides such as tin tetrachloride, titanium tetrachloride or antimony penta- 
iluoride may also be used, as well as aluminum chloride (formed in situ by the 
action of hydrogen chloride on aluminum chips, previously activated with mercuric 
chloride) at temperatures not above 50®C.®® 

The straight-chain olefins do not react as vigorously as the branched isomers. 
Polymerization of pentene-2 with aluminum chloride as a catalyst is slow at —80®C. 
but more rapid at 0®C, From pentene-2 and this catalyst at 0®C. Waterman, 
Leendertse and Klazinga®'* obtained a free oil (constituting about 80 per cent of 
the total reaction resultants) which had very low bromine absorption values and 
appeared to be a mixture of aliphatic and naphthenic liydrocarbons. 

No appreciable reaction of cyclohexene with aluminum chloride has been found 
by Waterman, Leendertse and ter Poorten®® at temperatures below 0°C., and even 
at 40®C. polymerization was still very slow. However, it was possible to con¬ 
dense cyclohexene quite rapidly at 70®C. to high molecular weight polymers. Ap¬ 
proximately equal proportions of free and combined oils resulted. 'I'hc latter 
liberated from the complex, was more unsaturated than the free oil, which had a 
very low bromine number. Hydrogenated fractions of both the free and combined 
oils had specific refractivities in close agreement with those calculated for cyclo- 
hexyl hydrocarbons of the same molecular weight. In the presence of hydrogen 
chloride, however, cyclohexene was found to react vigorously under the influence 
of aluminum chloride catalysis even at —78®C. to furnish a mixture of mono- 
chlorocyclohexane and inonochloropolycyclohexyl compounds, the latter being 
formed by the addition of hydrogen chloride to the cyclohexcnc polymers. 

Action of Ai.uminum Chlokidk o.n Cy( i.opakaffjns 


The action of aluminum chloride on cyclohexane, alone or in the presence of 
other substances, has received considerable study. In order to explain the reac¬ 
tion between this hydrocarbon and acetyl chloride in the presence of Friedel- 
Crafts agents, Zelinskii and Tarasova®® considered that the initial change was one 
of dehydrogenation in which cyclohexane behaves as a mixture of cis- and trans- 
isomers. The cij-form furnishes cyclohexene (converted to tetrahydroaceto- 
phenone by acetyl chloride) while dehydrogenation of the trans-form was thought 
to proceed through a dicyclic system, which could undergo fission to yield unsatu¬ 
rated radicals, as summarized below: 


« H. T. Waterman. J. J. LeendcrtM and W. M. Klaxinga, Rcc. trav. chim., 1935, 54, 79; Chem, 
Abs., 1935, 29, 2503. The polymers from pcntenc*2 have alito been described by H. I. Waterman 
and J. J. I..cenderts«, Rec. trav. ehim., 1935, 54, 139; /. Inst. Pet. Tech., 1935. 21, 371 A; Chem. Abs.. 
1935, 29, 2803. See also the description of the physical properties of the polymers of the branched 
pentenes Riven by H. I. Waterman. J. J. Leendertse and J. P. Makkink, /. Inst. Pet. Tech. 1936, 


22. 333, 298A; Chem. Abs., 1936, 30, 5773. 

•» British P. 401,297, 1933, to I. G. Farbenind. A. G.; 
Abs. B. 1934, 136. 

•British P. 421,118, 1934, to I. G. Farbenind. A.G.; 


Chem. Abs., 1934, 28, 2367; Brit. Chem. 
Chem. Abs.. 1935. 29, 3353; Brit. Chem. 


Abs. B, 1935. 182. 

• H. I. Waterman, J. J. Leendertse and W. M. KlaztnRa, he. cit. 

• H. I. Waterman, J. J. Leendertse and A. C. ter Poorten, Rec. trav. chim., 1935, 54, 245*; 
Chem. Abs., 1935. 29, 2803; Brii. Chem. Abs. A, 1935. 480. 

•K. T>. Zelinskit and E. M. Tarasova. Ann., 1934, 506, 115; Chem. Abs., 1934, 28. 3384; Brit. 
Chem. Abs. A, 1934, 295. 
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The two ketones produced, namely cyclohexyl methylketone and 2-acetyl-1-methyl- 
cyclopentane, were considered to be derived from the two unsaturated residues by 
direct combination of acetyl chloride and hydrogen with elimination of hydrogen 
chloride. To account for the production of l-methyl-2-acetylcyclopentane from 
cyclohexane and acetyl chloride in the presence of aluminum chloride, Nenitzescu 
and Cantuniari^^ assumed that cyclohexane is first isonierized to niethylcyclo- 
pcntane, which then undergoes dehydrogenation to methylcyclopentene, the latter 
subsequently reacting with acetyl chloride. Later, Nenitzescu and Isacescu^® found 
that, in the absence of a hydrogen acceptor, the main reaction between aluminum 
chloride and cyclohexane was isomerization to methylcyclopentane. With sub¬ 
stances readily reducible by hydrogen (such as arsenic, antimony, or phosphorus 
trichloride, sulphur chlorides and sulphuryl chloride), the predominant effect was 
a dehydrogenating condensation, which occurred according to the equations: 

2C6H12 - ChHm 4 - H, 

.^C«H,, —> C,hH„ + 2 H, 

Thus, by the action of aluminum chloride and arsenic trichloride on cyclohexane 
at 65-70°C., the hydrocarbon CioHoo* melting at 46®C., was produced. 

The action of aluminum chloride on cyclohexane in the presence of hydrogen 
chloride at a temperature of 150®C. has been investigated by Ipatieff and Koma- 
rewsky,"*® and under these conditions the hydrocarbon suffered profound change. 
The resultant consisted of a small percentage of gas, containing a large proportion 
of isobutane, and a mixture of liquid hydrocarbons in which methylcyclopentane, 
1,3-dimethylcyclohexane, dimethyldicyclopentyl (melting at 46-47®C. and identical 
with the C 12 H 22 hydrocarbon obtained by Nenitze.scu and his collaborators) and 
dicyclohexyl. Ipatieff and Komarewsky believed that dimethylcyclohexane was 
formed by isomerization of ethylcyclohexane. The latter resulted from ethylation 

C. n. Nenittescu and J. P. Cantuniari, Ann., 1934, 510, 269; Ckem. Abs., 1934, 28, 5413; 
Brit. Chem, Abs. A, 1934. 773. 

• C. D. Nenitteacu and D. A. Imcckcu, Ber., 1934, 67, 1391; Chem. Abs., 1934, 28, 7252; 
Brii. Chem. Abs. A. 1934. 995. 

•V. N. Inatieff and V^ T. Komarew.^ky. J.A.C.S., 19.14, 56, 1926; Chem. Abs., 1934, 28, 6704; 
Brit^Chfm. Abs. A. 1935. 1209. 
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of cyclohexane by ethylene (a decomposition product of the original hydrocarbon). 
The C 12 H 22 hydrocarbons were probably formed by dehydrogenation and con¬ 
densation, and the lower paraffins by destructive hydrogenation. The whole reaction 
scheme may be written: 
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From a study of the decomposition of a number of simple cyclohexane hydro¬ 
carbons by heating at 120 to 130®C. with 10 per cent finely ground aluminum chlo¬ 
ride, Turova-Polyak^® has concluded that these monocyclic compounds can be 
tsomerized to cyclopentane rings. Thus, under the conditions stated above methyl- 
cyclohexane gave rise to cyclohexanes, cyclopentanes and paraffins in the ratio 
78.6:20.4:1.0 respectively. Under similar treatment dimethylcyclohexane yielded 
fractions in which the percentages of cyclohexanes varied from 84.6 to 68.9, the 
cydopentanes from 19.4 to 11.5 per cent, and the paraffins from 11.7 to 4.0 per cent. 
Aluminum chloride also was found to cause isomerization of ethylcyclohexane to 
1,3-dimethylcyclohexane. 

By decomposition of decahydronaphthalene with 10 per cent of aluminum chlo¬ 
ride at 175 to 210®C., Zelinskii and Turova-Polyak^* obtained a mixture of liquid 
hydrocarbons boiling between 80 and 180®C. but practically no gas was evolved. 
In this instance the reaction product consisted almost entirely of cyclohexane and 
cyclopentane hydrocarbons and dicyclic hydrocarbons of the type of dimethyldi- 
cyclopentane, with only small amounts of paraffins. It was concluded that the 
cu-iotm of decalin was first isomerized to the fran.i-isomer, which in turn was 
converted into dimethyldicyclopentyl. 


Action of Aluminum Chloride on Aromatic Hydrocarbons 


In the products of the action of aluminum chloride on benzene, several hydro¬ 
carbons have been identified, including biphenyl, toluene and ethylbenzene.^^ Gus- 

«»M. B. Turova-Polyak, Ber., 193S, SB, 1781; Ckem. Abt„ 1935, 29, 7951; Brit. Chem. Abs. A, 
1935. 1358* 

«^N. D. ZdintlcH and M. B. Tnma Polyair. /. Appi^ Ch^. (US.S.R.), 1934. 7, 753; Ckem. 
Abs., 1935. 29, 2528; Brit. Ckem. Abt. A, 1935, 204. ^ . 

^In the pretence of aluminum chloride, the exchange reaction between hydrogen and ''heavy 
hydrogen," or deuterium, in bentene procceda almoat quantitatively. A. Klit and A. Langacth (2. pkytik, 
Ckim., 1930, Al7i, 65; Ckem. Abt., 1936, 80, 5091; Brit. Cktm. Abt. A, 1936, 714) have reported. 
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tavson^* obtained l-nicthyI-3-phcnylcyclopcntanc and diphenylcyclohexane by 
treating benzene in this manner at room temperature for several weeks. Later, 
Wertyporoch and Sagel^^ secured phenylcyclohexanc, biphenyl, o-diphenylcyclo- 
hexane and a mixture of phenylated methylcyclopentanes and cyclohexanes by the 
prolonged action of aluminum bromide on benzene at 18^C. In addition, phenolic 
substances were also formed, probably as the result of the intervention of oxygen 
or water. By heating benzene at 125^C., in an autoclave (in the absence of air), 
with 10 per cent of aluminum chloride and small amounts of dry hydrogen chlo¬ 
ride, Ipatieff and Komarewsky^^ obtained 1.7 per cent of ethylbenzene and 0.8 
per cent of biphenyl, calculated on the benzene charged. The presence of ethyl¬ 
benzene was thought to be due to the direct ethylation of benzene by ethylene 
released by destructive hydrogenation of the benzene. This mechanism was sup¬ 
ported by the fact that unsaturated polymers of ethylene were recovered from the 
sludge. 

Alexander and Fuson^^ observed that ethylenic bonds between phenyl groups, 
as in stilbene. are hydrogenated in the presence of aluminum chloride and benzene. 
It is believed that phenylation (i.e., to produce triphenylethane) competes with 
hydrogenation (leading to the formation of bibenzyl). The reaction producing 
bibenzyl is, however, irreversible, while that yielding triphenylethane is reversible: 



Thus, the production of bibenzyl in the presence of benzene and aluminum chlo¬ 
ride is a general phenomenon for the acetylene and ethylene derivatives which 
bear one or more phenyl groups on each carbon atom. This general statement is 
represented in the following schematic reaction: 



Beniene Dennty Melting Point 

C«Ht. 0 S7* S .S 

C«Df. 0,94W 6.64 


When exchange of hydrogen and deuterium takci place, the deuterium atoms are distributed between 
the benaene nuclei in such a way that the product is a mixture of the possible isomeric deuterio- 
bensenes in such proimrtions as corres|)ond with the laws of probability. 

Gustavson. Compt. tend,, 1908. 146, 640; Ckem. Ahs,, 1908. I, 1698. 

Wertyiwiroch and H. Sagel, Bet., 1933. 66. 1306; Chem. Abs„ 1934. 88, 116; Brii. Ckem. 
Abs. A. 1933. 1152. 

••V. N. Ipatieff and V. I. Komarewsky, J.A.C.S,, 1934, S6. 1926; Chem. Abs., 1934, it, 6704; 
Brii, Cbrm. Abs. A. 1935, 1209. 

^L. L. Alexander and R. G. Puson, J.A.CS., 1936, St. 1745; Ck^m, Abs., 1936, 80. 7549. 
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Rearrangement and fission of side chains appears to be the predominating re 
suit of the action of the metal halide on the alkylbenzenes, although some dehydro¬ 
genation combined with condensation also takes place. Benzene, methylcyclo- 
hexane, and ^-xylene, ethylbenzene, ditolyl and dimethylanthracene have been 
isolated from the products of the action of aluminum chloride on toluene at the 
boiling point.'*'^ From xylenes and the same catalyst benzene, toluene, pseudo- 
cumene, mesitylene and durene were recovered.^** Isomerization of o- and />-xyl- 
enes to m-xylene at 100®C. was noticed by Heise and Tdhl.^'^ Later, Popov^^* 
obtained 7 per cent of benzene and 11 per cent of toluene by heating xylene at 
its boiling point under ordinary pressure with 2 per cent of aluminum chloride. 
He also noticed that the more resistant wicto-isomer accumulated upon recycling 
unreacted xylene. Dealkylation of aromatic hydrocarbons by aluminum chloride 
has been studied by Orlov and Solodar*,*^ who noted that the yield of low-boiling 
products increased with rising temperature and with the concentration of alumi¬ 
num chloride, the optimum amount of the latter being 4 per cent. Demethylation 
of xylene under the influence of the halide and hydrogen chloride resulted in poor 
yields though a continuous process was developed whereby the production of 
toluene could be raised to about 25 per cent. 

In a similar way, the chloride causes rearrangement of side chains in many 
other alkylbenzenes. Ethylbenzene is converted by it to benzene, diethylbenzene 
and triethylbenzene.®^ Isopropylbenzene is decomposed to furnish benzene and 
diisopropylbenzene, and n-butylbenzene is partly transformed into benzene and di- 
butylbenzene.®* On the other hand, Ipatieff and Pines®^ report that alkylbenzenes 
react in certain solvents, such as cyclohexane and decahydronaphthalene, to yield 
the alkyl group as a paraffin, when in the presence of aluminum chloride. Thus, 
|)ropylbenzene in cyclohexane yields propane. Decahydronaphthalene served to 
facilitate this reaction to a greater degree than did the cyclohexane, as the results 
in Table 47 indicate. 

Table AT .-^Paraffins from Alkyibmtenes. 

Aromatic Hydrocarbon Paraffin In Cyclohexarte, In Decahydronaphtha- 
Used Formed . % Yield , » lene, % Yield 


Toluene. None 0 0 

Ethylbenzene. None 0 0 


Isopropylbenzene. Propane 33 53 

lec-Butylbenzene. Butane '35 71 

ler-Butylbenzene. Isobutane 61 94 

2-Methyl-3-phenylbutanc . . . Isopentane 60 

It was iwinted out that this reaction might be of considerable use in determining 
the structure of alkyl groups attached to an aromatic nucleus. 

In the case of the polynuclear aromatic hydrocarbons under similar conditions, 
the main reaction observed is one of dehydrogenating condensation. In this way, 
naphthalene is partly changed into 2,2'-dinaphthyl, and phenanthrene undergoes 
internal rearrangement with loss of hydrogen to give 2,3,10,11-dibenzoperylene.®^* 
The conversion of Ll'-dinaphthyl into perylene by heating with aluminum chlo- 

R. J. Moore and C. Egloff. Chem. Met. Eng., 1917. 17. 61; Chrm. Abs., 1917. 11, 266.S. 

R. Anschutz and H. Immendorflf. Ber.. 1RR5. 18. 657; L. I. Smith and O. W. Cass, J.A.C.S., 
19.12. 54, 160.1, 1609. 16M; them. Abs., 19J2, 26. 2714. 

<*R. Heise and A. TdhI. Ahu.. 1892. 270, 155; 1892. 62. 1.109. 

••S. N. Popov. Acer, Neft. Khos., 1934. No. 7-8. 121; Chem. Abs., 1935, 29, 6034; ^rit. Chew. 
Abs. B. 1936, 631. 

N. N. Orlov and T.. S. Solodar*. J. Applied Chem. U..S..S.H., 1935, 8, 117; Chrm. Abjt., 19.15. 
29. 7296; Brit. Chem. Abs. A. 1935. 967. 

»R. Anschutz. Ann.. 1886, 255. 150. 

»R. Heise and A. Tdhl, loe. eit. 

MV. N. Ipatidr and H. Pines, J.A.C.S.. 1937: 59. 56; Chem. Abs., 1937, 51, 1372. 

ME. Oar, Ber., 1932. 65, 846; Chem. Abs., 1932, 26, 4046. 
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ride at 140®C. was observed by Scholl, Seer and Weitzenbock/"*** 2,2'-Dinaphthyl 
is said to yield the same hydrocarbon by similar treatment at 130® to 


Industrial Applications of the Polymerization of Olefins 
BY Metal Halides 


Polymerization of Gaseous Olefins. In countries where petroleum de¬ 
posits are small, or lacking, the possibilities in polymerization of the olefins to 
synthetic lubricating oils have aroused considerable interest. When unsaturated 
hydrocarbon mixtures such as those derived from the cracking of petroleum dis¬ 
tillates are treated with Friedel-Crafts agents, not only do polymerizations take 
place, but also condensation reactions combining olefins with any aromatic or 
naphthenic hydrocarbons present. Such reactions are more fully discussed in 
Chapter 24, but some consideration of them will be given in the present connection. 

Petrov, Antzuz and Pozhiltzeva**® investigated the reactions of a gas containing 
20 to 33 per cent of olefins with aluminum chloride in a petroleum ether .sus¬ 
pension, under 40 to 60 atmospheres pressure. The experiments were run first at 
room temperature, when a free oil and a combined sludge were formed. The 
former appeared to consist largely of paraffins and naphthenic hydrocarbons with 
long side-chains. The combined oil was freed from the aluminum chloride-hydro¬ 
carbon complex by the action of water. Distillation curves of both these oils indi¬ 
cated a smaller number of chemical individuals than similar fractions from natural 
petroleum.*''^ The viscosity-temperature curves of the new materials compared 
favorably with the curves of American petroleum oils of similar viscosity. 

At 100®C. the reaction was more rapid,and the resultant substances quite dif¬ 
ferent in character from those obtained by room-temperature reaction. The free 
oil now contained appreciable proportions of unsaturated hydrocarbons, and the 
quantity of combined oil was notably smaller. Moreover, the higher-temperature 
reaction produced lubricants characterized by steeper viscosity-temperature curves. 
Though benzene had not been present initially, considerable quantities of hexa- 
ethylbenzene were isolated from the reaction products. 

Working with a mixture of lower paraffins and olefins (ethane, ethylene, pro¬ 
pane. propene, butane and butene, with 72 per cent total olefins) Potolovski and 
Atalijan®^ obtained a product consisting of about 50 per cent gasoline and kero¬ 
sene and 50 per cent oils. In this case the reaction was conducted for 10 days at 
room temperature. However, they found that raising the temperature of poly¬ 
merization to 70®C. favored formation of lower lK)iling products. 

Schildwachter”- conducted some experiments condensing ethylene with various 
substances, such as naphthalene, tetralin and coal-tar oils, in the presence of a 

•• R. .Scholl. C. Scer and R. Weitzeniwek, Bcr., 1910, 43, 2202; Chem, Abs., 1910, 4. 2929. 

F. Kuhrmann. S. P. 1.977,768, Oct, 23. 1934. to General Aniline VVorks, Inc.; Chem. Abs.. 
1935, 29. 182. British P, 425,363, 1933, to 1. G. Farbenind. A.-G.; Brit. Chem. Abs. B, 1935. 443; 
British P. 445.896. 1936, to I. G. Farbenind, A.-G.; Chem. Abs.. 1936. 30. 6767. 

“A. I). Petrov, L. I. Antzuz and E. N. Pozhiltzeva. /. Applied Chem., 1932. 5, 790; Chem. Abs.. 

1933, 27, 185; Brit. Chem. Abs. B. 1933, 212. 

«*D. L. Woodhouse (/. lust. Pet. Teeh.. 1934. 20, 1057; Chem. Abs.. 1935. 29. 1236; J. lust. Pet. 
Teeh., 1935, 21. 18A) l>ecame interested in these ethylene-polymer oils during the course of some stud¬ 
ies on the carcinogenicity of mineral oil.s. It had been shown that products .subjected to high tempera¬ 
tures in the course of their preparation were more apt to have biological effects than similar material 
prejMtrH by low-temperature processes. These considerations led him to test the ^lymer oils com¬ 
post of few chemical com|)onents, arising from known sources under known conditions and at no 
time subjected to hii^h temperature. Experimentation .showed that these materials displayed dis¬ 
tinctly less carcinogenic power than did certain natural petroleum oils. 

•’"According to L. A. Gukhman and K. Andreeva (Ater. Neft. Khos.. 1934 (7-8). 117: Chem. 
Abs., 1935. 29. 603r*) the ’iVlymerization of cracked distillates by aluminum chloride is 7 to 10 
times as rapid at 115* to 130*(\ as at 50* to 60*C. 

Pot^ovski and A. At.slijan. .dser. Neft. Khnc.. 1935, 1, 109; Brit. Chem. Abs, B. 1936, 627. 

••IT. Schildwachter, Anneu*. Chem., 1934, 47, 677; Brit. Chem. Abs. B. 1934, 996; Chem. Ab.f.. 

1934. 26. 328. 
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halide catalyst (such as aluminum chloride) under pressure. With naphthalene, 
at a temperature of 100® to 180®C, and 5 per cent of the catalyst, the yield con¬ 
tained al^ut 85 per cent of bright lubricant which did not darken upon standing. 
Molecular weight determinations indicated four or more ethyl groups in the re¬ 
sulting naphthalenic molecules. The viscosity-temperature curves of one fraction 
of this ethylated naphthalene were comparable to those of Pennsylvania crude 
motor oils of similar viscosity. The ethylation of tetralin yielded only about 27 
per cent of substances having the desired qualities, the remainder having lower 
viscosities and corresponding to di- and tri-ethylated tetralin. Coal tar was 
ethylated at temperatures between 290® and 330®C., the product (33 per cent) in 
this case being a good grade of lubricant, stable and free of asphalt. All the oils 
showed a good measure of resistance to oxidation. By means of the silent electric 
discharge, the viscosities could be further increased.®* 

Atkinson and Storch®^ polymerized ethylene in two steps by two methods. 
Thermal polymerization at 370®C. under a pressure of 70 atmospheres was fol¬ 
lowed by treatment with aluminum chloride at normal pressure. The resultants 
were a free oil yielding lubricant fractions under vacuum distillation, and a com¬ 
bined oil. This latter was liberated from the complex by decomposition with ice 
water and proved to be highly unsaturated and dark in color. The lubricant frac¬ 
tion of the free oil (about 30 per cent of the raw material) gave viscosity indices 
comparable with those of oils obtained by direct treatment of ethylene with a 
Friedel-Crafts agent.®* From an investigation of the polymers formed in the re¬ 
action of different pentene isomers in the presence of halide catalysts. Waterman, 
Leendertse and Makkink®® concluded that the degree of ramification of the start¬ 
ing material has little influence on the viscosity of the resultant oils. Experiments 
were reported in \vhich pentene-2, trimethylethylene and ajym-methylethylethylene 
polymers were studied, particularly as regards their viscosities. The polymers 
prepared under similar conditions exhibited very closely analogous viscosity indices 
and viscosity-temperature curves. 

Lubricating oils have also been manufactured by treating a highly polymerized 
isobutene produt^t in a hydrocarbon oil with a condensing agent such as aluminum 
chloride at 40 to 80®C.®^ Polymerization of isobutene may be made a selective 
process, Mueller-Cunradi and Otto®* report. Thus it is possible to remove iso¬ 
butene from mixtures containing other olefins, (including butenes). Boron tri¬ 
fluoride is the catalyst suggested in this process, though aluminum chloride, or 
titanium tetrachloride may also be used. The investigators state that at room 
temperatures, short contact times (of the order of one minute) permit polymeriza¬ 
tion of isobutene, and facilitate separation of this olefin from the mixture. Tem¬ 
peratures up to 100®C. may be employed, although at these higher temperatures 
the polymerized products tend to decompose to di- and trimeric compounds. It is 
said that a mixture of 1 part of isobutene and 2.5 parts of normal butene may be 
separated by treatment in this way with boron trifluoride at room temperature, so 
that less than 0.5 per cent of the isoolefin remains unaltered. The isobutene may 

** In this connection, A. D. Petrov (Chim. Ttvrd. Top!.. 1934. 5, 632; Brit. Ckem. Abi. B, 1936. 
52) has fhown that the action of the silent electric discharge differs from that of aluminum chloride 
in that the former polymerises paraffins, naphthenes and aromatics as well as olefins. See also 
Chapter 9. 

•«R. G. Atkinson and H. H. Storch, Jnd. Eng. Chem., 1934. 26, 1120; Ckem. Abt., 1934, 21, 
7508; Brit. Ckem. Abs. B. 1935, 889. 

«C/. German P. 624.583. 1936. to Standard Oil Co. of Ind.; Ckem. Abs., 1936. 20, 5027. 

••H. I. Waterman. J. J. Leendertse and J. P. Makkink. /. Inst. Pet. Tech., 1936, 88, 333; 
Chem. Abs., 1936. 20. 5773; /. Inst. Pet. Tech., 1936. 82. 298A. 

•» British P. 411.198. 1932 to I. G. Farbenind. A. C.; Brit. Ckem. Abs. B. 1934, 791. 

«"M. Mueller-Cunradi and M. Otto. U. S. P. 2,065.474, Dec. 22, 1936, to I. G. Farbenind. A. G.; 
Chem. Abs., 1937. 21, 1040. 
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be recovered from the oily polymer by distilling the latter over activated carbon 
at 300’®C 

Pol3nnerization of Liquid Olefins. The higher olefins boiling in the gas¬ 
oline or kerosene range would appear to furnish, on polymerization, fractions 
whose properties are somewhat superior to those obtained from similarly treated 
gaseous olefins. Petrov and Pozhiltzeva®^ secured oils from the cracked kerosene 
fraction of sapropelite tar oils in very low yields at atmospheric conditions, but 
under seven atmospheres pressure and at a temperature of 200® C. a 25 per cent 
yield of a fraction boiling above 240®C. was obtained. The complicated nature of 
the original cracked distillate leads to complex polymerization and condensations; 
detailed examination of the fractions led to the conclusion that the olefins are 
polymerized to naphthenes, and also are converted, with aromatics present, to 



Courtesy Industrial and Engineering Chemistry 

Fig. 64. — Plant for Synthesis of Lubricating Oils by Olefin Polymerization with Aluminum 
Giloride. (F. W. Sullivan, Jr., V. Voorhees, A. W. Neeley and R. V. Shankland) 


alkylaromatic hydrocarbons. A condensation of naphthenes with olefins also takes 
place, forming in all probability, dicyclic naphthenic hydrocarbons. They report 
that the oils obtained by condensing olefins with naphthalene are very similar, 
particularly in their temperature-viscosity characteristics, to Davis and Black¬ 
wood's Paraflow.^^ 

Zherdeva^^ investigated the possibilities of making aviation lubricants from 
the kerosene distillates produced in the cracking of paraffin wax and slop oils. 
Condensation was effected by treatment with 3 per cent of anhydrous aluminum 
chloride at 60® to 70®C., forming two layers. From the upper layer, basic oils 
were obtained by concentrating after neutralization and water washing. The 
lower layer (about 10 per cent of the total) consisted of a complex formed be- 

••A. D. Petrov and E. A. Pothiltieva. /. AppL Chrm. (US.S.R), 1933, 6, 1140; Ckem. Abs., 
1934. St, 1176; Brit, Chem, Abs, B, 1934, 229. 

^G. H. B. Davia and A. J. Blackwood. Ind. Eng. Chem., 1931, 23, 14S2; Chem. Abs., 1932. 26, 
1107; Brit. Chem. Abs. B, 1932, 169. For a discussion of Paraflow. see Chapter 30. 

«L. Zherdeva. Meft, fChoa., 1934, 26, 53; Chem. Abs., 1934, 28, 7507; Foreign Petr. Tech., 1933. 
I <1), 3; /. Inst. Pet. Tech., 1934, 20, 366A, 
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tween the catalyst and various hydrocarbons. Decomposed with water, this yielded 
a dark oil. It was considered that the presence of aromatic hydrocarbons in the 
original material affected the quality of the product adversely. Ciood lubricants 
were obtained from a kerosene fraction secured by cracking paraffin Ijottonis, 
however. 

Technical Processes for Synthesis of Lubricants. For this type of 
synthesis, Sullivan and Voorhees^- suggested employment of a distillate having 
a final boiling point under 260°C. produced by vapor-phase cracking of high-wax 
content oils (such as slack wax or sweater oil). By polymerizing such fractions 
with one-half to 4 per cent of anhydrous aluminum chloride at 80°C. for 15 to 20 
hours, or between 38° and 80°C. for not more than 50 hours, lubricating oils of 
low viscosity-temperature coefficients, low specific gravity and low carbon-forming 
tendency are obtained. Chittick^*^ reports that treating a cracked gasoline w'ith a 
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small amount of aluminum chloride (about 0.5 per cent) serves to convert the 
gum-forming constituents present into lubricant-like bodies. Polymerization is 
carried out at a temperature of about 260°C. under conditions which permit the 
hydrocarbons of the gasoline range to distill off. The residual oil formed is 
washed with water and caustic alkali. After treatment with fuller's earth, it may 
be used as a lubricating oil blending stock. 

Oils have been produced by condensing the unsaturated liquid products of 
vapor-phase cracking of paraffin wax with various cyclic hydrocarbons such as 
naphthalene, anthracene or cyclohexane. Reaction takes place at temperatures up 
to 150°C. in the presence of one of the Friedel-Crafts agents.*^^ 


’•F. W. Sullivan and V. Voorhees, U. S. P. 1,955,260, April 17, 1934, to Standard Oil Co. of 
Indiana; C/irm. Abr, 1934, 28, 3889; J. Inst. Pet. Tech., 1934, 20, 427A. 

"M. B. Chittick, U. S. P. 2,048.992. July 28. 1936, to Pure Oil Co.; Chem. Abs., 1936. SO. 
6551; J. Inst. Pet. Tech., 1936, 22, 456A. 

W. Pungf, H. Rabc and H. Zorn. U. S. P. 1,938,088, Dec. 5. 1933. to I. C. Farbenind. 

Chem. Abs., 1934. 28, 1182; /. Hist. Pet. Tech.. 1934. 20. 114A. * 
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It has been suggested that liquid hydrocarbons from the pyrolysis of bituminous 
materials be condensed with higher liquid aliphatic olefins (such as may be formed 
by cracking paraffin wax). Condensation is effected in two stages, part of the 
product being treated in the first stage. This treated portion is then mixed with 
the remainder of the material i)rior to the final condensation.'^*''^ Halloran and 
Chappell^^ recommend the use of unsaturated hydrocarbons extracted by the treat¬ 
ment of petroleum with sulphur dioxide. Egloff^*^ has flash distilled the residues 
produced in cracking heavy oils, and contacted the vapors with aluminum chloride. 
Osterstrom’s process^^ reacts a mixture of the residual oil derived from cracking 
paraffin wax and a fraction of unsaturatcd hydrocarbons (boiling at 215® to 
370®C.) from the vapor-phase cracking of gas oil. 
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The list of suggested raw materials is quite diverse. Such substances as crack¬ 
ing or hydrogenation products of mineral oil and coal, paraffin wax and petroleum 
jelly, alcohols, organic acids or esters of high molecular w^eight can all be con¬ 
verted to a species of lubricating oils by polymerization or condensation in the 
presence of the metal halides; this condensation being preceded in some cases by 
halogenation.^® The products obtained may be given greater resistance to oxida¬ 
tion by the addition of 0.05 to 10 per cent of certain organic substances (such as 
aromatic ethers or cyclic compounds containing sulphur) or elementary sulphur 
to the raw materials.^” 

The fraction of a liquid-phase product boiling between 150® and 450®C. (after 
purification by a solvent process) can be cracked a second time in the vapor phase, 

^ H. Zorn. M. Mullrr-Cunradi and \V. Ro^innky. I’. .S. P. July 10, 1934, to I. CJ. 

Farbenlnd. A.-fl.; Chrm. Ahs., 19.14, 28. 56.18; J. Inst. Pet. Tech., 1934. 20. 540A. 

’•R. A. Halloran and M. 1.. Chapw-II. V. P. 1.893.774. Jan. 10. 1933, to Standard Oil Co. 
of California; Brit. CUem. Abs. B, 1933, 903; Ckem. Ahs.. 1933. 27. 2295. 

^ C. ERloff. r. S. P. 1,960.625, May 29. 1934, to I’nivcrval Oil Products Co.; Chem. Abs., 

1934, 28. 4591; Brit. Chrm. Abs. B, 1935, 295. 

«R. C. Oatcratrom. V. S. P. 1.973,824, Sn^t, 18, 1934, to Pure Oil Co.; Brit. Cbcm. Abs. B. 

1935. 760; Cbcm. Abs.. 19.14. 28, 6998. 

British P. 435.548. 19.14. to T. G. Farhenind. A, G.: Brit. Cbcm. Abs. B. 1935. 1127. 
••British P. 435,597 and 435,598. 1934, to T. G. Farhriund. A.i].; Brit. Chrm. Abs. B, 1935, 1127, 



214 


CHEMISTRY OF PETROLEUM DERIVATIVES 


sometimes with the aid of catalysts, to yield a mixture of unsaturated hydrocarbons 
which can be polymerized by aluminum chloride to produce lubricants.®^ 

Fischer, Koch and Wiedeking®* have prepared lubricants from dichlorinated 
paraffinic oils (such as the so-called “Kogasin” synthesized®® by catalytic combina¬ 
tion of carbon monoxide and hydrogen) utilizing activated aluminum chlo¬ 
ride. The oils so prepared are said to compare favorably with natural products 
as regards resistance to oxidation, coking residue and pour-point. 

It is frequently advantageous to purify the materials to be polymerized before 
they have undergone this treatment. Many crude olefin mixtures will, under catal¬ 
ysis, release corrosive substances damaging to the equipment; in others there are 
impurities which are more readily removed before the molecular weights have 
been increased. 

One type of purification process recommends treatment of the cracked distil¬ 
lates with 60® Be. sulphuric acid, followed by 20® Be. alkali prior to polymeriza¬ 
tion.®^ However, purification may be attained by a preliminary treatment with 
not more than 2 per cent of the catalyst to be used, at a temperature not lower 
than that planned for the polymerization proper. Thus, the 65® to 75®C. fraction 
of a vapor-phase cracked gasoline may be treated at 70®C. with one gram of alu¬ 
minum chloride per 100 cc. of liquid, the mixture distilled and the distillate then 
polymerized with 4 grams of the chloride per 100 cc. at 30®C. for 22 hours.®^ 

A modification, involving the use of an ethylene-aluminum chloride complex 
as catalyst instead of the halide itself, has been suggested by Haeuber for the 
conversion of cracked distillates at temperatures of 100 to 180®C.®® Martin, 
Grimme and Koppelmann,®^ on the other hand, suggest preparing a catalyst for 
cracking processes by the interaction of aluminum metal and hydrogen chloride. 
The metal is suspended in a substance capable of undergoing the Friedel-Crafts 
reaction, such as benzene, in the presence of a small amount of aluminum chloride. 
Hydrogen chloride gas is bubbled in, forming a complex said to be suitable for 
use as a cracking catalyst. Since the halide catalysts are destroyed by water, it is 
important that they be protected from moist gases. Kuentzel and Geissman®® 
suggest that thisT)e accomplished by passing the raw olefins over used catalyst 
before contacting the material with the active polymerizing agent. Caudri®® 
reported making a lubricating oil from a cracked gasoline, using a two-stage 
polymerization process. The distillate, which may contain substances tending to 
poison the Friedel-Crafts agent, is first contacted with a small amount of the 
catalyst (e.g., aluminum chloride) at 60® to 130®C. for a time sufficient to polymer¬ 
ize the poisoning substances. The remainder of the material is separated off. 
and treated with a further quantity of aluminum chloride to bring about polymeri¬ 
zation to produce a lubricating oil. 

By heating the unsaturated hydrocarbons with a metal halide at a temperature 
lower than 200®C. with an oil-miscible promoter (such as carbon tetrachloride, 

Britiih P. 431,609, 1935. to BaUafsche Petroleum Maatachappij, J. Inst. Pet. Tech., 1935, 21, 
344A; BnV. Chcm. Ahs. B, 1935. 794. 

"F. Fischer. H. Koch and K. Wiedektng, Brennstoff-Chem., 1934, 15, 223; /. Inst. Pet. Tech., 
1934. 20, 615A; Chem. Abs., 1934, 21. 6291. 

••5iee Chanter 52. 

•* British P. 399,646, 1933, to Bataafsche Petroleum Maatschappij; /. Inst. Pei. Tech., 1934, 20, 
41 A: Chem. Abs., 1934. 20. 1052. 

•British P. 414,237. 1934. to Bataafsche Petroleum Maatachappij; Chem. Abs., 1935, 29. 596; 
Brit. Chem. Abs. B. 1934. 1000. 

•H. Haeuber. U. S. P. 1.971,301. Auf. 21, 1934, to I. G. Farbenind. A. G.; Chem. Abs., 1934, 
2i, 6561; /. Inst. Pet. Tech., 1934, 20, 582A. 

•F. Martin, W. Grimme and A. Koppclmann. U. S. P. 2.057.306, Oct. 13. 1936; Chem. Abi., 
1936, 30. 0596. 

•W. E. Kuentael and T. A. Geissman, U. S. P. 2,040.658. May 12. 1936, to SUndard Oil Co. 
of TwL; Chem. Abs., 1936, 30. 6768; /. Inst. Pet. Tech., 1936, 22. 307A. 

•J. M. Caudri. U. S. P. 2.055.425. Sept. 22. 1936, to Shell Development Co.; J. Inst. Pet. 
Tech., 1936, 22, 545A; Chei^mbs.,A936, 30. 7841. 
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methyl chloride or amyl chloride) which is capable of yielding hydrogen chloride 
in the presence of the metal halide, the yield of viscous products may be increased, 
according to Snow.*^ 

Ayres and Smith®^ have made lubricants, as well as other products (e.g., kero¬ 
sene and various refined hydrocarbons), by treating petroleum stocks with alumi¬ 
num chloride (at temperatures not exceeding 150®C.) in the presence of an excess 
of chlorine or hydrogen chloride. 

Other Polymerization Products of Olefins 

Olefin polymerization can be carried further to give very viscous oils, tarry 
products and synthetic resins.®- Some of these may be added to lubricating oils 
for various reasons, and others, particularly the resins, find use in coating com¬ 
positions. 

The complex hydrocarbon mixture obtained by heating pyrene with aluminum 
chloride,®* is said to be capable of imparting a greenish-yellow fluorescence, or 
bloom, to lubricating oils when added to the extent of about one-thousandth of one 
per cent. Smith®^ suggests a similar use for materials obtained from chloride 
sludge formed in the refining of hydrocarbon oils of naphthenic character. Smith's 
method employs centrifuging, filtering or washing with dilute sulphuric acid and 
subsequent neutralization to recover the bloom agent in a concentrated form. 
Rosson and Fasce®® find that a solid coloring matter, or dye suitable for coloring 
lubricating oils may be produced by an aluminum chloride condensation. The 
anhydrous catalyst is allowed to react with a mixture containing an aromatic such 
as benzene or toluene and also a polycyclic aromatic such as naphthalene or 
anthracene, at a temperature of 45® to 55®C. The catalyst is separated from the 
reaction mixture, and the coloring material recovered from the products. 

Condensed materials of high molecular weight capable of lowering the pour- 
point of lubricants may be prepared by the action of the halide catalysts on higher 
petroleum hydrocarbons. If waxy hydrocarbons, with or without aromatics, are 
condensed with aluminum chloride and the lighter inactive materials boiling below 
about 370®C. are separated out, an active pour-point depressant with a mean 
molecular weight above 1200 may be recovered by a wax-precipitating agent®® 
Similar reactions on paraffin wax,®^ petrolatum®* and hard or soft paraffin®® 
produce stocks valuable in improving the properties of lubricants. 

Pevere'®® states that a tarry residue derived from the aluminum chloride treat- 


•® H. R. Snow, U. S. P. 1.970,402, Aug. 14, 1934, to Standard Oil Co. of Indiana; Chem. Abs., 
1934, 2t. 6297; J. Insi. Pet. Tech., 1934, 20. 583A. 

E, Ayrea and H. G. Smith, British P. 398,032, 1932, to Gulf Refining Co.; Brit .Chem. Abs. 
B. 1933, 1045; Chem. Abs., 1934, 28. 1519. 

** See also Carleton Ellis, “The Chemistry of Synthetic Resins,'* Reinhold Publishing Corn., New 
York, 1935. 

•• S. F. Birch, British P. 438,425, 1934, to Anglo-Iranian Oil Co.; Brit. Chem. Abs. B, 1936, 
137: Chem. Abs., 1936, 30, 2748. 

“H. G. Smith, U. S. P. 1,944.851, Jan. 23, 1934, to Gulf Refining Co.; Brie. Chem. Abs. B. 
1934, 1002: Chem. Abs., 1934. 28. 2176. 

« M. M. Rosson and E. V. Fasce, U. S. P. 2.055,634, Sept. 29, 1936, to SUndard Oil Develop¬ 
ment Co.; Chem. Abs.. 1936, 30. 7870. 

** R. G. Sloane, British P. 402,253, 1932, to Standard Oil Development Co.; Brit. Chem. Abs. 
B» 1934, 184; Chem. Abs., 1934, 28, 3229. For other means of preparing pour-point d^ressants sec 
Chapters 30 and 34. Also, Carleton Ellis, “The Chemistry of Petroleum Derivatives,** The Chemical 
Catalog Co.. New York. 1934, 741. 

British P. 415,065, 1934, to I. G. Firbentnd. A. G.; Brit. Chem. Abs. B, 1934, 952; Chem. 
Abs., 1935, 29. 921. 

••G. H. B. Davis, U. S. P. 1.934,043, Dec. 7, 1933, to Standard Oil Development Co.; Brit. 
Chem. Abs. B, 1934, 749; Chem. Abs., 1934, 28, 632. 

•• German P. 582.853, 1933. to Standard Oil Development Co.; Chem. Abs., 1934, 28, 891. 

F. Pevere, Canadian P. 357,661, 1936, to Texaco Development Corp.; Chem. Abs., 1936, 30, 
4662. British P. 437,779. 1935; Brit. Chem. Abs. B. 1936, 54; Chem. Abs., 1936, 30. 3630. See also 
R. C. Osterstrom and C. R. Wagner, U. S. P. 1.967,099, July 17. 1934, to Pure Oil Co,; J. I net. Pet. 
Tech.. 1934, 20, 540A: Chem. Abs., 1934, 28, 5976. 
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nient of an aromatic hydrocarbon may have application in dewaxing lubricating 
oil. The condensation product resulting from this treatment is distilled under 
high vacuum to obtain a residue consisting essentially of a tarry material which 
is not volatile at 310®C. under 10 mm. of mercury pressure. It is reported that 
this material may be added in proportion of less than 5 per cent to the oil to be 
treated* to bring about precipitation of the wax on cooling. 

Double compounds of aluminum chloride and an olefin have been proposed as 
agents for the removal of gum-forming compounds from gasoline.^®^ Sumpter 
has removed these compounds with the aid of aluminum chloride and an alkali 
metal or alkali-earth metal chloride, such as potassium, sodium or barium chloride, 
in equivalent molecular proportions. 

Varshavskii and ShenfinkeP^^ state that a drying oil may be obtained by treat¬ 
ing with cold water the aluminum chloride complex resulting froni the polymeriza¬ 
tion of a gasoline distillate (polymerized at 100® to 120®C. for four hours). 
Watermanhas prepared an analogous drying oil from a cracked mineral oil 
containing polyolefins. The oil is treated with a metal halide (e.g., A1C1.,|) 
at below 65®C., and the polymerized products are separated from the sludge formed 
in the reaction. This material is neutralized, and subjected to a non-cracking dis¬ 
tillation, to secure a residue in which the drying components are concentrated. 

Waterman, Leenderste and Ligtenberg^^ treated a cracked distillate with alu¬ 
minum chloride at room temperature for four to five hours. Under these condi¬ 
tions polymerization proceeds to a resin soluble in organic solvents and capable of 
emulsification in ammoniacal water to a stable, spongy composition. 

Thomas*^^ has worked with a type of resin produced by the co-polymerization 
of an olefin and a diolefin. Using hexadiene and olefins such as trimethylethylene 
or ethylene, the substances are reacted in the presence of aluminum chloride. The 
finely divided catalyst is fed in slowly, and cooling is provided to maintain the 
temperature between 25® and 35®C., as below 20®C. the reaction is slow and the 
product soft. Temperatures above 20®C. produce harder resins, but above 65®C. 
the color is poorer. The amount of cataly.st required varies with the size of the 
batch; with 25 gallon operations, 1.4 per cent of catalyst is used, while with 100 cc. 
runs, 3.5 per cent of catalyst is needed. Treatment lasting 4 to 6 hours gives 
optimum results. The product from this treatment is neutralized in alcoholic am¬ 
monia, yielding a granular precipitate. The addition of a hydrocarbon solvent 
(such as benzene) and filtration free the resinous material of decomposition 
products from the metal chloride. The resin can be recovered from the hydro¬ 
carbon solvent.'®^ This same investigator has reported’®*^ that resins of this type 


British P. 410,874. 1934, to I. G. Farbcnind. A. G.; J. lust. Pet. Tech.. 1934, 20, 498A; 
Brit. Chem. Abs. B. 1934, 790. 

*•* S. L. Varshavskii and 1. K, Shenfinkel. Russian P. 39.899. 1934; J. Inst, Pet. Tech., 1936, 22. 
322A; Chem. Abs., 1936. 30, 3668. * 

H. I. Waterman, Canadian P. 360,536, 1936, to Shell Development Co.; Chem. Abs., 1936, 
30. 7835. 

H. I. Waterman, J. J. I^eendertse and H. I. Ligtenherg. Chem. H^eekbiad., 1935, 32. 342; 
Chem. Abs., 1936. 30. 186; Brit. Chem. Abs. B. 1935. 735. 

*«C. A. Thomas. U. S. P. 2,039,363. May 5, 1936, to Monsanto Petroleum Chemicals, Inc. j 


Chem. Abs., 1936. 30. 4237. 

“•C. A. 'Hiomas and W. H. Carmody V. S. P. 2.060.404, Nov. 10. 1936. to Monsanto Petroleum 
Chemicals. Inc.; Chem. Abs., 1937. 31, 480) state that synthetic resins of the type prepared by I'oly- 
merization of diolcfins in the presence of a Friedel Crafts agent may be decolorized by a solvent 

S rocess. The resin is pulverized and taken up in a non-aromatic bydrorurbon solvent such at pentane. 

exane or naphtha, and agitated for about 15 minutes with an active bleaching clay. The solution is 
then separate from the clay and coloring matter, and the solvent removed (e.g.. by distMlation). 
The decolorizatkm is said to he more satisfactory when low boiling solvents such as pentane or 
hexane are employed, than when the higher fractions such as octane or naphtha are used. The final 
decolorized pr^uct has varnish making profierties substantially similar to those of the original 
untreated resin, the investigators state. « . . 

^ C. A. Thomas. V. S. P. 2.039,367. Mav 5, 1936. to Munwanto Petroleum Chemicals. Ine.; 
Ckem. Abs., 1936. 30. 4237. For previous work of this type see Carleton Ellis, “The Chemistry of 
Synthetic Resins.” Reinhold FuMishing Corp.. New York. 1035, 190 et teq., 225. 
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are reactive, showing high iodine numbers. In consequence, they can be further 
reacted with glycerol and castor oil to produce a resin soluble in varnish solvents 
which dries to produce a him said to be clear and elastic and resistant to acids and 
alkalies. 

Berger^®® has suggested that a resin may be produced from the halide sludge 
obtained in aluminum chloride refining processes applied to hydrocarbon oils. The 
sludge produced by tre;ating a cylinder oil stock with the catalyst for 2 hours at 
120®C. was used as raw material in one instance. This was freed of entrained oil 
by extraction with solvent naphtha, and then treated with free chlorine at 95®C. 
for four hours. At the end of this time ^the mass was washed in hydrochloric 
acid, and subsequently decomposed into a water solution and a solid, dark-brown, 
thermoplastic substance insoluble in any ordinary solvent. It is reported that 
carbon tetrachloride, chlorinated naphtha, chlorinated propane or pentachlorobutane 
may be used in place of free chlorine in this process.^®® 

H. G. Berger, U. S. P. 2.043.824, Jui»e 9. 1936, to Socony Vacuum Oil Co.; Chem. Abs., 
1936, 30, 5327. 

See Chapter 28. Also, Carleton Ellis, “The Chemistry of Synthetic Resins,” Reinhold Pub¬ 
lishing Corp., 1935, 164, et. seq. 



Chapter 7 

Production of Hydrogen and Carbon by Pyrolysis 
of Hydrocarbons 


The thcrinal decomposition of all hydrocarbons produces, ultimately, carbon 
and hydrogen. In the temperature range 600-1400®C., however, methane is also 
secured, and the proportions of the two gaseous constituents (methane and hydro¬ 
gen) at sufficiently long contact times are defined by the equation, 

CH 4 C-H2H, 


Equilibrium in this system corresponds with almost complete decomposition of 
methane at slightly above 1000®C.. but in actual practice higher temperatures are 
necessary. In considering the yields of carbon and hydrogen from hydrocarbons, 
this reaction is, therefore, of prime importance. 

In addition to the temperature factor, the pyrolysis of methane is influenced by 
the time of contact, pressure, the presence of catalytically active substances and 
the use of diluents or hydrogen. In particular, the time factor exerts a very great 
influence both on the character of the products and the extent of dissociation. In 
the temperature range of 1000-1200®C., methane decomposes mainly into acetylene, 
ethylene and aromatic oils at contact times of the order of 0.1 second. On the 
other hand, at heating periods of 40 to 45 seconds at llOO^C. (or 5 seconds at 
1250®C.) complete decomposition of methane into its elements can be achieved. 
The carbon obtained is gray, has a high apparent density and is unsuitable as a 
pigment or as a substitute for lampblack. According to Padovani,' this material 
is crystalline and graphitic. Metallic surfaces favor graphitization and the carbon 
tends to form a thick crust on the walls of the reaction tube. It has been shown 
by the same investigator that a more useful form may be produced, together with 
aromatic oils, by conducting the pyrolysis of methane at contact times intermediate 
between those necessary for the complete decomposition on the one hand and, on 
the other, for the optimum production of aromatic liquids. By cracking methane 
under these conditions at 1100®C., in such a way that most of the carbon formed 
was carried off in the gas, he obtained from one cubic meter about 200 g. of 
carbon black, 35 g. of aromatic oils and 1.4 cubic meters of gas consisting of two- 
thirds hydrogen and one-third residual methane. 

Catalysts which accelerate the decomposition of methane include metals such 
as iron or nickel, and graphitic carbon.^ Certain special contact agents have been 
advocated, but their value is rather doubtful, since frequent elimination of de¬ 
posited carbon (from them), by oxidation with air or by steam, is usually neces¬ 
sary. A catalyst consisting of 5 parts ferric oxide, 2 parts calcium carinate, 1 
part nickel oxide and 0.5 part manganese dioxide supported on iron filings has 


* C. Psdoraoi, Prec. iri Intern. Conf. Bitnmineni Cent, 1932, 1, 910; Chem. Abt^ 1932, 20, 4933: 
B^.^Cknn. Abt. B, 1932, 1064, Chimie el indnetrie, 1931. March Spec, No,, 317; Chem. Abe., 1931, 

’ • N. 'l, Kohoxev, L, I. Kaihtanov and S, M. Kobrin, /, Gen. Chem. (U.S.S.R.), 1933, I, 141: 
Chem. Abe., 1933, 29. 4920; BrU. Chem. Abt. B, 1933, 714, 
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been used by Candea and Kuhn"* for cracking methane at 800-1000°C. In this 
instance, the carbon was removed by steam. However, the dissociation of meth¬ 
ane appeared to take place chiefly at the exposed surface of the reaction chamber 
and there was reason to believe that catalytic action was of secondary importance 
compared with the effect of increasing the heating area. Hence, industrial opera¬ 
tion is usually carried out in the presence of refractory materials of large surface 
and high heat content. 

With regard to the other factors influencing the separation of methane into its 
elements, dilution with an inert gas such as nitrogen slows down reaction by re¬ 
ducing the partial pressure of the hydrocarbon. It also decreases the velocity of 
the reverse reaction (combination of carbon and hydrogen) by exerting the same 
effect on hydrogen, these two opposing influences tending to compensate each 
other to some extent. Dilution with hydrogen reduces the speed of dissociation 
and increases the rate of combination so that, in effect, it retards the transforma¬ 
tion of methane into its elements in two ways; moreover, this effect becomes more 
and more pronounced as complete reaction, CH 4 C -f 2 H 2 , is approached. 

The successful production of carbon black by thermal decomposition appears 
to depend on the use of a brief contact time, combined with some method of pre¬ 
venting deposition of the carbon on the highly heated walls of the chamber. Any 
attempt to produce carbon in a heated tube invariably results in the settling of a 
layer of hard, gray, lustrous material on the walls, which, owing to its poor heat 
conductivity, soon insulates the reaction zone from the source of heat. In the 
Thermatomic^ process decomposition of hydrocarbons takes place in a refractory 
checkerwork and the carbon black is swept out of the cracking furnace in the gas 
stream. Any carbon deposited on the checkerwork is burnt out in the subsequent 
cycle, in which the refractory material is heated to about 13(X)®C. by gas firing. 
In some instances a blanket of hot gas. separating the hydrocarbon from highly 
heated walls, and thereby simulating a wall-free reaction space, is employed to 
prevent the formation of hard carbon on the sides of the reaction tube. In the 
**Gastex'* process.® parallel streams of hydrocarbon gas and air arc passed through 
the reactor in such a way that combustion occurs at the air-gas interface which 
supplies the heat to decompose the hydrocarbon. The latter docs not come in 
contact with the walls of the system, the energy for decomposition being supplied 
by flames. 

A somewhat similar method has been used by Pidgeon** for producing carbon 
black from the lower parafhn hydrocarbons in what is virtually a wall-free reaction 
space. He carried out decomposition in porous tubes, through which a certain 
amount of inert gas was diffused. This was accomplished by placing the refractory 
tube in a gas-fired furnace, in which the pressure (of the inert gas) was greater 
than that in the tube, thus maintaining a blanket of flue gas to separate decompos¬ 
ing hydrocarbon from the walls of the reaction tube."^ Under these conditions, 
about 19 lbs. of carbon black were obtained from 1000 cubic feet of methane at a 
temperature of 1350-1400®C. and an apparent contact time of 0.25 second. By 
dissociation of a mixture of 70 per cent propane and 30 per cent butane at about 
1350®C. and an apparent contact time of 0.1 to 0.2 second, yields of carbon black 
amounting to 60 lbs. per 1000 cu. ft. (60 per cent of theoretical) were secured. 

*C. Candea and J. Kiihn. Chimie ct industrie, 19J3. Special No., 861; Ckem. Abs., 1934, 2t. 
287; Brit. Cktm. Abs. B. 1933, 953. 

* Carleton Ellit, “The Chemistry of Petroleum Derivatives,” The Chemical Catalog Co., Inc., New 

York, 19S4. 

•I. Drofin. India Rubber 1935, 90, 259; Chem. Abs., 1935, 29, 8249; Brit. Chem. Abs. B. 
193S. 932. 

*L. M. Pidgeon. Can. J. Research. 1935, 13B, 351; Chem. Abs., 1936, 20, 1953. 

^ Sec P, K. Frolich, U. S. P. 2,062.358, Dec. 1 , 1936, to Standard Oil Development Co.; 
Ckem. Abs., 1937, 81, 823. Canadian P. 348.890. 
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The particle size of the carbon depended largely on the time of contact, more pro¬ 
long^ heating resulting in larger particles. The carbon blacks made by this 
method were similar to soft blacks in that they had a high density, low sorptive 
power, accelerated the cure of rubber stock and gave similar resistance to aging 
and abrasion. However, in their ability to impart stiffness to rubber stock, they 
occupied a position intermediate between the channel and soft blacks. 

For the commercial production of both carbon and hydrogen by thermal de¬ 
composition, natural gas, especially the so-called ‘‘dry’* gases, constitutes an appro¬ 
priate raw material because of its abundance and low price. An ideal process of 
this type would be one capable of yielding simultaneously relatively pure hydrogen 
gas and high-grade carbon, the latter useful as a substitute for carbon black or 
lampblack. Unfortunately, the available data seem to indicate that under condi¬ 
tions which give a gas rich in hydrogen, the carbon obtained is of poor quality and 
valueless, except as a fuel. On the other hand, procedures which favor the forma¬ 
tion of more valuable types of carbon, do not yield at the same time a very pure 
hydrogen. In the Thermatomic process,® 1000 cubic feet of natural gas furnishes 
1800 cubic feet of a gas containing 81 per cent of hydrogen, 6 per cent methane, and 
a residue of nitrogen, oxygen and oxides of carbon. Also, it has been reported 
that small quantities of acenaphthylene and pyrene are secured from this process.® 
For the preparation of hydrogen from natural gas, the catalytic reactions with 
steam,'® 

CH4 + H,0 CO + 3H, 

and 

CH4 + 2H,0 —> CO, + 4H, 

or incomplete combustion, 

CH 4 -f HOt CO -f 2H, 

would appear to be more applicable. 

In the technical production of hydrogen from hydrocarbons by pyrolysis, the 
carbon simultaneously formed is utilized as a fuel. For example, the endothermic 
decomposition may be carried out in the presence of highly-heated refractory ma¬ 
terial, on which the carbon is deposited. As soon as the temperature of the con¬ 
tact mass has fallen to a lower limit, the carbon is burnt off by means of an air 
blow, raising the temperature of the refractory mass in readiness for another dis¬ 
sociation cycle. In processes for the manufacture of higher grade forms of carbon, 
the hydrogen-containing gas simultaneously formed is usually employed as a fuel. 

Production of Carbon and Hydrogen by Simple Thermal Decomposition 

Spear and Moore'* obtained carbon black by separately preheating natural gas 
and a diluent gas, e.g., hydrogen, mixing the two, and effecting decomposition in a 
heated zone of refractory checkerwork. The products were rapidly cooled by water 
sprays and passed to a separator. Dilution of a hydrocarbon gas with at least 
twice its volume of hydrogen, followed by passage of the mixture over highly 
heated surfaces (see Fig. 67) is recommended by the same investigators.'^ The 
black secured is reported as a new prwluct,'® having an apparent density of about 

• See Ctrleton EIIU, “The Oiefni»try of Petroleum Derivatives.” The Chemical Catalog Co., Inc., 
New York. 19$4, 

•A. W. CamT>bell, N. H. Cromwell and J. J. Hager. J.A.C.S.. 19.16. S8. 1051; /. Inst. Pft. 
Tech., 1936. 22, 396A; Chem. Abs., 1936. 30. 5215; Bnt. Chem. Abs. B, 1936, 774. 

** Sec Chapter 10 for a discuision of thene reactiona. 

” E. B. Spear and R. L. Moore, U. S. P. 1.911,033, May 23, 1933, to Thermatomic Carhon Co.; 
Brit. Chem. Abs. B, 1934. 229; Chem. Abs.. 1933. 27. 4041. 

E. B. Spear and R. L. Moore. V. S. P. 1.987,W.l. Jan. 15, 1935, to Thermatomic Carbon 
Co,: Chem. Abs., 1935. 29, 1595; Brit. Chem. Ahs. B, 1936, 52. 

w E, B. Spear and R. L. Moore, V. S. P. 1.987.644, Jan. IS. 1935. to Thermatomic Carhon Co.; 
Brit. Chem. Abs. B, 1936. 52; Chem. Abs.. 19.15. 29. 1.595. 
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0.37 and a maximum loading value^^ in rubber (when compounded as a reinforcing 
agent) in excess of 100 but not substantially higher than 150. The use of a 
checker-filled converter is also reported by Frenkel.^® In this case the product is 
collected, mixed with water and subjected to high pressure. It is then sprayed with 
a stream of hot combustion gases to effect flash evaporation of the water. Brown¬ 
lee^® suggests that after decomposition of natural gas by contact with hot checker- 
work for a short period, the gaseous yield be quickly cooled by refrigerated residual 
gas from a previous operation. The resulting black has a greater tinting power, 
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Fig. 67. —Flow Diagram for Carbon and Hydrogen Production by Thermal Decomposition 
of Hydrocarbons. (E. B. Spear and R. L. Moore) 


lower apparent density and a flocculence not greater than that of channel black. 
Reed^* makes use of a vertical chamber packed with checkerwork constructed of 
units having wedge-shaped edges which project in a direction counter to that of the 
gas flow (see Fig. 68). The checkerwork thus presents only inclined or vertical 
surfaces to the flow, has no pockets in which the carbon can collect and no hori¬ 
zontal surfaces capable of causing abrupt contact and separation of carbon. The 
system is heated periodically by direct combustion. Wilcox^® effects the conversion 

^ Loading value is used to designate the v<dume of carbon black that can be incorporated in 
100 volumes of rubber. 

G. A. Frenkel, Canadian P. 337,707, 1933. to Shell Development Co.; Chem, Abs., 1934, 28, 
1822. U. S. P. 1,990,228, Feb. 5. 1935; Brit, Chem. Abs. B, 1936, 85; Chem. Abs., 1935, 28. 
1948. 

»R. H. Brownlee, U. S. P. 1.925,130, Sept. 5, 1933; Brit. Chrm, Abs. B, 1934, 532; CMrm. Abs., 
1933, 27. 5491. 

«R. H. Brownlee, U. S. P. 1,920,352, Aug. 1. 1933; Brit. Chem. Abs. B, 1934, 488; Cksm. Abs., 
1933 27 4889 

»*F. C. Reed, U. S. P. 1,980,827, Nov. 13. 1934; Bnt. Chem. Abs. B. 1935, 982; Chem. Abs., 
1835. 28. 564. 

»W. D. Wilcox. U. S. P. 1,916,291, July 4. 1933; Brit. Chem. Abs. B. 1934, 488; Chem. Abe., 
1933, 27. 4639. 
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of natural gas or other hydrocarbon gases into carbon black and aromatic com¬ 
pounds by passage through an elongated conduit with a contact time of 1 to 3 
seconds. The refractory tube is internally heated to 980-1200®C. by combustion 
gases. The hydrocarbon is decomposed while flowing in a direction countercurrent 



Fig. 68.—Sketch of Dissociation Chamber Conuining Wedge-shaped Checkerwork for 
Carbon Black Formation. (F. C. Reed) 


to the heating gases and the carbon black is recovered from the partially cooled 
gaseous product by electrostatic precipitation, and subjected to further cooling and 
oil-scrubbing to remove liquid hydrocarbons. In an effort to secure the maximum 
amount of carbon black, Willien^^ conducted natural gas without steam through a 

•U WiHiefi. Am. Gas. At$oc. Proe., 1935. 17. 779; Chem. Abs., 1936. SO. 3967; BAt Ckmm. 
Abs. B. 1936. 726. 
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bed of incandescent coke. The reformed gas passed through a Cottrell precipitator 
and a Cyclone dust collector which recovered 98 per cent of the carbon black. 
Richardson,*^’ to control the relative amounts of carbon black and gaseous products, 
suggests that a mixture of steam and hydrocarbon gas in the proportion 3:1 by 
volume be heated sufficiently to effect thermal decomposition. 

A process for the manufacture of a gas rich in hydrogen (and free from carbon 
black) from natural gas or oil-still gas is described by Terzian,*^* who brings about 
the decomposition in the presence of a heated bed of fuel (coke), which is inter¬ 
mittently air-blasted. All liberated carbon is retained for subsequent utilization 
during the air-blow, and the porosity of the fuel bed is preserved by reducing the 
temperature of its surface prior to the passage of the hydrocarbon gas. Towne** 
suggests activated alumina or bauxite, pumice or fuller's earth instead of coke for 
this type of treatment. 

To obtain large percentages of hydrogen by pyrolysis of hydrocarbons it is 
advocated that the gaseous raw material be conducted through a cylindrical mass 
of hot crushed refractory material arranged so that the central portion of the mass 
is more porous than succeeding outward portions, the object being to allow longer 
periods of contact in the cooler areas so that there may be more uniform cracking 
efficiency throughout the refractory material.*** 

As a raw material from which hydrogen may be obtained, Turner and Keene** 
propose Pennsylvania anthracite. When samples were heated slowly to 1036®C. 
under an initial pressure of less than 1 mm. the volatile matter contained 75-79 per 
cent hydrogen, applicable for welding purposes and hydrogenation. 

Pyrolysis of acetylene, with or without air,** and at moderate temperatures 
(180®C.), has been used to make a special quality of carbon black, usually referred 
to as acetylene black. Day** has found that the black secured from purified acety¬ 
lene had an ash content of 0.01 to 0.05 per cent, and could be used for oxidation 
rate studies. 

Decomposition Effected by Partial Combustion of Hydrocarbons 

Part of the heat required for decomposition of hydrocarbons may be obtained 
by partial combustion of the hydrocarbons either with air or oxygen-containing 
gases. The usual methods of manufacturing carbon black are based on this prin¬ 
ciple, the carbon being formed by thermal decomposition of unburned hydrocarbons 
and rapidly removed from the flame zone by impingement on cooled surfaces. In¬ 
complete combustion may also be employed for producing mixtures of hydrogen 
and oxides of carbon with or without nitrogen. 

The preparation of carbon black by incomplete burning of hydrocarbon gases 
in small-bore refractory tubes is described by Brownlee (see Fig. 69).** Another 
procedure comprises passing hydrocarbon vapors through a sheet of flame, the 

R. S. Richardaon, U. S. P. 2,013.699, Sept. 10, 1935, to Chemical Construction Corp.; Chem, 
Ah$., 193$, 29. 7029. 

H. G. Tertian, U. S. P. 1.956.259, April 24, 1934, to United Gat Improvement Co.; Cktm. 
Abs,, 1934, 29, 4211. See alto H. B. Young. Am, Gat Attoc. Proc., 1935, 17, 772; Chem. Abs., 
1936, SO, 396S; BrU, Chem, Abs. B. 1936. 726. 

•C. C. Towne, U. S. P. 2,047,499. July 14. 1936, to The Texas Co.; Chem. Abt., 1936, SO, 6172. 
_ MiG. D. Bagley and H. W. B. de V/. Eratmua, U. S. P. 2.071.721, Feb. 23. 1937. to Union 
Carbide and Carbon Corn. Canadian P. 361,530, 1936, to Electric MeUllurgical Co. of Canada, Ltd.; 
Chem, Abt„ 1937, SI, 1563. 

Mff. G. Turner and W. L. Keene, Ind. Eng, Cham, 1935, 27, 1373; Brit, Chem, Abt. B, 1936, 
176; Cham Abt., 1936, SO, 267. 

MCtrlcton Ellis, **Thc Chemistry of Petroleum Derivatives," The Chemical CaUlog Co., Inc., 
New York, ltS4. 

MJ, R. Day at at., Ind. Eng. Cham, 1936, 20, 234; Chem Abt,, 1936. SO, 1954. 

^ "K. H. Brownlee. U. S. P. 1,925,131, Sept. 5, 1933; Brit. Cham Abt. B, 1934. 532; Cham. 
Abt., 1933, 27, 5491. 
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latter placed near a radiating surface.^*^ Beaver*® effected partial burning of' 
hydrocarbon gases in a series of narrow, flattened burners mounted in the lower 
part of a heat>insulated chamber. The burners, which are surrounded by air ducts, 
are mounted in a row with their longer sides parallel so that the flames radiate 
mainly to each other. The air supply is regulated to about 40-75 per cent of that 
required for complete combustion and the chamber is so dimensioned as to give a 
time of contact in the hot zone of about 0.5 to 1 second. The carbon black is re¬ 
covered from the gases leaving the stack of the furnace. Partial combustion for 
the manufacture of carbon black is carried out by Keller^® in a series of narrow 
ducts, mounted in parallel, vertical planes in an unobstructed, heat-insulated fur¬ 
nace. The hydrocarbon gas is discharged upward and a regulated supply of air 
is intro<luced near the lower end of the gas ducts. Bevelling prevents deposition 



Fig. 69.—Method of Carbon Black Production by Incomplete Burning of Gases in Small¬ 
bore Refractory Tubes. (R. H. Brownlee) 


of carbon on the ends of the gas ducts and facilitates streamline flow of both hydro¬ 
carbon gas and*air at these points. 

The incomplete burning of methane and similar hydrocarbons may be used for 
the production of mixtures of hydrogen and nitrogen if the carbon monoxide si¬ 
multaneously formed is removed afterwards from the gas mixture. This latter 
step may be accomplished, for example, by the conversion of the monoxide to 
dioxide by reaction with steam (see Fig. 70) followed by elimination of carbon 
dioxide.®® The oxidation of methane, expressed by the equation 

CH 4 + >^0, —> CO -I- 2H,-h 8 kg. cal. 

is favored by the same catalysts and conditions as the reaction of methane with 
steam or carbon dioxide. Padovani and Franchetti®^ have investigated this partial 
oxidation of pure methane and gases of low methane content. In the presence of a 
nickel catalyst and at space velocities of the order of 500 (i.e., ratio of gas velocity 
to space), results closely corresponding with the equilibrium values were obtained 
at 850-9M®C. Operation with methane at 900® C. yielded gaseous products contain¬ 
ing less than 1 per cent of the hydrocarbon. For the manufacture of carbon black 

Briti»b P. 402.322, 1933, to Bataaficbe Petroleum Maatschappij; /. Inst, Pet. Tech., 1934, 
20, 115A; Chem, Abt., 1934, 2$, 3196. French P. 754,767, 1933; Chem, Abs., 1934, 28. 1483. 

• D. /. I^ver. U. S. P. 1.902,753, March 21. 1933, to General Atlaa Carbon Co.; Brit. Chem. 
Abs, B, 1933. 1044; Chem. Abs., 1933, 27. 3299. 

••T. P. Keller. U. S. P. 1,904.469, April 18, 1933, to General Atla* Carbon Co.; Bril. Chem. 
Abs. B, 1933, 1044; Chem. Abs., 1933, 27, 3567. 

*»Carleton EIIU, Trans. Am. Inst. Chem. Ena., 1930, 25, 16; Chem. Abs., 1931, 25, 4636. 

® C. Padovani and P. Franchetti, Giam. chim. ind. ap^icata, 1933, 15, 429; Brit. Chem* Abs. 
K 1933, 1253; Chem. Abs., 1934, 28, 2853. 
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and a mixture of hydrogen and nitrogen in controlled proportions, Wilcox®^ sub¬ 
jects hydrocarbon gases to partial decomposition by passage through conduits 
heated to progressively higher temperatures. After removing entrained carbon, the 
gases are diluted with steam and incompletely burned with measured amounts of 
preheated air. Contact agents such as nickel or iron may be used. The efficiency 
of a promoter of nickel for the partial combustion of natural gas to carbon monox¬ 
ide and hydrogen has been investigated.®® The reaction chamber consisted of a 
steel cylinder with a lining of refractory fire-clay brick. The lower portion was 
packed with fire-clay brick and the upper part with nickel catalyst and pieces of 
fire clay. In the procedure, a mixture of natural gas and steam was conducted 
into the lower part of the furnace and passed upward. The gases were heated by 



Courtesy American Institute of Chemical Engineers 

Fig. 70.—Reactors for Conversion of Carbon Monoxide to Dioxide Prior to Separation 
from Mixtures with Hydrogen. (Carleton Ellis) 


the hot packing and the contact agent, and were led from the upper portion of the 
chamber at 1100°C. When the packing had cooled, the conversion process was in¬ 
terrupted and the chamber reheated by combustion of natural gas with excess air. 
It was stated that in this manner 1.9 cubic meters of steam were admixed with 1 
cubic meter of natural gas to yield 3.3 cubic meters of gas containing 64 per cent of 
hydrogen and 22 per cent of carbon monoxide. Partial combustion of hydrocarbons 
in the presence of an electric arc has been proposed by Eisenhut®'* for the manu¬ 
facture of hydrogen-containing gas. Thus, a cubic meter of methane was admixed 
with like amounts of air and steam. The mixture was then conducted through 
an electric arc at 1400®C. (see Fig. 71). As the gases left the arc they were led 
into a mixing chamber containing baffle plates. In this manner a yield of 4 cubic 

«W. D. Wilcox. U. S. P. 1.929,664. Oct. 10, 1933; Bril. Ckem. Abs. B, 1934, 614; Chem. Abs„ 
1934. 2t. 269. 

«V. A. Karihavin, Ind, Eng. Chem., 1936, 28, 1042; Ckem, Abs., 1936, 30. 6923. See Fi*. 88. 
Chapter 10. 

••O. Eisenhut, U. S. P. 2.000.224. May 7. 1935. to I. G. Farbenind. A. G.; Chem. Abs,, 1935, 
29. 3923. 
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meters of gas consisting of 19.1 per cent of nitrogen, 59.2 per cent of hydrogen and 
21.4 per cent of carbon monoxide, together with some unchanged hydrocarbons, 
was said to be furnished. 


I 
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P*ic. 71.—Sketch of Apparatus*for Partial Combustion of Hydrocarbons in Electric Arc. 

(O. Eisenhut) 


Decomposition by Other Means 


A number of methods of preparing carbon blacks by the decomposition of hydro¬ 
carbons by electric discharge have been proposed. In the process of Jakosky and 
Hanson,*® hydrocarbon oils are conducted through a chamber where they arc sub¬ 
jected to the action of a localized high temperature produced by an electric arc. 
The black is permitted to remain in suspension in the oil and the rate of flow is 
regulated to maintain its concentration between 8-10 per cent. At higher con¬ 
centrations, the quality of the black begins to be adversely affected. An apparatus 
for this procedure, with spaced rotating electrodes (sec Fig. 72), has l^en de¬ 
scribed by Jakosky and Wieden.*® 

Electrical resistances of high ohmic value arc obtained**^ by depositing carbon, 
furnished by dissociation of a ga.seous hydrocarbon (e.g.. methane) having a high 


•J. J. Jtkotky tnd V. F. Hanson, U. S. P. 1.912..173. June 6, 1933, to Electroblacka, Inc.: 
Brit Chem. Abs. B. 1934. 230. Canadian P. 337.132. 1933; Chem. Abs., 1934, 28. 1822. 

•J. J. Jakosky and H. I. Wieden. Jr.. U. S. P. 1,931,800. Oct. 24, 1933. to ElectrobUcks. 
Inc^ them. Abs.. 1934. 28. 589; Brit. Chem. Abs. B. 1934. 682. 

•'British P. 399.967, 1933, to Elektrische Cfluhlamiienfahriken Kremenexky A.G.; Chem. Abs.. 
1934, 28. 1794. 
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decomposition temperature (600-800® C.), on an insulating carrier. In this manner 
formation of an amorphous material is prevented. Excess coating on the carrier is 
removed by admitting carbon dioxide at a temperature sufficiently low to prevent 
dissociation of the resulting carbon monoxide. 
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Fig. 72. — Reaction Chamber for Decomposition of Hydrocarbon Oils by Electric Discharge. 
(J. J. Jakosky and H. J. Wieden, Jr.) 


To produce adsorbent carbon, another process is suggested.®* Coal, lignite, 
peat or wood may be chlorinated in a suspension of carbon tetrachloride, carbonized 
by slowly heating to 850®C. and afterwards activated by steam. 

Decompositions Effected in the Presence of Catalysts 

In the pyrolysis of hydrocarbons (such as methane) for the production of hy¬ 
drogen, it may be expected that the rate of decomposition could be increased by 
catalysts. In practice, however, the activity of contact agents in reactions of this 
sort is speedily suppressed by the formation of a protective deposit of carbon, which 
must be periodically removed by oxidation with air or by passage of steam at high 
temperatures. Finkel’shtein and Zabolotzkii®^ report the use of fireclay containing 
12 per cent nickel oxide, 2 per cent chromium oxide and 3 per cent copper oxide. 
This catalyst, though not rendered inactive by hydrogen sulpliide, will lose its ac¬ 
tivity if the soot is not eliminated at intervals by steam, forming water gas. 

Candea and Kiihn^® found that a good catalyst for the decomposition of methane 
into its elements at 800-1000®C. was one containing ferric oxide, calcium carbonate, 
nickel oxide and manganese dioxide in the proportions 10. 4, 2 and 1. Another, 
consisting of a mixture of 100 parts of aluminum hydroxide, 20 parts of boric acid 
and 20 parts of silica, is satisfactory for the production of hydrogen from methane 
at a temperature of about 1200-1250®The activity of copper oxide and tin 
dioxide in the decomposition of natural gas has been studieil.^- VVhen using copper 

A. McCufloch and R. E. Hargraves. French P. 765.716. 19.M; Chem. Abs., 1934, 28. 6956. 
Britiih P. 412.209. 19.34; Chem. Abs., 19.35. 29, 564; Brit. Chrm. Abs. B, 19.34. 821. 

*"* V. S. Finlcerahtein and T. V. Zalx)lotakiL I’krain. Khrm. Zhur., 1934. 9, 263; Brit. Chem. 
Abs. B. 1935. 258; Chem. Abs., 1935. 29, 6023. 

^ C. Candea and J. Kuhn. Chimie ct iiidnstrie, 1933. 29, S|>ecial No.. 861; Brit. Chem. Abs. B. 
1933. 953; Chem. Abs., 19.34. 28, 287. 

«‘W. Hennicke, U. S. P. 1,9.31.492. Oct. 24. 1933. to I. G. Farbenind. A. G.; Chem. Abs., 1934, 
28. 589. 

^ Candea and J. Kiihn. Petroleum Z., 1936. 32 (35). U; J. Inst. Pet. Tech., 1936. 22, SOOA; 
Chem, Abs,, 1936, 30. 7513. 
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The manufacture of carbon black from carbon monoxide is achieved by Odell^® 
by conducting still gases and steam over a bed of solid fuel heated to 880®C. to 
yield carbon monoxide and hydrogen. 

CnHin +2 4* nHjO * nCO + (2n -f* l)Hj 

The oxide is then converted to carbon and carbon dioxide by passing it rapidly 
through a tower packed with iron or a manganese-iron alloy at 500°C. (see Fig. 
73). The gas and black leave the tower and pass to a settling chamber. 

Petroleum Coke 

The oldest method of preparing petroleum coke is by destructive distillation of 
heavy petroleum fractions in externally heated shell stills. The product from these 
coking stills is a hard brittle material with an oily luster and corresponding in com¬ 
position to CiooHq. It is one of the purest forms of industrial carbon, containing 
only a minute amount of ash. though coke prepared from Mexican oils contains 
some sulphur. The construction and operation of these stills in Russia has been 
described by Vuiborov,^® who reports typical yields obtained in the coking of 
cracked residues. See Table 48. 

Table 48.— Yield from Russian Still. 

Coke. 10-13% 

Gasoil. 75.5-82.3%r 

Gas and loss. 7.5-12.2% 

Fueloil. 7.0- 8.3% 

Composition of Coke (in Per Cent) 

Carbon. 92.53-94.83 

Moisture. 1.0-1.4 

Volatile matter. 3.61-5.22 

Ash. 0.12-0.3 

Iron. 0.01 

Silicon. 0.04 

Sulphur. 0.39-0.48 

The heterogeneous nature of the product resulting from coking petroleum oils 
has been noted by Simek,**^ who found that a mass of petroleum coke, 40-50 cm. 
thick, in the bottom of a still is divided into three main strata of which the center 
layer (the largest) is applicable for carbon electrodes. The lower layer, the crust, 
is porous, brittle, often graphitized, has a gray to silver gray color and contains 
some ash. The center and upper layers contain no ash and are black, relatively 
strong and somewhat elastic. The upper stratum, which is richest in volatile mat¬ 
ter, is sufficiently soft to be cut, without crumbling, wdth a knife and is often 
returned to the next charge for further coking. It is reported by Simek that 
petroleum coke made in this way is almost inactive towards carbon dioxide at 
10(X)°C., possibly in consequence of its very low ash content. 

Since the advent of commercial cracking operations, the most important type of 
petroleum coke, from the point of view of quantity produced, is that obtained in 
cracking stills, where it is deposited in the soaking drum. This coke is very brittle 
and of honeycomb structure, although its composition depends largely on the type 

•»W. W. Odell. U. S. P. 1,964,744. July 3, 1934; Brit. Chem. Abs. B. 19.15, 982; Chem. Ahs., 
1934, 2t. 5189. C/. W. Ooitveen, Ind, chim. beige, 1936, 7, 323; Ckem. Abs., 1936, SO, 7792; 

/. Inst. Pet. Tech., 1936. 22, 463A. 

♦•P. Vuiborov. Awer. Neft. Khow., 1933, 6-7, 29; Chem. Abs., 1934, 28, 7511. 

^ ^ B. G. Simek, Afiti. Koklenforschungsinst. Prag, 19SS, 482; Brit. Chem. Abs. B, 1934, 228; 
Chem. Abi., 1934, 28, 2167. 
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of oil employed and on the cracking conditions.**® Variations in composition with 
the oil used are illustrated by Table 49. 

Table 49. — Yield of Petroleum Coke. 


Yield in Per Cent 

Oil Employed Fixed Carbon Sulphur Volatile 

Kentucky. 94.6 0.36 5.04 

Arkansas. 87.15 4.18 8.67 


Petroleum coke is also made by the Knowles process,^® which employs a wide, flat- 
bottom oven (see Fig. 74). The floor is heated from below by a series of narrow, 
parallel combustion chambers and is constructed of silicon carbide. A temperature 



Fig. 74.—Sketch of One Form of Knowles Process Coking Oven. (A. S. Knowles and 

C. W. Andrews) 


of 980®C. is maintained during the first operation, which comprises continual pour¬ 
ing of petroleum residues into the oven until a thick layer of coke is formed.'*®* The 
temperature may then be raised to 1095®C. by further heating. The coke is usually 
hard and dense*'^ and contains very little ash or volatile matter. A high grade 
material is manufactured in Germany by coking coal-tar pitch in cast-iron retorts. 
This pitch coke is reported to contain 0.5 per cent ash and the same amount of 
volatile materials and is preferred for electrode manufacture because of its regu- 

^ For a discussion of the structure and uses of petroleum and pitch coke, see Engineerino, 193S, 
139, 585; J. Inst. Pet. Tech., 1935, 21, 303A. 

^D. Brownlie. Ind. Eng. Chem., 1936. 28, 629; C/irm. Abs., 1936, 30, 4647. Sec also A. L. 
Foster. Nat. Pet. News. 1936. 28 (19). 33; J. Inst. Pet. Tech., 1936, 22, 362A. 

See A. S. Knowles and C. W. Andrews. U. S. P. 1.906,863 and 1,906.864, May 2, 1933, to 
Tar and Petroleum Process Co.; Chem. Ahi.. 1933. 27, 3591. U. S. P, 1.885.920, Nov, 1. 1932: 
Chem. Abs.. 1933, 27. 1149. See also A. S. Knowles. U. S. P. 1,789,312, Jan. 20. 1931, to Tar and 
Petroleum Process Co.; Chem. Abs.. 1931, 25, 1374. 

«'‘0. F. Campbell. Oil & Gas J., 1935, 31 (45). 68; J. Inst. Pet. Teeh.. 193.5. 21, 273A; Chem. 
Abs.. 1935, 29, 4551. 
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larity in quality. When operation is carried out under reduced pressure, yields of 
50-60 per cent coke, 30-40 per cent oil and about 5 per cent resinous substances 
together with some gas and ammonia are obtained. 

Coking heavy oil stocks by passage of a hot gaseous medium through them is 
described by Vobach and Rogers.*' For this purpose, the reaction vessel (see Fig. 
75), which is conical with the larger end uppermost, is lined with a frangible ma¬ 
terial, such as fireclay and water-glass paste. The lining is fractured at the narrow 



Fig. 75.—Coking Receptacle with Frangible Lining. (A. C. Vobach and H. K. Rogers) 


end of the vessel by means of a hydraulic ram, so that the charge can be removed 
cn bloc. Petroleum coke containing mineral matter evenly distributed throughout 
its mass was prepared by Duff**^ by carbonizing a mixture of petroleum and a 
mineral-bearing substance, such as coal or shale. 

Consumption of petroleum coke for the manufacture of carbon electrodes is in¬ 
creasing steadily, especially in Europe, where 120,000 tons are imported yearly 
for this purpose. Perhaps the most important use is as a fuel, for which purpose 
it is said to possess advantages over other solid fuels in that it gives less ash, 

•‘'A. C. Vohach and H. K. Rogers, U. S. P. I,9.t5,067, Nov. 14, 1933. to Sinclair Refining Co.; 
Brit. Chem. Abs. B, 1934, 821; Chem. Abs.. 1934. 28. 631. 

“W. Duff, BritUh P. 410,881, 1934; CMcm. Abs„ 1934, 28, 7520; Brit. Chem. Abs. B. 1934, 746. 
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needs less attention (owing to higher calorific value and consequent reduction in 
number of fillings) and shows improved sensitivity where thermostatic control is 
provided.®* A carbonaceous fuel is prepared by Fisher®^ by mixing pulverized 
petroleum coke (the volatile matter of which has been previously reduced to 1 to S 
per cent by retorting) with a binder and briquetting the mixture, which may be 
carbonized afterwards. 

Petroleum coke has been used as a fuel for industrial boilers and furnaces, but 
it is not generally employed in metallurgical operations because of its poor me¬ 
chanical strength and high sulphur content. However, coking still residues are 
said to compare favorably with coal cokes for foundry purposes except in regard 
to porosity, and may be used in the Tnanufacture of all grades of iron.®® 

Activated Carbon. Several proposals have been made to produce activated 
carbon from petroleum coke. Oberle®® suggests heating as high as 2000®C., under 
pressures of 50-500 lbs. per sq. in., and in the presence of steam, activating gases 
or salts, or mineral acids. Volatile reaction products are withdrawn during the 
treatment. Another method is to mix pulverized coke intimately with heated 
atomized mercury, or a low-melting alloy, and steam and pass the mixture through 
a “thermolizing” coil.’*®" The advantages are stated to be a very brief time of 
contact, good temperature control and prevention of clogging of the system. The 
activated carbon is recovered from the metal in a subsequent settling operation. 

In a process of Faben®^ heavy petroleum residues are destructively distilled by 
contact with hot combustion gases. The flow of the latter is regulated so that the 
temperature does not exceed 700®C., and is continued until a coke of low volatile 
content is produced. This coke is converted into activated carbon by heating to 
about 900®C. in an oxidizing atmosphere, e.g., superheated steam. Another method 
consists in digesting petroleum coke with certain reagents (unspecified) in a closed 
container for 1 hour at 300®F. and for an hour at 800°After cooling, washing 
with water, with an acid solution of 50 per cent strength and then twice with water, 
it is finally dried with exhaust steam. The yield of coke is 40-60 per cent of the 
raw material and its ash content is 1 per cent. 

Motusz®® has reported an interesting sidelight on the use of activated carbon. 
Four types. Carbon it-Frankfurt, Eponit-Ratibor, Charbon activ-Paris, and Carbo- 
Merck were employed to clarify wines and the increase in ash content of the liquid 
noted. He found that the amounts of ash in these carbons (17.64, 11.13, 11.49 and 
1.78 per cent, respectively) rendered them unsuitable for such purposes, and recom¬ 
mended an active carbon whose ash content was less than 1 per cent. 

The graphitization of petroleum coke is described by Derby.®® He passes the 
coke through a vertical furnace where it is progressively heated by surface com¬ 
bustion to 1800°C. (see Fig. 76). A coreless electric induction furnace, which 
forms part of the apparatus, then raises the temperature to 2500°C. 

■•O. F. Campbell, loc. at. 

•*A. Fisher. U. S. P. 1,916.306, July 4, 1933, to Universal Oil Products Co.; Brit. Chem, Abs. 
B. 1934. 487; Chem. Abs., 1933, 27, 4654. 

•C. B. (^rpenter, Mech. Eng., 1934, 56, 330; Chem. Abs., 1934, 28. 4864. See also D. G. 
Jones, Refiner Natural Gasoline Mfr., 1936, 15. 280; /. Inst, Pet. Tech., 1936, 22, 464A. 

■•A. Oberle, U. S. P. 1.903,834. April 18. 1933; Brit. Chem. Abs. B. 1933, 1044; Chem. Abs., 
1933, 27, 3300. 

“•A. Oberle, U. S. P. 2.015,085, Sept. 24. 1935; Chem. Abs., 1935, 29. 7621; Brit. Chem. Abs. 
B, 1936, 679. 

^ C. R. Faben, U. S. P. 1,925,438, Sept. 5, 1933; Brit. Chem. Abs. B, 1934, 663; Chem. Abs. 
1933, 27. 5491. 

•A. L. Nugey. Refiner, 1934, 13. 49; /. Inst. Pet. Tech., 1934, 20. 253A; Chem. Abs., 1934, 
28. 2168, 

**J. Mdtttsz. KisirletUgyi Kdsleminyek, 1935, 88, 169; Chem. Abs., 1936, 80, 1954. 

•I. H. Derby. U. S. P. 1,975,259, Oct. 2. 1934, to P. C. Reilly; Brit. Chem. Abs. B, 1935. 936: 
Chem. Abs., 1934, 2$, 7442. 
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Fio. 76.—Furnace for Graphitizing Petroleum Coke. (I. H. Derby) 
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Purification of Hydrogen 

The hydrogen produced by simple thermal decomposition of methane (or its 
homologues) always contains small amounts of that hydrocarbon and its removal is 
a matter of technical importance where very pure hydrogen is desired. Because 
of its inactivity chemical methods of separation are not readily applicable. Of the 
physical methods, preferential solvent action is usually advocated, although absorp¬ 
tion of methane is also possible. According to Karzhavin and Gerchikova,®^ the 
solubility of methane in low-boiling benzine is sufficient to warrant the use of the 
latter with hydrogen-nitrogen mixtures, but the washing operation should be 
carried out at high pressures and low temperatures. Kerosene and heavier oils 
are not satisfactory for this purpose. 

Carbon monoxide, which is usually present in the hydrogen produced by partial 
combustion of methane with steam, oxygen or air, is an undesirable constituent 
for many purposes. The extreme solubility of carbon monoxide in ammoniacal 
cuprous salt solutions has been utilized on an industrial scale for the removal of 
small amounts from hydrogen-nitrogen mixtures employed in the synthesis of am¬ 
monia. It has been found by Zhavoronkov and Reshchikov®- that ammoniacal solu¬ 
tions of cuprous formate and lactate are superior to those of the chloride and acetate. 
Cuprous ammonium formate ab.sorbs carbon monoxide more readily than the lactate 
but the solution is less stable and regeneration more difficult. To prevent the 
separation of Tree copper, cupric salts should be present in the solution to the 
extent of at least 20 grams of divalent copper per liter. Absorption is best carried 
out at 0-20®C., and regeneration of the solution should take place at 70-80®C. and 
at atmospheric, or subatmospheric, pressure. 

V. A. Karzhavin and S. Yu. Gerchikova, J. Chcm. Ind. (i\foscmv). 19.^.^, No. 7, 20; Chcm. 
Abs., 1934. 28. 1117; Brit. Chcm. Ahs. B. 19.14. 6. 

N. M. Zhavoronkov and I*. M. Re'^hchikov. J. Chcm. lud (Moxanv), 193.1. No. 8 . 41; Chcm. 
Abs., 1934. 28. 1474; Brit. Chcm. Ah.s. A. 19.U. 1.19. 



Chapter 8 

The Carbon Black Industry. Deposition of Carbon 

from Flames 

Carbon black is essentially pure carbon in an exceedingly fine state of subdivi¬ 
sion. It is obtained by incomplete combustion of hydrocarbons in a limited amount 
of air, and its properties and qualities are greatly influenced by relatively minor 
alterations in the mode of operation. The so-called gas blacks are the most im¬ 
portant, not only in quantity produced but also in quality. 

In the case of gas blacks, carbon resulting from the incomplete combustion of 
the hydrocarbon gas is deposited on cooled surfaces on which the flames are allowed 
to impinge. The channel, rotating disk, plate and roller methods are all variations 
of this principle. The channel process is by far the most important of these 
methods, being responsible for about 90 per cent of the carbon black produced in 
America.^ In the case of Fumarex and similar types of carbon black, no precipi¬ 
tating surface is used, the hot gaseous products being passed into settling chambers 
where the finely divided carbon is removed by filtration or by washing with water. 
Lampblacks are obtained by a similar process in which liquid and solid hydro¬ 
carbons are burnt in a limited air supply without the use of precipitating surfaces. 

Another type of carbon is made by the thermal decomposition of hydrocarbons 
under carefully controlled conditions either in continuous or batch operation. The 
principles underlying this mode of production of carbon blacks, which include the 
Thermax and P.33 products of the Thermatomic Carbon Co., are discussed in Chap¬ 
ter 7. Materials, such as petroleum coke, obtained by destructive distillation of 
organic substances may also be classed under this heading although they bear no 
relation to carbon blacks in general. 

Certain types of black have been produced by exploding a hydrocarbon gas. 
such as acetylene, in a limited supply of air. Another procedure consists in decom¬ 
posing hydrocarbon gas or vapors (and also liquid hydrocarbons) by an electric 
discharge.^ No information is available as to the extent to which such methods 
have been, or are being, exploited industrially.''* 

The manufacture of carbon black is confined almost exclusively to the U.S.A., 
although small quantities are now b^ing made in Canada, Germany, Rumania, 
Japan, Russia and a few other countries for domestic use. The annual productions 
of carbon black in the U.S.A., as well as the annual sales, both domestic and for 
export, for the years 1928-1935 inclusive are listed”* in Table 50, which shows very 
clearly the wide-spread use of the channel process. 

.According to Drogin,’’ 350 millit)n lbs. of black were made in the U.S.A. in 
1935, of which 310 million lbs. were prepared by the channel process. The domestic 

* (». Ewatd, Brcnnstoff^Clicm., 19,U», 17, 41; Brit. Chcm. Ab.^. B, .^*>4; Chcm. Abs., 1936, 

30, 6142. 

• For a <ii!«cu»sion of such methotls. w Cha^t^rs 7 and 9. 

• For a review of the development of carlnm black manufacture in North America, see \V. E'.ch. 
Kantsciittk, 1933. 9, 104; Otrm. Abs., 19.13, 27, 4883. 

* (i. R. Hopkins and H. Backus. Minerals Yearbook (U. S. Bur. Mines), 1936, 762. 

M. Drogin. Cficm. Met. Ilnp., 1936. 43, 95; Chcm. Abj.. 1936, 30, 3174. 
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Table 50.— Production of Carbon Black in the United States. 


Year 

Number of pro¬ 
ducers reported 
Number of plants 
Production 
(thousands of 
pounds) 

By Channel proc¬ 
ess. 

By other processes 

Total. 

Quantity sold 
(thousands of 
pounds) 
Domestic 

To rubber com¬ 
panies . 

To ink companies 
To paint compan¬ 
ies . 

For miscellaneous 
purposes. 

Exported . 

Total. 


1928 

1929 

1930 

1931 

1932 

1933 

1934 

1935 

31 

35 

33 

26 

24 

25 

25 

21 

65 

71 

69 

58 

50 

51 

50 

54 

220,532 

327,552 

350,254 

255,322 

224,536 

238,026 

293,546 

316,284 

28,258 

38.890 

29.688 

25,585 

18,164 

35,099 

35,282 

36,465 

248.790 

366,442 

379,942 

280,907 

242,700 

273,125 

328,828 

352,749 


140,938 

138,474 

128, 

,572 

134,315 

130,380 

191,358 

165,446 

213,708 

27,223 

27,350 

19. 

,220 

15,184 

18,341 

18,539 

16,146 

15,177 

20,040 

17,257 

11 

,922 

6,760 

7,636 

6,260 

5,365 

6,550 

14,475 

8,896 

7 

,565 

5,453 

5,126 

6,025 

5,035 

9,916 

77,903 

91,829 

84 

,260 

96,714 

100,072 

152,286 

120,620 

142,185 

280,579 

283,806 

251, 

539 

258,426 

261,555 

374,468 

312,612 

387,536 


consumption in 1935 included 182 million lbs. in the rubber industry and 17 million 
lbs. in the printing ink industry, the average price being 4 to 8 cents per lb. with 
a maximum price of $1.10 per lb. for certain jet blacks. Approximately 35 per 
cent of all carbon black sold in the U.S.A. is exported, the principal consuming 
countries being Great Britain, France and Germany. 

The main producing areas of the U.S.A. are at present located in the states of 
Texas, Louisiana, Oklahoma and Wyoming. Of these, the Panhandle district of 
Texas is by far the most important, about 76 per cent of the total world production 
being manufactured in that region alone. 


Deposition of Carbon Bl.\ck fro.vi Natural Gas Fla.mes by Use of Cooling 

Surfaces 


Despite numerous attempts to develop more economical methods of manufacture, 
the incomplete combustion of natural gas and deposition of the resulting carbon on 
suitable cooling surfaces still remains by far the most important method of opera¬ 
tion.® From a chemical point of view the yields obtained, which average 1.43 lbs. 
per 1000 cu. ft. of natural gas burned or about 4 per cent of the theoretical,®" are far 
from satisfactory but are justified by the high quality of the pro<luct and the cheap¬ 
ness of the raw material. In 1935 the price of natural gas employed in gas black 
manufacture was about 3 cents per KXK) cu. ft.*^ 

• Reviews of carbon black production have been given by Carleton Ellis, Petroleum Z., 1935, 
31 (14), 9; Chem. Abs.. 1935, 29. 7595. I. Drogin, Ituiia Rubber /., 1935, 90, 259; Chem. Abs.. 
1935. 29, 8249; Brit. Chem. Abi. B, 1935, 932. E. Dittrich, Brennstoff Chem,. 1935, 16, 121; 
/. Inst. Pei. Tech., 1935. 21, 210A; Chem. Abs., I9S5. 29, 5631; Brit. Chem. Abs. B. 1935, 534. 
N. Pirozhkov, J. Rubber Ind. (U.S.S.R.). 1936, 594; Chem. Abs., 1936, 30. 6900. See also 
Carleton Ellis, “The Chemistry of Petroleum Derivatives,** The Chemical Catalog CJo., Inc., New 
York. 1934. 

Assuming that the natural gas is entirely methane and that volumes are measured at N.T.P.. 
1000 cu. ft, of gas should theoretically yield about 33.4 lb. of carbon black. 

Drogin, Chem. Met. Eng., 1936. 43, 9S; Chem. Abs., 1936. 30, 3174. 
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The factors influencing the choice of natural gas are (1) nitrogen content, 
(2) sulphur content, (3) natural gasoline content, (4) gas pressure, (5) proximity 
of gas wells to carbon black plant, and (6) industrial and domestic demand for the 
gas.® Nitrogen in high concentrations enormously reduces the yield, a gas of 41.3 
per cent nitrogen giving only 0.068 lbs. of black per 1000 cu. ft. Gas containing 
more than 1.5 grains of hydrogen sulphide (approximately 0.007 per cent by 
volume), or 30 grains total sulphur per 100 cu. ft. is regarded as dangerous, because 
of its corrosive action on the burner pipes, although Pidgeon® believes that concen¬ 
trations as high as 1 per cent of hydrogen sulphide have but little effect on the 
yield and properties of black. Natural gasoline affects the quality, and it has been 
found more profitable to extract the gasoline rather than to burn it for the produc¬ 
tion of black. 

Pidgeon®® points out that although low prices for carbon black result as long 
as the natural gas supply exceeds the demand, this condition will not always re¬ 
main so, and eventually more economical means of production must be found. One 
suggested outlet is the utilization of waste gases from cracking operations since it 
has appeared that olefins are largely responsible for carbon black formation in 
pyrolysis operations. Using an experimental channel plant, it was shown that the 
amount of black obtained from a given volume of propane-butane mixture was 
greater if the gas was first pyrolyzed (up to 850°C.) to yield aromatic liquids and 
the residual gases burned, than if the original mixture was burned directly. Thus, 
the best yield obtained with the untreated paraffin mixture was 4.9 lb. per 1000 cu. 
ft., whereas the same gas after treatment produced 5.4 lb. per 1000 cu. ft. (of 
original gas) in addition to about 23 to 25 lb. of light oil formed during pyrolysis. 

The Channel Process 

Details of the construction and operation of plants for the manufacture of carbon 
black by the channel process have*been supplied by Allen, Price and Reinbold.'® In 
this process, natural gas is burnt with a controlled deficiency of air in burners pro¬ 
vided with lava tips of various types. The flame is projected against the underside 
of standard steel channels, 7 or 8 inches wide, in which the black is collected. The 
channels are bolted together forming a grid with the channel edges turned up. The 
grid is suspended by means of cross channels at the ends of which are fitted angles 
bearing flanged wheels which run on a track and carry the channel grid. The 
latter is moved continuously in a longitudinal direction with a reciprocating motion 
over the stationary gas flames. The deposited black is removed from the channels 
by scrapers and then falls into hoppers from which it is continuously removed by 
a screw conveyor (or other means) and transported to the bolting and packing 
houses. The whole arrangement of burners and channels is enclosed in burning 
houses, usually called hot houses, which are placed in rows 15-20 feet apart, this 
space or alley being reserved for the conveyors employed for transporting the 
product to the central packing house. Factories are now in operation with as 
many as 60 hot houses (operating continuously) per single packing house. 

On reaching the packing house, the black is bolted, or sifted, in various ways 
to eliminate foreign matter and break up the flakes formed on the channels. It is 

•Chem, Trade 1936. 98. 323; J, Inst, Pet. Tech., 1936, 22, 3^5lA. 

B 1936 ^24^**^^^”’ Chem. Ahs.. 1936. 30. 5373; Brit. Chtm. Abs. 

*• L. M. Pidgeon, Can. J. Research. 19^'' !5B, 67, 

R, G. Allen, H. W. Price and E. B. Reinbold. Refiner, 1935. 14, 384; Chem. Ati. 1935, 29. 

8249. 
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next conveyed to a large bin where the volume-weight relationship is reduced to 
such a degree that it can be packed in paper bags by a standard screw packer. 
Handling of the material in bulk has been greatly facilitated by later developments 
whereby the black is treated in such a way as to give granular pellets of a size 
passing through a 20-mesh screen but retained by screens of 65-100 mesh. These 
pellets are agglomerated by special treatment so that the particles adhere firmly to 
one another and can be handled with very little formation of dust.^^ Moreover, 
this so-called dustless black has the same apparent density as the hydraulically, or 
mechanically, compressed product, and is chiefly used in rubber production. It is 
said that compression of carbon black eliminates practically all danger of fire during 
handling. 



Courtesy Columbian Carbon Co. 

Fig. 77.—Channel Black Plant Under Construction. 

Importance of the Flame in the Channel Process. According to Wie- 
gand,^* the draft conditions in the burner houses need to be adjusted frequently 
with change of wind and other atmospheric conditions. A good indication of condi¬ 
tions in the house is obtained by observation of the so-called “smoke blanket,*' which 
is a blackish haze appearing approximately at the level of the channel irons. If the 
smoke blanket rises above or falls below its normal level, an adjustment of drafts 
becomes necessary. The quality of the black has been shown to depend markedly 
on the type of flame used. Wiegand has stated that a flat flame is essential for a 
good product, while a round flame furnishes a gray form of black which is not 
satisfactory for most purposes. (The latter appears to develop at lower tempera¬ 
tures.) For obtaining a flat flame, the bat wing burner, which is slotted, or the 
fish-tail burner, which has two opposing jets, may be used. Tests made with rub¬ 
bers compounded with 40 per cent of blacks made with a flat flame and a round 

A ctiKTUiffion of dtintleiif blacks and the modification of the physical characteristics of blacks 
will he fiven later in this chapter. 

WW. B. Wieitand. /«</. Eno. Chem., 1931, 2S. 178; Chrm. /lbs., 1931. 25. .3442. 
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flame, respectively, and with diphenylgtianidine as accelerator, gave the following 
results: 


Tensile Strength 
Lbs. per sq. in. 

Black from round flame.... 3800 

Black from flat flame. 4700 

Small scale experiments, described by Wiegand, indicate that the yield of carbon 
black depends not only on the flame structure but also on the channel height and 
the rate of flow of gas to the burners. The yields of carbon black obtained from 
round flames are greatly influenced by relatively slight changes in gas flow, whereas 
the flat type of flame is hardly affected over a considerable range of gas velocities. 
A flat flame is, however, more sensitive to channel height than the round flame. 


Eloi^tion 

580 

630 



Courtesy Columbion Carbon Co. 

Fic. 77a.—Packaging Carbon Black. 


Additional factors which have to be taken into account in large scale operation 
include size and shape of burning house, total gas to be burned in relation to size 
of house and channel area; spacing, width and reciprocating speed of channels and 
spacing, angle and accuracy of tip orifices. 

Channel height is considered by Pidgeon^^* to l>e the most important single 
variable affecting the properties of channel black. Proper adjustment of this 
height is essential because rather sharp maxima exist for both yield and quality. 
The greatest yield obtained in an experimental plant under constant flame condi¬ 
tions, i.e., size of burner tip and gas pressure, resulted with channel settings about 
intermediate between the lowest height tolerated by the flame and the highest at 
which any carbon recovery was possible. An approximately straight-line rela¬ 
tionship existed between yield and quality, based on the rubber-reinforcing proper¬ 
ties of the product. It was suggested that changes in quality of carbon black 

^ L. M. pidfcon, Cam. J. Research, 1937. ISB, 187. 
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from any one plant may be the result of variations in effective channel height 
brought about by fluctuations in gas pressure and atmospheric conditions. 

Other Surface Impingement Processes. Lewis^^ impinges the hydro¬ 
carbon flame on a metallic surface maintained at a high temperature. Radiation 
from this depository is checked by covering the unproductive areas of the plate 
with a layer of insulating material. Fireclay, asbestos and ceramic cement are all 
recommended for this purpose. 

According to Guyer,*^ gases obtained in oil cracking, rich in propane and 
butane, may be subjected to further controlled partial cracking at 675-950°C. and 
at a contact time of 0.002 to 0.02 minutes to produce olefins. These gases, contain¬ 
ing 35 to 50 per cent of unsaturatecj hydrocarbons, may be decomposed by partial 
combustion. 

Production of Blacks by Non-impingement Processes 


The incomplete combustion of gaseous, liquid or solid hydrocarbons may be 
controlled to furnish lampblack, a species of carbon black having properties some¬ 
what different from those of the normal gas blacks. In processes of this sort in 
which flame impingement on solid surfaces is not employed, the hydrocarbons are 
burnt with a deficiency of air in flames and the gaseous products of combustion 
entrain the carbon formed, which is recovered by filtration or water-washing.**'’^ 

In the Lewis process,*® a product known as Fumarex is produced by the in¬ 
complete combustion of natural gas in firebrick-lined furnaces. The mass of flame, 
which is about 8 feet across, is varied in height according to the grade of black 
required, the combustion being gauged by the appearance of the heavy blanket of 
fumes. On leaving the top of the furnace, the fumes pass through a horizontal pine 
into the collectors where they are washed by a countercurrent spray of water. By 
this means, the gas is cooled and simultaneously freed from the finely divided car¬ 
bon particles which remain suspended in the water and pass with it to large settling 
tanks provided with conical bottoms to facilitate deposition and removal of the 
very heavy slurry of carbon* black and water. The slurry is passed through 
a filter press and dried. Fumarex possesses characteristics quite different from 
those of channel or gas blacks. It is not as black in toptone or in tinctorial power 
but is much softer and has a clear blue undertone. One of its main uses is in the 
manufacture of .«ioft rubber goods, such as shoes or hose.** 

Pidgeon*® has described a method whereby hydrocarbon gases, such as propane- 
methane or ethane-propane are thermally decomposed to give yields as high as 60 
per cent of the available carbon in the feed by employing a “wall-free" reaction 
space. A porous refractory tube through which an inert gas may be passed serves 
for this purpose. The advantage of this type of apparatus is that the reacting gas 
is unable to come in contact with the walls of the system, so that the deposition of 
carbon thereon is prevented, and at the same time, an efficient heat transfer lietween 


G. C. U. S. P. 1,944,715, Jan. 23, 1934, to Columbian Carbon Co.; Chem. Abs., 1934, 

21, 2137; Brit. Chem. Abs. B. 1934. 998. 

**J. A. Guyer, U. S. P. 1,946,739, Feb. 13, 1934, to Phillips Petroleum Co.; Chem. Abs., 1934, 

22, 2479. 

^ Investigation has shown that the decomposition is not as simple as outlined by the reaction 
C-f zHf. G. C. I.»ewis (private communication) reports the formation of nanhthenes, nitro¬ 
benzene, and cyanogen compounds in varying amounts, from natural gas. A. W. Campbell, N. H. 
Cromwell and J. T. Hager U.A.C.S., 1936. 58, 1051; Brit. Chem. Abs. B. 1936, 774; Chem. Abs., 
1936, SO, 5215) nave identified acen^hthylene and pyrene in the organic matter produced in the 
Thermatomic process. (See Carleton Ellis, “The Chemistry of Petroleum Derivatives,” The Chemical 
Catalcw Co.. Inc.. 1934, 210. for a description of this method.) 

**(i. C. Lewis. U. S. P. 1,801.436, April 21, 1931, to Columbian Carbon Co.; Chem. Abs., 1931, 
25, 3447; Brit. Chem. Abs. B, 1932. 8. 

” Private communication from G. C. Lewis. 

^ Pidgeon, Can. J. Research, 1935, ISB, 351; Chem. Abs., 1936, 50, 1953; Brit. Chem. Abs. 
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the source of heat and the reacting gases is maintained. The tube was heated to 
1300-1400®C. in a gas fired furnace and the rate of diffusion of the inert gas was 
controlled by varying the pressure difference across the walls of the tube. The 
black produced in this manner is said to be similar to those of the “soft'’ type in 
that it has a high density, low sorptive power, imparts similar resistance to aging 
and abrasion and accelerates the cure in a rubber stock. 

Keller produces carbon black by causing parallel streams of air and gaseous 
hydrocarbons to flow upward in sheets of one-eighth to one-half inch thickness 
within a heated unobstructed space, protected from atmospheric disturbances, under 
such conditions that adjacent streams of gas and air come into contact while 
maintaining streamline flow. The amount of air used is from 55 to 80 per cent 
of that required for combustion of the gas. The ratio of the velocities of the gas 
and air streams is maintained between 1:0.67 and 1:2 and the absolute velocities 



Courtesy C. C. Lewis 

Fig. 78.—Plant for Manufacture of Carbon Black by Lewis Wet Process. 


are such that the carbon black, which is formed at the surface of contact, remains 
in the high temperature zone for 0.05-0.4 second.*^ 

Prerau recommends preheating the hydrocarbon material and burning it in open 
furnaces in a blast of heated air or a mixture of air and gases,and Kingo reports 
increased yield and better quality by automatically introducing cold air into the 
flue connecting the conden.sation chamber with the collecting chamber.-^ Disso¬ 
ciation of hydrocarbons by passage through a layer of live flame at a temperature 
of 1000-1400®C. has also been proposed.-^ Heid*-^*'* suggests intimately mixing va¬ 
porized oil with hot combustion products whereby partial cracking takes place. The 
gaseous mixture, together with any entrained carbon is removed from the reaction 
zone and subjected to incomplete combustion. 

Hydrocarbons such as ethylene, propane and butane, not explosive by them¬ 
selves, can be decomposed by ignition of explosive mixtures of the gas with 

“T. P. Keller, U, S. P. 1.999.541. Apr. 30. 1935. to Doherty Rcsejirch Co.; Brit. Chem. Abs. 
B, 1936. 485; Chem. Abs., 1935. 29. 4140. 

*1. Prertu, Hurifftrlan P. 113.300. 1935; Chem. Abs., 1936, 30. 2718. 

«T. KlfUfo. Japanese P. 110.776, 1935; Chem. Abs, 1936, 30, 2335. 

R. H. Brownlee, Canadian P. 355,517, 1936. to Shell Development Co.; Chem. Abs., 1936. 30, 
317. Also British P. 402,323, 1933 to Bataafsche Petroleum Maatschappij; Chem. Abs., 1934, 28, 
3196; Brii. Chem, Abs. B. 1934. 181. French P. 754.767, 1933; Chem. Abs., 1934. 28, 1483. 

»J. B. Held. U. S. P. 1.986.198. Tan. 1. 1935. to Universal Oil Products Co.; Chem. Abs., 
1935. 88, 1219; Brii. Chem, Abs. B, 1935. 1033. 
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oxygen.^^ The amount of oxygen used should be just sufficient to form the neces¬ 
sary explosive mixture, as an excess will result in complete combustion to gaseous 
products. The black obtained is particularly suited as a filler for rubber. Acety¬ 
lene-oxygen mixtures may also be treated in this manner,*® Mixing steam with 
the gas and oxygen has also been advocated to give, in addition to carbon black, an 
exit gas having a composition of hydrogen and carbon monoxide suitable for a 
feed stock for subsequent conversion into ammonia or methanol.*® 

Acetylene Blacks 

Acetylene is used quite extensively for the manufacture of carbon blacks abroad. 
One of the methods in use at present is based upon the fact that acetylene subjected 
to a pressure of more than two atmospheres will propagate decomposition through¬ 
out the total volume if this is started in one place by an electric spark or other 
means. Both carbon and hydrogen are recovered in this process and the black 
resulting is known as acetylene explosion black. It is finely divided and a very 
pure carbon, but the intensity of color is less than that of the channel carbon.*^ 

A purely thermic process of decomposing acetylene has been developed in 
Canada. Acetylene is dissociated into its elements by heating to the decomposition 
temperature (800®C.). The black produced is not of an intense nature, but due 
to its very voluminous properties, it possesses several other extremely valuable 
characteristics, such as high mechanical absorption, small particle size and a rela¬ 
tively high electrical conductivity.*® 

Production of Blacks from Liquid and Solid Hydrocarbons 

The manufacture of lampblack has been carried out for many years by the 
incomplete combustion of cheap raw materials, such as creosote, naphthalene or tar 
oils, the smoky vapors being cooled and treated for the removal of the suspended 
particles. In general, lampblacks so prepared have physical characteristics mark¬ 
edly different from those of carbon black and cannot compete with the latter in 
most of its major applications. However, certain types of carbon black adapted 
for special uses may be produced by burning hydrocarbon oils under controlled 
conditions though it is doubtful whether truly high grade products can be made in 
this way. In Russia, black is being manufactured by the incomplete combustion of 
green oils,*® the gaseous products being cooled to 50-70®C. and filtered. A mate¬ 
rial prepared in this way contained 0.38 per cent moisture, 0.04 per cent ash, 1.76 
per cent volatile material, and had a volume of 7.28 cc. per gram.®® 

An apparatus somewhat reminiscent of that employed in the well-known channel 
process is used by Dusek.®^ The fuel (such as naphthalene) is fed to parallel 
rows of'orifices in a multiflame flat burner, directly under a grate-shaped cooler 

«I. G, Farbetiind. A. G.. French P. 795,048, 1936; Ckem. Abs., 1936, $0. 5376. 

•French P. 799.354. 1936 to I. G. Farbentnd. A.C.; Ckem. Abs^ 1936. 80, 7796. 

•R. S. Richardson. U. S. P. 2,013,699, Oct. 10, 1935, to Chemical Construction Corn.; Brit, 
Ckem. Abs. B, 1936, 932; Ckem. Abs.. 1935, 39, 7029. 

•C. Kaufmann, Ckem. Markets, 1933. 88, 217; Can. Ckem. Met., 1933, 17, 93; Ckem. Abs., 
1933, 27. 3782. 

•C. Kaufmann, he. nt. 

•Green oil is a fraction obtained in the redistillation of crude bituminous shale oil, and has a sp. 
tr. 0.858. After refining with sulphuric acid it gives, on further fractionation, 31 per cent burning 
oil. 13 prr cent lighting oil. 11 per cent middle oil and 15 per cent paraffins. (E. Molinari, ‘Treatise 
on General and Industrial Organic Chemistry,” P, Blakiston’s Son and Co., Philadelphia. 1918. 84). 

»G. Dubrovin. /. Rubber !nd. V.S.S.R., 1935, 12, 257; Ckem. Abs., 1935, 29, 6372. P. V. 
Chernyak, /. Rubber Ind., U.SS.R., 1935, 12, 165; Ckem. Abs., 1935, 29, 6372. S. Grigorov (J. 
Rubber Ind., U.S.S.R., 1986, 179; Ckem. Abs., 1936, 80, 6542) has descril)ed a process for 
ol>taining green oil for the production of lampblack. 

«1. Dusek. British P. 434..193. 1935; Brit. Ckem. Abs. B, 1935, 1082; /. Inst. Pet. Teck„ 1935. 
21 , 421A; Ckem. Abs., 1935, 29 , 8256. 
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Fig. 79. 

Thermal Acetylene Black. 


Fig. 80. 

Kxplosion .Acetylene Black. 


Fig. 81. 

Channel Acetylene Black. 


Courtesy Chemical Industries 



Figs. 79-81. —Photomicrographs of Acetylene Blacks. Enlargement 1000 Diameters. 

(C. Kaufmann) 
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made up of parallel water-cooled tubes approximately twice the length of the 
burner and capable of being moved periodically to and fro through the flame. The 
carbon deposits on the tube-surface and is automatically brushed into the collecting 
receptacles arranged on either side of the burner. Jakosky^- has suggested con¬ 
verting solid material, e.g., still residues, gilsonite, or copal resin, into blacks. In 
his procedure, the material is treated with a solvent (e.g., Diesel oil or alcohol), 
and after separation from the impurities the solution is subjected to localized 
high-temperature heating to effect dissociation. Morrell^*^ has proposed to carbonize 
a mixture of finely divided carbonaceous material and an acjueous emulsion of 
wood- or coal-tar pitch. 

Physical and Chlmical Proi*ertiks 


The physical and chemical properties of carbon blacks vary considerably, de¬ 
pending upon the processing and type of hydrocarbon gas used. Kaufmann^^ gives 
a comparison of the properties of acetylene black obtained by the thermal, explo¬ 
sion and channel methods. (See Table 51.) While the channel acetylene blacks 
are related to the American gas blacks, the thermal acetylene blacks resemble high 
grade lampblacks, but owing to the high temperature of formation, the properties 
of these thermal blacks approach those of finely divided graphite. 


Table 51.— Comparison of Properties of Carbon Blacks. 


'rhennal 

True density. 2.05 

Resistivity at 2500 Ibs./sq. in. pressure, 

ohms/sq. in. 0.0464-0.035 

Tinting value (nigrometer). 100 

Microstructure. Loose, spongy 

structure 

Absorption of linseed oil, grams/gram 

of black.r*. 5 

Wetability. None 


Acetylene Blacks 
Explosion 
1.89 

0.0624-0.0564 

130 

Loose, spongy 
structure 

3.7 

None 


Channel 


0.2180-0.1400 

140 

Dense, solid 
bodies 

2.18 

Readily 


The purity of the acetylene blacks is quite high, seldom less than 95 per cent.®® 
The impurities are usually polymerization products of acetylene, principally aro¬ 
matics such as benzene, naphthalene, anthracene or phenanthrene (especially in the 
case of the low-temperature operations), or mechanically introduced substances 
such as iron®® or silica. See Table 52, 


Table 52.— Impurities in Acetylene Blacks {Values given are in per cent) 


Type Moi,sture Volatile Ether Extract Ash 

Thermic. 0.05 1.3 0 02 0 04 

Explosion. 0.06 1.0 0.05 0.03 

Channel.. 0.38 3.0 0.6 1.0 


Day and co-workers®"^ have investigated the ash obtained upon combustion of 
blacks produced from various hydrocarbons. The ashes obtained were white, 

•J. J. Jakotky, U. S, P. 2,054,084, Sept. 15, 1936, to Electrohlacks. Inc.; Chrm. Abs., 1936, 
30, 7796. 

“J. C. Morrell. British P. 445,342, 1936, Brit. Chcm. Abs. B, 1936, 628; Chem. Abs., 1936, SO, 
6518; British P. 446.889 and 446.892, 1936; J. Inst. Pet. Tech., 1936, 22, 323A; Brit. Chcm. Abs. 
B. 1936. 729. 

C. Kaufmann, Chem. Markets, 1933, 33, 217; Can. Chem. Met., 1933, 17, 93; Chem. Abs., 1933, 
27, 3782. 

•C. Kaufmann, loc. cit. 

•• Iron may be removed by treatment with chlorine or hydrogen chloride at 40()* C. or higher. See 
British P. 456,252, 1936, to Bayerische Stickstoff-Werke A.*(J.; Brit. Chem. Abs. B, 1937, 13. 

»J. E. Day et al., Ind. Eng Chem., 1936. 28. 234; Chem. Abs., 1936, 30, 1954. 
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partially soluble in hydrochloric acid and completely soluble in hydrofluoric acid. 
Ash values (in per cent) obtained with liquid hydrocarbons are: 

Benzene. 0.023 Turpentine. . . 0.027 

Toluene. 0.133 Kerosene. 0.032 

Xylene. 0.123 

Unpurified acetylene and natural gas resulted in blacks with an ash content of 
about 0.5 per cent, whereas values as low as 0.01 per cent were obtained using 
acetylene of a better quality. 

A carbon black, Carbomet No. 3, made from Transylvania natural gas, has been 
found to be satisfactory for rubber compounding. Waldner^® believed this Ru¬ 
manian black is equal, and in some respects even superior, to American gas blacks. 
Table 53 gives comparative values for the Rumanian product and Dixie Ordinary, 
an American gas black. 


Table 53 ,—Properties of American and Rumanian Gas Blacks, 


Apparent sp.gr. 

True sp.gr. 

Fineness (in Chancel degrees) •. 

Coloring power. 

Acetone extract. 

Ash. 

Oil absorption, cc./lOO g. 

Iodine adsorption, mg/lOO g. 

Methylene blue adsorption, mg./100 g.. 
Diphenylguanidine adsorption. 


Carbomet No. 3 
0.160 
1.78 
20 

Good 

0.3 

0.058 

230 

257 

49.54 

18.70 


Dixie Ordinary 
0.110 
1.76 
20 

Good 

0.26 

0.073 

250 

274 

43.60 

15.88 


• The Chancel method is an empirical test for estimating the degree of fineness, usually employed in sulphur 
determinations. The procedure used is to shake a 5 g. sample in a so-called “Sulphurimeter” or “Sulphimeter" 
(a long, graduated glass-stoppered cylinder) with anhydrous ether and to measure the scale division reached by 
the suspended material after settling. Consult V. Villavecchia. ‘‘Treatise on Applied Analytical Chemistry'.*' 
(Translated by T. H. Pope). P. Blaki8ton‘s Son & Co., Philadelphia, 1918,1, 112, for details. 


Oshima, Fukuda and Akashi'"^® investigated the ignition temperature and rates 
of combustion of carbon black alone and impregnated with 5 per cent solutions of 
various inorganic substances. They find that the ignition temperature is lowered, 
and report the following values: original carbon black 508®C., washed black 497®C., 
carbon black and potassium hydroxide 278°C., carbon black and potassium car¬ 
bonate, 286°C., and carbon black and potassium chloride 403°C. The combustion 
velocity was practically unaffected by the presence of the added inorganic materials. 

X-ray diffraction patterns of carbon black, made with strictly monochromatic 
radiation, show clearly the existence of single graphite layers and indicate a hetero¬ 
geneous mixture of these with graphite crystals several layers thick. (See Fig. 
82.) According to Warren^^ carbon black comprises a continuous series of par¬ 
ticles extending from the mesomorphic to the crystalline state. 

It is generally considered that the property of blackness is intimately connected 
with particle size and that increasing color intensity runs parallel with decreasing 
particle diameter. The evidence for this belief, though more or less indirect and 
circumstantial, is considered by Wiegand and Snyder^' to be quite convincing. 
Thus, from measurements of heats of wetting, Hock**^ found a correlation between 

•M. Waldner, Petroleum Z., 1936, 32, 7. 

• Y. Othima, Y. Fukuda and M. Akashi, /. Soc. Chi'tn. Ind. Japan, 1934, 37. Suppl. bind. 184; 
Brit. Chem. Ahs. B, 1934. 706; Chem. Ahs., 1934. 28, 5205. J. E. Day and R. F. Robey Uni. 
Eng. Chem., 1936. 28, 564{ Bn<. Chem. Ahs. B. 1936. 675; Chem. Ahs.. 1936. 30. 4079) have also 
•tudied the catalytic oxidation of amorphous blacks. 

«®B. E. Warren. /. Chem. Physies, 1934, 2. SSI; Ckcm. Ahs., 1935. 29, 1709. 

«W. B. Wiegand and J. W. Sny<lcr. Ind. Eng. Chem.. 1934, 26^ 413; /. Inst. Pet. Tech., 1934, 
*0, 362A; Brit. Cktm, Ahs. B. 1934. 485: Chem. Ahs.. 1934, 28. 3531. 

‘•L. Hock. Kauttekuk, 1928, 4, 266; Chem. Ahs., 1929. 23. 1772; Brit. Chem. Ahs., B, 1929, 180. 
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fncreasing specific surface and increasing tinctorial power, as measured in 1 per 
cent mixtures of the black with lithopone. Moreover, Goodwin and Park^* carried 
out experiments on the reinforcement of rubber by means of a high color black 
(Super Spectra) and concluded that the effect of this black indicated a smaller 
particle size than that of a standard rubber black. A similar conclusion has been 
reached from estimations of particle size by indirect methods. It is interesting to 
note also that color intensity is also intimately related to oil absorption, as can be 
seen from Table 54 in which the oil absorption figures refer to the amounts of pale 



Courtesy B. E. Warren 

Fig. 82. —X-Ray Diffraction Pattern of Carbon Black. Taken with copper Ka radiation. 


grinding linseed oil required for a given weight of black to produce a product of 
fixed viscosity, while the colors were observed by the nigrometer.*^ 

Table 54. —Oil Absorption of Carbon Blacks. 


Oil Absorption, 

Blacks Color Intensity Gal./lOO lb. 

High color. 38.3 275 

M^ium color. 29.8 196 

Low color. 26.9 158 

Low rubber. 23.8 127 

Rubber color. 18.3 100 


In view of the importance of particle size on color intensity, it is only to be 
expected that the production of high-intensity blacks necessitates a more refined 
technic and a more careful control of operating conditions than is needed for blacks 
of inferior color. The conditions necessary for the manufacture of the best color 
blacks include a higher ratio of secondary air to hydrocarbon gas, more burning 
tips and closer channel settings. As a result, the yield of high color black from a 
given volume of gas is reduced to only five per cent of that normally obtained in 
the production of ordinary blacks. 

The intensity of color is greatly influenced by vibration, compression and me¬ 
chanical action of various kinds so that compaction of carbon blacks by agitation 
in the collecting bin or by compression at a later .stage, must be avoid^ as much 
as possible.**^* Moreover, si>ecial care should be exercised in packing to minimize 
vibration in transit. Wetting down of high-intensity color blacks followed by 

X. Cioodwtn and C. R, Park, Ind. Eng. Chem., 1928, 20, 621; Brit. Chem. Abs. B. 1928. 579: 
Chem. Abs., 1928. 22, 3802. 

♦* W. B. Wtegand and J. W. Snyder, toe. cii. 

W. Snyd^er. Official Digest Fed. Paint and Varnish Production Clubs, 1033 (130), 285; 
Chem. Abs., 1934, 28, 915. 
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drying to eliminate entrained air is also harmful. Wiegand and Snyder suggest 
this may be due to the removal of a cushion of entrained air which served to inhibit 
the natural adhesion or flocculation of the particle.**® 

The rise in oil absorption values of carbon blacks of increasing color intensity 
has proved a troublesome factor in their industrial applications since it results in 
greater difficulties in grinding and, subsequently, a marked tendency towards re¬ 
agglomeration, seeding or flocculation. As a result of this difficulty, it has been 
impossible formerly to take full advantage of the improved color developments. An 
intensive study directed towards the improvement of surface conditions such as to 
provide lower interfacial tension between the black and the common dispersion 
vehicles, has led to the development of special blacks, such as Neo-Spectra. These, 
while registering a marked increase in color intensity when incorporated in linseed 
oil vehicle;, show at the safpe time oil absorption values and ease of dispersion 
comparable with those of blacks much lower in the color scale. In a similar way 
it has been found possible to modify the surface characteristics of blacks so as to 
render them more useful in nitrocellulose lacquer media because of the possibility 
of employing higher concentrations of black with the resulting improvement in 
color and gloss. 

The dispersion of lampblacks has been studied by Krauze, Pamfilov and Roslja- 
kova^^ who found that this property varied with the medium taken and was in 
no case equivalent to dispersion to primary particles. The dispersing effect of 
different media was shown to vary with different preparations of lampblack. 

Modification of Physical Condition of Carbon Black 

Because of its extremely fine state of subdivision, the handling of carbon black 
in bulk presents serious difficulties, especially as regards dust formation. For this 
reason considerable attention has been directed towards the preparation of the so- 
called dustless blacks, which are essentially granules of carbon black so com¬ 
pounded that the individual particles adhere to one another with sufficient tenacity 
to render the granule mechanically stable.^® This object is achieved by Billings 
and Offutt*® by subjecting flocculent carbon black to turbulent agitation in the dry 
state in a drum equipped with a bladed stirring device and a more slowly moving 
scraper to prevent accumulation of carbon on the walls of the drum. By means of 
this treatment the black is agglomerated into relatively tenacious spherical granules 
having smooth, non-adherent surfaces, with an apparent density of more than 18 lb. 
per cu. ft. Burger*"*® achieves similar results by passing the black between rollers. 
The thin plates which result are similar in appearance to fish scales and can be very 
conveniently employed in rubber compounding. 

Another procedure*''' consists in introducing droplets of a suspension of carbon 
black in a liquid medium into an atmosphere in which the droplets are partially 

^ It fthould he noted that in the I.ewis process, which furnishes a low intensity black (blue under¬ 
tone*). the wetting process serves two important pur|>oses. freeing of occluded matter and reducing 
the volume-mass ratio. 

K. E. Krauze. A. V. Pamfilov and E. N. Rosljakov.!, J. Gen. Chem., U.S.S.R., 1935, 5, 
438; Brit. Chem. Abs. B, 1935, 791; Chem. Abs.. 1935. 29. 5327. 

** The products obtained by these treatments are not of high intensity blackness, according to 
J. W. Snider {he. ett.J. In many cases, for instance, as a filler for rublier. the degree of color u 
of minor importance, the principal requirement being the mechanical stability of the material. 

♦•E. Btllings and H. H. Offutt. (t. S. P. 1.957.314, May 1. 1934. to G. L. Cabot Inc.; Brit. 
Chem. Abs. B. 1935. 294; Chem. Abs., 1934, 28, 4190. U, S. Reissue 19.750, Nov. 12. 1935: 
Chem. Abs., 1936, 30. 584. British P. 404.452, 1932; Brit. Chem. Abs. B, 1934. 354; Chem. Abs.. 
1934, 28, 3849. 

“P. Burger, British P. 438,883. 1934; Bnt. Chem. Abs. B. 1936. 179; Chem. Abs.. 1936. 30, 
3181. See also C. H. Champion. British P. 45.3.792, 1936; Chem. Abs.. 1937, 31. 1171; Brit. Chem. 
^bs. B. 1936, 1079. 

"British P. 429,088, 1935, to United Carbon Co.; Chem. Abs. 1935, 29, 7030; Brit. Chem, Abs., 
B. 1935, 711. 
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dried while they remain suspended. Thus, carbon black is dispersed in water, 
which may contain both protective and surface tension depression agents, and the 
suspension is allowed to impinge onto the surface of a rapidly rotating horizontal 
disc mounted near the top of a tall cylindrical drying chamber through which passes 
a counter-current of air. In a modification of this method, carbon black, mixed 
to a stiff paste with a volatile liquid such as ethyl alcohol or benzene, is fed to 
a rotary apparatus in which it is broken into fragments, the latter being then 
rapidly dried by exposure to gases at temperatures of the order of 200-260®C.®^ 

By moistening carbon black with about 40 per cent of water, sufficient to form 
a pasty, friable mass and from which the water is evaporated by spraying into a 
heated atmosphere at about 400-500®F., Grote®^ produces small round particles of 
carbon black with reduced dusting and soiling properties. These particles have an 
apparent density greater than that of the loose carbon black, and they crush easily 
when mixed with such materials as rubber or wax. Another method of agglomera¬ 
tion is to moisten the black with a volatile liquid (alcohol, water, gasoline or 
acetone) and mold the pasty mass into thin sheets. The latter are subdivided into 
small fragments and dried.®^ 

The preparation of dustless carbon black has been discussed by Platonova,®® who 
recommended briquetting an emulsion of 200 grams black, 24 grams sapropelite 
tar and 50 cc. water and drying the granules at 105°C. for three hours. Similar 
results were achieved by briquetting a mixture of 200 grams carbon black and 100 
cc. of a 5 per cent aqueous solution of dextrin and drying for 4 hours. Both of 
these products gave satisfactory dispersion tests in 2 per cent aqueous ammonia. 

Stable dispersions of carbon black in water are obtained by Tucker®® in the pres¬ 
ence of 2-6 per cent (based on the carbon black) of a soluble salt of a compound 
obtained by condensing a sulphonated aromatic liydrocarbon with formaldehyde. 
Another agent of this type is obtained by reacting 1 mole of formaldehyde with 
about 2 moles of j8-naphthalene-sulphonic acid. The dispersing properties are im¬ 
proved by the addition of 1 to 10 per cent of an alkaline earth naphthenate. This 
is effected by dispersing the carbon black in an aqueous solution of an alkaline 
naphthenate, adding an alkaline-earth salt, washing and drying.®*^ 

According to Wiegand®® channel blacks are improved both in blackness and 
workability by allowing the black to remain in free contact with the atmosphere 
of the burner house at 300 to 1000®C. This treatment causes partial oxidation and 
is said to furnish a material with a color index greater than 25 and a ratio of 
color index to oil-absorption index in excess of unity.®® Damon,®® however, prefers 
to heat carbon black in a rotating drum at not more than 540®C. in a current of gas 
containing oxygen. This treatment is said to increase the oxygen content of ^the 
black and thereby improve its color. An improved form of black is said to result 


•Brithh P. 437,647, 1934, to United Carbon Co.; Brit. Chem. Abs. B. 1936, 135; Chem. Abs., 
1936. SO, 2717. 

“H. W. Grote. Canadian P. 353.730. 1935: Ch€m. Abs^ 1936. 30, 2335. See also H. J. GUxner. 

U. S. P- 2,065,371, Dec. 22, 1936, to Columbian Carbon Co,; Chem. Abs., 1937. 31, 1172. 

••H. W. Grote, U. S. P. 2,040,770, May 12. 1936, to United Carbon Co.; Chem. Abs., 1936, SO. 

•A. Platonova, /. Rubber Ind., U.S.S.R.. 1935, 12. 161; Chem. Abs., 19.15. 29, 6372. 

•• G. R. Tucker, U. S. P. 2,046,757 and 2,046,758, July 7, 1936, to Dewey and Alniy Chemical 
Co.; Chem. Abs.. 1936, SO. 5740. Brit. P. 414,932. 1933; /. Inst. Pet. Tech.. 1934, 20, 524A; Chem, 
Abs., 1935, 29. 564; BtU. Chem. Abs. B. 1934, 950. French P. 764,067, 1934; Chem. Abs.. 1934. 20. 
5612. C. W. Tucker, Canadian P. 354,103; 1935; Chem. Abs.. 1936. SO. 1469. Also see G. r! 
Tucker. Canadian P. 347,865, 1935 to Dewey and Almy Chemical Co. of Canada, Ltd.; Chem, Abs., 

1935, 29, 3075. See also Chapter 46. 

British P. 443,470, 1935, to Krebs Pigment and Color Corp,; Brit. Chem. Abs. B, 1936. 48S: 
/. Inst. Pet. Tech., 1936. 22. 222A; Chem. Abs.. 1936. SO. 5376. See also Chapter 48. 

••W. B. Wlegand. U. S. P. 2.013.774, Sept. 10. 1935; Chem. Abs.. 1935, 29. 7029. British 

P. 450.450, 1936; Chem. Abs.. 1937, SI. 228; Brit. Chem. Abs. B, 1936. 916; J. Inst. Pet. Tech 

1936, 22, 464A. 

•W. B. Wiegand. U. S. P. 2.013.775, Sept. 10, 1935; Chem. Abs., 1935, 29. 7029. 

•E. H. Damon. U. S. P. 2.005.022, June IS, 1935, to Cabot Carbon Co.; Chem. Abs.. 1935. 29 . 
5231; Beit. Chem. Abs. B, 1936, 679. 
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also by subjecting the material to the action of hydrogen at 350-500®C. and 5 to 
500 atmospheres pressure for to 10 hours.®^ To improve the oil-adsorption 
power of carbon black without diminishing its color intensity, Grote®^ recommends 
attrition in an atmosphere of carbon dioxide at 200-425°C. for 5 to 15 hours. 

Another method of improving the quality of thermal blacks has been described 
by Frenkel.®® Treatment is effected by injecting a mixture of the material with 
water into a heated gaseous medium, such as carbon dioxide or nitrogen, under a 
pressure and at a temperature such that steam is instantaneously generated and the 
carbon black is disintegrated into very fine particles of a size less than 1.0 micron. 
Eagles®'* proposes to inhibit the agglomeration of the fine particles of black sus¬ 
pended in the gaseous products of combustion by passing the gas and suspended 
material through a screen into a relatively cool stream of inert gas. 

Industrial Applications of Carbon Black 

The characteristic physical properties of carbon black, which render it of such 
great technical value-, are intimately associated with its extremely minute particle 
size, the latter being well below the resolving power of the best microscopes. In¬ 
direct measurements indicate a value of 0.025 micron for the diameter of particles 
of high-intensity color blacks,®**^ while the particle diameter of standard rubber 
carbon blacks is about 0.06 micron by the ultramicroscopic count procedure.®® In 
this connection it has been stated that the average particle size of the rubber black 
“Micronex” is of the order of 0.15 micron.®*^ Irrespective of the absolute value of 
the diameter, there is good evidence to believe that the wide variation in physical 
properties (such as color, tinting power, adsorptive power) displayed by various 
types of black are mainly dependent on differences in particle size. Such variations 
in physical characteristics have an important bearing on the possible industrial ap¬ 
plications of individual blacks. 

Use of Carbon Black in Rubber Manufacture. The most important 
application of carbon black is in the compounding of rubber whereby the latter’s 
tensile strength is doubled and its resistance to abrasion quadrupled.®® In 1935, 
182 million lbs. of carbon were consumed by the rubber industry in the U.S.A., 
about 3.3-11.9 lbs. being used in the production of a single tire depending on its 
size and design.®® 

Another important characteristic of blacks is their adsorptive power, which 
is usually measured with such substances as diphenylguanidine, methylene blue or 
iodine. Blacks with high adsorptive power, such as channel blacks, have the prop¬ 
erty of retarding the curing rate of rubber stocks probably by adsorptive removal 
of the organic accelerator. On the other hand, materials of low adsorptive power, 
such as the thermal blacks, do not effect retardation of cure. The question of the 
adsorptive power has been discussed by Wiegand and Snyder^® who have concluded 

•British P. 451,052. 19.16, to I. G. Farbcnind. A-G.; /. Inst. Pet. Tech., 1936, 22, 515A; Chem. 
Abs.. 1937, SI, 513. French P. 796.519 1936: Chem. Abs., 1936. SO, 6148. 

H. Grote, U. S. P. 2.066,274, Dec. 29, 1936, to United Carbon Co.; Chem. Abs., 1937, SI. 

•G. A. Frenkel, U. S. P. 1,990.228, Feb. 5, 1935, to Shell Development Co.; Chem. Abs., 1935, 
29. 1948: Brit. Chem, Abs. B. 1936, 85. 

• R. H. Eagles, U. S. P. 2 015,360, Sept. 24, 1935, to J. M. Huber Corp.; Chem. Abs., 1935, 29. 
7598; Brit. Chem. Abs. B, 1936, 679. 

• F. E. Bartell and C. N. Smith, Ind. Eng. Chem., 1929, 21. 1102; Brit. Chem. Abs. B, 1930, 
43; Chem. Abs., 1930, 24, 2657. 

^ •• S. D. Gehman and T. C. Morris, Ind. Eng. Chem, Anal. Ed., 1932, 4. 157; Brit. Chem. Abs. 
B. 1932. 613; Chem. Abs., 19,12. 2#^ 

•A. Speedy, Chemistry and Industry, 1934, 53, 429. 

•• For a discussion of the importance of carbon black in the rubber industry, see T. L. Garner, 
Ind. Chemist, 1935. II, 487; Brit. Chem. Abs. B, 1936, 111; Chem Abs., 1936, SO, 2039. 

•I. Drofin, Chem Met. Eng., 1936, 4S. 95; Chem. Abs., 1936, SO, 3174. 

. ^W. B. Wiegand and J, W. Snyder. Ind. Eng. Chem., 1931, 2S, 646; Brit. Chem Abe. B, 1931. 
70$; Chem Abs., 1931, 25. 3441. 
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that the diphenylguanidine adsorption test correlates well with the rubber-curing 
behavior of broad classes of carbon black in organically accelerated mixes but the 
correlation is less satisfactory in the case of Micronex, a standard rubber black. 

It has been stated that rubbers having the highest stiffening, tensile properties 
and resistance to tear and abrasion are obtained by the use of channel blacks 
whereas, the thermal black, P.33, is used when softness and pliability are desired.^^ 

A special black which is suited for use in rubber compounds has been prepared 
by Odell.He treats a finely divided black produced by the thermal decomposi¬ 
tion of hydrocarbon gas or carbon monoxide with the vapors of a rubber com¬ 
pounding catalyst, such as zinc or zinc oxide at about 700®C. In this manner, 
particles of very minute size, each consisting of a nucleus of pure carbon sur¬ 
rounded by a thin film of adsorbed catalyst, are obtained. 



Courtesy Industrial and Engineering Chemistry 
Courtesy Columbian Carbon Co, 


Fic. 83.—Diphenylguanidine Adsorption Isotherms of Carbon Blacks. 

and J. W. Snyder) 


(W. B. Wiegand 


Carbon Black in Manufacture of Printing Inks. The second ranking 
industrial application of carbon black is in the manufacture of printing inks, com¬ 
pounded of varnish, oils and carbon black.^* The latter is well known as a pig¬ 
ment capable of providing sufficient opacity in concentrations small enough to 
preserve the free flowing properties of the vehicle. The consumption of carbon 
black in the printing ink industry in 1935 amounted to about 17 million lbs., 1 lb. 
of black being sufficient to print about 4,000 pages of news print. The intensity 
and str^gth of the black color displayed by carbon black were mainly responsible 
for its introduction and rapid development in the printing ink industry, with the 
result that the older type of carbon pigment, lampblack, has now almost been entirely 
displaced, although in a few instances mixtures of the two may be employed. How¬ 
ever, when a variety of blacks arc inspected, that showing a blue-black tone is almost 
invariably the one selected as constituting a strong full black. Since carbon by 
itself has more of a brownish tint, the addition of a toning agent, usually a blue type 


Kf Vanderbilt News, 1934, 4 (3). 6. 

B. ”9^' *’999,573. Apr. 30, 1935; Chem. Abt., 1935, 29, 4212; Brit, Chem. Abs. 

***’*l?*l"ft 5?^ Lithofraphic Inki.” MacNair-l>orland Co.. 
y- W»borf. “Printina Ink,” Harper and Brothera, New York and Undm 
964^*”’ Maker, 1936. 14 (7). 17; Chem. Abs.. 1936, SO, 6218; BriuChem. 
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dye is necessary. The latter is especially practiced in the better grade inks in order 
to overcome a brownish tint apparent in a straight carbon black composition. In 
this connection it is necessary to differentiate clearly between the color of the black, 
by which is meant the intensity and tone of the sensation of blackness as determined 
visually by experienced observers, and the tinctorial strength of a black, which is a 
measure of its ability to impart color (blackness) to a fixed amount of a white 
pigment. It has been shown by Wiegand and Snyder^^ that in a series of carbons 
of increasing color intensity there is a maximum in tinctorial strength at a point 
well below the highest color values. 

Other Uses of Carbon Black. Considerable quantities of carbon black arc 
used in the manufacture of paints and varnishes, and here again the surface proper¬ 
ties of the black are of prime importance. The high adsorptive power associated 
with small particle size has been put to advantage in the improvement of insulating 
oils, by removing substances harmful to the electrical properties.^® Consumption 
of carbon black as a coloring and reinforcing material and as a filler in such prod¬ 
ucts as phonograph records and typewriter ribbons is decreasing, but, later applica¬ 
tions in the manufacture of automobile brake bands and in the construction of 
dark-surfaced highways^^ and as a filler in the manufacture of carbon papers*^^ are 
said to have commercial possibilities. 

The several unique properties found especially in the thermic acetylene blacks 
make it possible for them not only to compete with but actually to replace cheaper 
blacks in certain fields.^^ In the manufacture of dry cells, thermic acetylene black 
is employed in connection with pyrolusite (manganese dioxide) and graphite for 
depolarizing purposes, due to its highly graphitic character and its extreme porosity, 
which enables a high absorption for the electrolyte. Because of its absorptive 
capacity, it is used as a filler in liquid oxygen explosives competing successfully 
with cheaper materials such as coal and cork fillings. 

Evaluation of Carbon Blacks 

The applicability of a carbon black for any particular purpose can in general 
only be decided by a practical test carried out under conditions approaching large 
scale operation. Thus, those products intended for use as fillers in rubber are tested 
by actual rubber reinforcement tests, the resulting mix being subjected to examina¬ 
tion for the determination of its mechanical characteristics, and resistance to abra¬ 
sion and aging. Similar practical tests have been evolved in other industries, such 
as the printing ink industry, in which special types of black are needed."^® 

In addition to methods of examination just mentioned, there are a number of 
physical and chemical tests which are useful. Chemical tests include determinations 
of moisture, ash and extractable organic material.^ The latter estimation is usu¬ 
ally carried out with boiling acetone in an Underwriter’s apparatus. Benzene is 
said to be a better extractant since it causes less penetration of the black through 
the fibers of the extraction thimble and is also cheaper.^^ It appears doubtful, how- 

W. B. Wiegand and J. W. Snyder. Ind, Eng, Chem , 19.U. 26. 413; /. Jnst. Pet, Tech., 1934, 
20, 362A; Brit. Chem. Abs. B. 1934, 485; Chem, Abs., 1934. 28. 3531. 

” W. B. Wiegand, C. R. Boggs and D. W. Kitchin, tnd, H»H7. Chem., 1931, 23, 273; Brit. Chem. 
Abs. B. 1931, 469; Chem. Abs., 1931. 25. 2277. 

^G. R. Hopkins and H. Backus, hftn. Res. U. S. /932-.L?. 545; /. Inst, Pet. Tech.. 1934, 20, 266A. 

Bandli. British P. 424.495. 1933; Chem. Abs., 1935. 29. 5657; Brit. Chem. Abs. B. 1935. 
491. French P. 761.575. 1934; Chem. Abs.. 1934. 28 4234 

”C. Kaufmann, Chem. Markets, 1933, 33, 217; Can. Chem. Met., 1933, 17. 93; Chem. Abs., 
1933. 27. .3782. 

A critical review of the evaluation of carbon blacks is given by R. Klatt. W. Tietze and B. 
Gschaider, Kant*chnk. 1936. 12. 1. 25. 49; Chem. Abs.. 1936. 30. 4277; Brit. Chem. Abs. B, 1936. 4.34. 
^ Carleton Ellis, ‘The Chemistry of Petroleum Derivatives,” The Chemical Catalog Co.. Inc.. 
New York. 1934. 

* Private communication from Mr. C. C. Boardman. Thermatomic Carbon Co. 
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ever, whether this test has any practical significance as regards the behavior of the 
black in manufacturing operations. 

The importance of the adsorptive power of carbons, particularly in rubber 
manufacture, has already been discussed. For the determination of this property, 
diphenylguanidine in alcoholic solution is often used.®* 

Barron®® has described a method for this determination based on the fact that 
if carbon black is shaken with a mixture of polar and non-polar liquids (benzene 
and water), it is always retained in the non-polar layer after separation. By 
titration of the latter the amount of iodine, phenol or benzoic acid adsorbed from 
the binary liquid system can now be ascertained, and by means of the distribution 
coefficient, the adsorption from the non-polar liquid can be calculated. The method 
can also be applied to the study of the effect of dispersed rubber upon the adsorp¬ 
tive power of carbon black for phenol and benzoic acid; the presence of 1 per cent 
of rubber in the benzene phase markedly reduces this.®^ It has been observed by 
Lemcke and Hofmann®® that an acetylene black obtained by impingement on a 
cooled copper surface has an adsorptive power towards carbon tetrachloride vapor 
very much inferior to that of several active carbons of commercial grade. 

The precautions necessary in the measurement of the color and tinctorial 
strength of carbon blacks have been discussed by Wiegand and Snyder.®® They 
concluded that visual examination is more sensitive than the present instrumental 
color-testing devices and that further refinement in optical photometry is essential 
before the visual estimation of color differences is likely to be superseded. The 
importance of oil .absorption values for high intensity blacks to be used as pigments 
in liquid vehicles has already been discussed. This property is defined by the 
amount of liquid vehicle required to furnish a mixture of definite viscosity when 
incorporated with a unit weight of carbon black under standardized conditions.®*^ 

See Carleton Ellis, “The Chemistry of Petroleum Derivatives,” The Chemical Catalog Co., 
Inc., New York, 1934, 249. 

■ H. Barron, India Rubber J., 1934, 8S. 457; Chem. Abs., 1935, 29, 21; Brit. Chem. Abs. 
B. 1934, 1043. 

••J. R. Baylis (Water Works and Sewerage. 1933, 80, 220; Brit. Chem. Abs. B, 1934, 485; 
Chem. Abs., 1934, 1429) utilized the adsorption of phenol from dilute aqueous solutions in 

the evaluation of activated carbon. 

“ W, Lemcke and U. Hofmann, Z. angew. Chem., 1934, 47, 37; Brit. Chem. Abs. A, 1934, 
250: Chem. Abs., 1934, 28. 1905. 

* W. B. Wiegand and J. W. Snyder, Ind. Eng. Chem., 1934, 26, 413; J. Inst. Pei. Tech., 
1934, 20. 362; Brit. Chem. Abs. B, 1934. 485; Chem. Abs.. 1934, 28. 3531. 

•'For a description of these tests, see W. B. Wiegand and J. W. Snyder (he. cit.). 



Chapter 9 

Transformation of Hydrocarbons by Electrical and 
Other Special Forms of Energy 

Two applications of electrical energy for various conversions of petroleum 
hydrocarbons which are outstanding are (a) voltolization and (b) the arcing treat¬ 
ment of hydrocarbons to make acetylene. Voltolization undoubtedly increases the 
viscosity index, that is to say, it flattens the viscosity-temperature curve and tends 
to decrease the pour point of an oil, as has been shown by Nash and his associates. 

One of the routes to greater development of chemical products from petroleum 
and especially petroleum gases or natural gas is that via acetylene, a very reactive 
hydrocarbon from which, for example, acetaldehyde, acetic acid and vinyl resins 
can be rather readily produced.^ 

The Electric Arc 

The decomposition of hydrocarbons in the low-tension arc and also in the high- 
tension electric discharge (s^ark discharge) results in the production of hydrogen, 
carbon and acetylene, the latter owing its formation to its increasing thermodynamic 
stability with rising temperature. In addition to acetylene, considerable propor¬ 
tions of olefin and diolefin hydrocarbons, including ethylene and butadiene, may also 
be formed particularly when the time of contact with the arc is lower than that 
required for optimum acetylene production. 

In the case of methane, Bozhko and Orshanskii^ noted that the low-tension arc 
favored acetylene formation whereas carbon and hydrogen production was pro¬ 
moted by the high-tension arc. Maximum cracking efficiency resulted when the 
initial gas contained 15 to 20 per cent methane. The rate of gas flow did not influ¬ 
ence the character of the reaction although an increase in the rate did diminish 
energy consumption. 

Although the electrical disintegration of methane and its immediate homologues, 
which are abundantly available as natural gas, has been studied mainly from the 
viewpoint of preparing acetylene, it is interesting to note that appreciable amounts 
of olefin hydrocarbon gases are formed by the action of the low-tension arc on 
some of the heavier hydrocarbon oils. Thus, Fester, di Filippo and Patrone* 
found that the action of an iron arc on kerosene resulted in a gas containing 27.5- 
35.7 per cent of ethylene and 1.0-4.2 per cent acetylene, while a copper arc gave a 
gas having 46.7 per cent of ethylene and 7.9 per cent acetylene. When a carbon 
arc was used, very much more acetylene was formed, the gaseous product contain¬ 
ing 34.0 per cent ethylene and 25.5 per cent acetylene. These investigators be¬ 
lieved that electric arc cracking is better for the preparation of olefins for synthetic 

^ For the Reduction of acctaldehvde and acetic acid from acetylene, see Carleton Ellis, **The 
Chemistry of Petroleum Derivatives,’^ The Chemical Catalog Co., New York, 1M4. Vinyl resins 
from acetylene are described bv Carleton Elli<, “The Chemistry of Synthetic Resins,” Reinhold 
PuUishing Corn., New York, I93S. See also Chapter 28. this text. 

• N. 1 ^. Boahko and D. L. Orshanskii, Khim. Twrdogo Topliva, 1936, 7, 59; Chtm, Abs., 
1937. 81, 1578. 

•G. A. Fester, J. di Filippo and B. Patrone, Rrv. facultod qutm. iW. opr., Univ. nccl. Uforat, 
1932, 2, 130; Ck#m. Abs., 1933. 27, 5954. 
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purposes than pyrolysis. Riedelsbcrger** caused a film of liquid hydrocarbons to 
flow down the inside of the wall of an arc furnace in which the arc burns in a 
stream of hydrogen or in a gas consisting mainly of hydrogen. 

The decomposition of heavy oils in the presence of a low-tension arc has also 
been described by Gobert,^ who obtained by this method a gas possessing 35-40 per 
cent each of acetylene and hydrogen, 5-10 per cent of ethylene and its homologues 
and some methane and nitrogen. For the production of 1 cubic meter of gas con¬ 
taining 40 per cent acetylene, about 800 g. of oil were required and the energy 
expenditure was 3.5 kw. hrs. 

Baumann, Schilling and Stadler^ subject waste gases from cracking or hydro¬ 
genation operations to the action of a number of low-tension electric arcs in suc¬ 
cession with inter-stage separation of acetylene between each arc. The series of 
arcs is operated so that the energy supply (per unit volume of gas treated) is 
higher than that in the preceding one and the acetylene concentration in the gas 
at any stage is greater than that in the one immediately preceding. It has been 
proposed to use an electric arc struck between a hollow electrode and the wall of 
the reaction vessel as counter-electrode, the contact point of the arc on the hollow 
electrode being quickly moved by mechanical or magnetic means.* Carbon deposi¬ 
tion apparently is lessened when the striking points of the arc are caused to move 
rapidly on the surfaces of both electrodes. It is reported that a gas consisting 
mainly of propane yielded a gaseous product containing 14-16 per cent acetylene 
by this method. A low tension arc of 2 mm. length may be employed and the 
energy density maintained at about that at which a loss of material, exceeding the 
normal wear and tear of the electrode substance, commences.*^ Eisenhut, Stadler 
and Baumann* recommend that an energy consumption of at least 2 kw. per sec. 
per cc. of arc space be employed. In this instance not only gases or vapors of 
paraffins and olefins serve as raw materials but also fine suspensions or mists of 
tars or oils in such hydrocarbons. 

It is well known that considerable carbon formation takes place during the 
electrical disintegration of methane, or similar hydrocarbons, and is suppressed by 
dilution of the hydrocarbon gas with hydrogen. This dilution with hydrogen prior 
to electrical treatment is achieved, by Baumann,* by cracking of the hydrocarbon 
gases to convert them partly into hydrogen and liquid hydrocarbons. After separa¬ 
tion of the latter, the residual gases are passed, with addition of fresh raw mate¬ 
rial if necessary, through an electric arc for the production of acetylene. Fischer 
and Peters'* subject a mixture of methane, or other hydrocarbons and at least an 
equal amount of steam to the action of an electrical discharge at very low pressures, 
e.g., 80 mm. 

•• W. Riedeltbergcr, German P. 587.129, 193'^, to I. G. Farbenind. A.-G.; Chem. Abi., 1934, 
28, 717. 

♦Gobert, /. Acetylene, 1934, No. 92, 948; Chimie et induttrie., 1935. SS, 103; Chem. Aht., 
1935, 28, 2855; Brit. Chem. Abe. B, 1935. 1052. See alio, S. Ya. Miloilavtkit and D. L. GHz* 
manenko, Avtogennoe Deto (,U-S.S.R.) , 1935, 6 <8), 29; Chem. Abs.. 1936, 30, 3976. 

•P. Baumann. H. Schillinf and R. Stadler, U. S. P. 1.992.598. Feb. 26, 1935. to I. G. 
Farbenind. A.-G.; Chem. Abs., 1935, 29. 2461. French P. 750.521. 1933; Chem. Abs., 1934, 28, 
717. Brttifh P. 397,987, 1933; Brit. Chem. Abs. B. 1933, 951; Chem. Abs., 1934, 28. 1936. 

«P. Baumann. H. Schilling and R. Stadler. German P. 598.140. 1934, to I. G. Farbenind. 
A.-G.; J. Inst. Pet. Tech., 1934, 20, 581 A; Chem. Abs., 1934. 28. 5350. British P. 389,165, 
1933; Chem. Abs., 1933, 27. 4490; Brit. Chem. Abs. B, 1933. 377. 

^ P. Askenasy, C. Rossetti and J. Tausz, U. S. P. 1,951,961, Mar. 20, 1934, to Soc. pour 
rind. chim. a Bale; Chem. Abs., 1934, 28, 3315. 

•O. EUenhut. R. Stadler and P. Baumann, U. S. P. 1.941,077. Dec. 26. 1933; Chem. Abs., 
1934, 28. 1283; Bntish P. 370,414; 1930; Brit. Chem. Abs. B, 1932, 586; Chem. Abs., 1933, 27. 
2888; German P. 611,113, 1935; Chem. Abs., 1935, 29, 3923; all to I. G. Farbenind. A.-G. 

* P. Baumann, German P. 606,011, 1934, to I. G. Farbenind. A.>G.; Chem. Abs., 1935, 29, 
1332. 

**F. Fticher and K. Peters, German P. 591,756, 1934; Chem. Abs., 1934, 28, 2731; /. lent. 
Pet. Tech., 1935, 21, 223A. 
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The simultaneous generation of acetylene and high grade carbon black has been 
disclosed by a number of workers although somewhat different procedures have 
been recommended. In the process of Baumann, Stadler, Schilling and Biickert^^ 
a gas rich in methane is first subjected to electrical arc treatment so that carbon 
black is formed from part of the gas. After removal of the black and unsaturated 
hydrocarbons formed, the resulting gaseous products are preheated and then passed 
through a second arc for acetylene manufacture. Eisenhut, Schilling and Bau- 
mann'2 suggest that after electrical treatment the gas and carbon black issuing 
from the arc space be passed, in a whirling motion, directly into a large cooled 
free space in such a way that the solid remains suspended in the gas and is pre¬ 
vented from being deposited on the heat-conducting surfaces. After the cooling 
operation the black is separated from the gases. . In the decomposition of mineral 
oils,^* the arc is located beneath the surface and fresh material is introduced at such 
a rate that a 5-15 per cent suspension of carbon in oil is continually withdrawn. 
The production of carbon blacks by electro-thermal dissociation of liquid hydro¬ 
carbons has been described also by Jakosky.’"' 

Transformation of hydrocarbons under the action of a luminous arc produced by 
a direct-current generator has been disclosed by Baumann, Krapp, Stadler and 
Speidel.^® 

Gases from the electrical decomposition of hydrocarbons contain, in addition to 
acetylene and hydrogen, varying proportions of highly unsaturated compounds, such 
as diacetylene, allene, allylene and butadiene. Removal of these impurities is ef¬ 
fected either by passage over an ad.sorbent such as active carbon or silica geP^ or 
by cooling the gas mixture to about ~-70®C. to condense them.'^ According to 
Zobel and Reich,^® treatment with a chloride or an acid having a polymerizing 
action, as, for example, aluminum chloride or sulphuric acid, is effective in the 
removal of unsaturated impurities. In other instances acetylene is absorbed by 
wishing with a solvent, such as ethyl alcohol or acetone, at a temperature below 
—81.5®C., the triple point of acetylene.^^ After absorption, the residual gas is 
applicable for use in the destructive hydrogenation of distillable carbonaceous 
substances.^' 

Lead alkyl compounds arc said by Sullivan and Diwoky^^ bg produced by the 
action of a high-tension electric arc of about 250,000 volts on liquid or gaseous 


** P. Bautnanift, R. Stadler. H. Schilling and H. Buckert, U. S. P. 1.984.957. Dec. 18. 1934, 
to I. G. Farbenind. A.-G.; Cktm. Abs., 1935, 29, 1021. 

**0. Eisenhut, H. Schilling and P. Baumann, U. S. P. 2.002.003, May 21. 1935. to I. G. 
Farbenind. A. G.; Chem. Abs.. 1935. 29. 4274. German P. 603,742, 1934; Cktm. Abs., 1935. 
29. 691; /. Inst. Pet. Tech.. 1935. 21. 101 A. 

“ For a discussion of the properties of resinous insulating oils under the influence of electric 
discharge, see G. W. Nederbragt. J. Inst. Elec. Engrs., 1936, 79, 282; /. Inst. Pet. Tech., 1936. 


22, 509A. 

** British P. 419,884, 1933. to Electroblacks Inc.; Brit. Chem. Abs. B, 1935. 180. 

“J. J. Jakosky. U. S. P. 1,941,009, Dec. 26. 1933, to Electroblacks Inc.; Chem. Abs.. 1934. 
28. 1483, U. S. P. 1.965.925, July 10, 1934; Chem. Abs., 1934, 28, 5350; Brit. Chem. Abs. B, 

1935. 462. 

P, Baumann, K. Krapp, R. Stadler and W. Speidel. German P. 600.584, 1934, to I. G. 
Farbenind. A,*G.; Chem. Abs., 1934. 28. 7178. K, Krapp, R. Stadler and W. Speidel. German P. 
601.641, 1934; Chem. Abs., 1934. 28. 7178. 

” O. Eisenhut and H. Schilling, German P. 594,161, 1934, to I. G. Farbenind. A.-G.; Chem. 

Abs.. 1934. 28, 3315. 

” H. Buckert. R. Stadler and H. Tanneberger. German P. 615.834. 1935, to I. G. Farbenind. 

A.G.; Chem. Abs., 1935, 29. 7834. U. S. P. 1.945,592, Feb. 6. 1934; Chem. Abs.. 1934, 28. 2371. 
See also Chapter 4 for purification of acetylene. 

F. Zobel and H. Reich. German P. 630,249, 1936, to I. G. Farbenind. A.-G.; Chem. Abs., 

1936. 10, 5597. 

•» P. Baumann, H. Tannel>ergcr and H. Schilling, U. S. P. 1.942.131. Jan. 2, 1934, to I. G. 
Farbenind. A. G.; Chem. Abs.. 1934, 28. 1611. 

Muller-Cunradi. O. Eisenhut and H. Schilling. U. S. P. 1.959,924. May 22, 1934, to 

SUndardl. G. Co.; Chem. Abs.. 1934. 28. 4572; J. Inst. Pet. Tech.. 1934. 20. 466A. 

•F. W. Sullivan. Jr. and F. F. Diwokv. U. S. P. 1.938.547. Dec. 5. 1933. to Standard Oil 
Co. of Indiana; Chem. Abs.. 1934. 28. 1182; Brit. Chem. Abs. B. 1934, 918. See also. F. W. Sullivan, 
Jr. and V. Voorhees. U. S. P. 1.938.546 Dec. 5. 1933. to .Standard Oil Co. of Indiana; Chem. 

Abs., 1934. 88, 1182; Brit. Chem. Abs. B, 1934. 918. 
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hydrocarbons in the presence of lead. Thus, the arc may be struck between 
lead electrodes immersed in the hydrocarbon and the lead alkyl compounds re¬ 
covered in the pure state by fractional distillation, or as a solution in the hydro¬ 
carbon liquid in which they are formed. Dispersions of metals in hydrocarbon oils 
are prepared similarly by Arnold^* using a high-frequency current. 

Using zinc electrodes, Petfik-^ obtained a gas rich in hydrogen by the action of 
the electric arc or spark in water vapor. When carbon electrodes were used, water 
gas (50 per cent hydrogen and 50 per cent carbon monoxide) was produced. With 
the latter electrodes, ethyl alcohol and petroleum gave gases having the compositions 
shown in Table 55. 

Table 55. —Analyses of Gases from Electrical Arc or Spark Treatment 
of Ethyl Akohol and Petroleum 


Analysis in Per Cent 

Source Hf CH 4 CO CdHso 

Ethyl alcohol. 30-58 6.7-29 22-29 9-12 

Petroleum. 58-60 10-12 2-4 26-28 


The Silent Electric Discharge 

Silent discharge-^ is the term used to designate the low current discharge 
which takes place between electrodes, separated by gaseous (or non-ionized liquid 
media), at high potentials but below those at which sparking occurs. The current 
is usually alternating and the di.scharge in gases at about atmospheric pressure 
varies in appearance according to the circumstances but in all cases the current 
passing is lower than when true sparking takes place. In the silent discharge in an 
ozonizer, the electrodes are both separated by a glass dielectric from the gaseous 
medium and the current passing is very small. When one or both electrodes are 
in direct contact with the gas, the so-called semi-corona and corona discharges 
result and the current passing may be considerably greater. When the gaseous 
medium is at relatively low pressure the phenomena of the gaseous discharge tube 
appear and in tfie resulting glow discharge the current density may be high owing 
to the increasing production of electrons at the lower pressures. According to 
Peters,the low pressure glow discharge in gases approaches more nearly to an 
arc, as regards its chemical action, than to the silent discharge. Peters has also 
discussed the action of the different types of discharge arising from the use of 
various pressures of the gaseous medium and different potentials, densities and 
frequencies of the current employed. 

The chemical action of the silent discharge is complex and depends on numerous 
factors including pre.ssure, potential and frequency. Subjection of hydrocarbons 
to such electrical treatment results in (1) dehydrogenation (except with acetylene) 
the degree of which increases with the degree of saturation of the material treated, 
(2) rupture of C-C bonds particularly in long-chain hydrocarbons, and (3) poly¬ 
merization of unsaturated hydrocarbons. In many cases all these reactions take 
place either simultaneously or in stages so that a complex mixture of reaction 
products results. 

•J. C. Arnold. U. S. P. 1,933,836. Nov. 7, 1933; Brit. Chrm. Abs. B. 1934, 999; Chtm. 
Abs.. 1934, 28, 630. 

•»F. PetHk, Chem. Obwot, 1934, 9. 43; Brit. Chem. Abs. B, 1935. 660; Chem. Abs., 1934, 
28. 5341; Chem. Zenit., 1935. 1, 181. 

*^The action of the silent electric discham on hydrocarbon gases and oils has been reviewed 

by A. W. Nash. T. L. Howard and F. C. Hall. /. Inst. Pet. Tech., 1934, 20. 1027; Brit. Chem. 

Abs. B. 1935. 178; Chem. Abs., 1935, 29. 1235; J. Inst. Pet. Tech., 1935. 21. 15A. 

**K. Peters, Brennetoff-Chem., 1929, 10, 441; Chem. Abs., 1930, 24, 2995; Brit. Chem. Abe. 

1, 1930, 44. 
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Paraffin hydrocarbons may undergo dehydrogenation or fission of the carbon 
chain or more complicated molecules may be formed by simultaneous polymeriza¬ 
tion and dehydrogenation.-*^ According to Vanier de Saint-Aunay,^® methane 
yields hydrogen, ethane, ethylene, acetylene and a small quantity of unsaturated 
liquid hydrocarbons. The basic reaction is considered by this investigator to be 
dehydrogenation to active radicals which condense to ethane, the latter being 
further dehydrogenated to ethylene and acetylene. In the glow discharge at liquid 
air temperatures, methane was found by Brewer and Kueck-® to undergo almost 
complete conversion into ethylene and hydrogen. Decomposition of methane by 
the glow discharge has also been investigated by Kobozev, Vasiliev and Gali- 
braikh.®^ They report that about 1.5 per cent of methane was transformed into 
olefinic and acetylenic hydrocarbons in the presence of aluminum, copper, zinc, 
lead or iron. However, with mercury electrodes under the same conditions the 
conversion of methane was 5.2 per cent, which could be increased to 14 per cent by 
the use of intermediate mercury electrodes or bv warming the latter. The effect 
was ascribed to activation of the mercury vapor which imparted its energy to the 
methane molecules. 

The products obtained by the action of the silent electric discharge on ethane 
and the higher paraffins consist of hydrogen, and paraffins and olefins of both 
higher and lower molecular weights than that of the original hydrocarbon. Thus, 
hexane furnished gases including propane and propene as well as a considerable 
amount of liquid containing hexene-1, higher paraffin hydrocarbons of 9 to 12 
carbon atoms and also cyclic hydrocarbons,*'^^ When ethane was passed through a 
glow-discharge, hydrogen and a resin were formed, indicating a ])rocess of de¬ 
composition followed by polymerization.^- The formation of higher hydrocarbons 
from paraffins is an important characteristic of the silent discharge and may take 
place either by dehydrogenation followed by polymerization of the unsaturated in¬ 
termediate, or directly by simple doubling of the paraffin molecule to give an ion 
cluster followed by elimination of hydrogen. The latter mechanism was suggested 
by Lind and Glockler,***^ who obtained a mixture of octanes and octcnes from 
butene. W^hatever the mechanism of the change, liquid paraffin hydrocarbons, 
when subjected to the action of the silent discharge, undergo an increase in vis¬ 
cosity and molecular weight with simultaneous evolution of hydrogen.This in¬ 
crease (in viscosity and molecular weight) is cumulative, the efYect becoming 
greater with time f>f contact and also with the power input. The optimum fre¬ 
quency is reported by Tara.sov*^^ to be 500 cycles per second. Treatment of higher 


For a review of the mech-inism for discharges through oils, see F. F. Vorkenshtein, J. Tech. 
Phys. (U.S.S.R.), 1934. 5. 954; Chem. Abs., 1935. 29. 520; Brit. Chem. Abs. B, 1935. 438. 

• R, Vanier dc Saint Aunay, Chtmic ct indnstric, 1933, 29, 1011; Chem. Abs., 1933, 27, 3911; 
Brit. Chem, Abs. A, 1933. (.94, 

** A. K. Brewer and P. D. Kueck, Phys. Chem., 1931, 35, 1293 ; Chem. Abs., 1931, 25, 2923; 
Brit. Chem. Abs. A, 1931, 919. 

N. I. Kobozev, S. S. V'asiliev and E. E. (talibraikh. Comfit, rend. acad. sci., I'.R.S.S.. 1935. 

2, 236; Chem Abs., 1935, 29, 6152; Brtt. Chem. Abs. A. 1935. 943. See ai«^o S. S. Vasiliev, 

N. I. Kobozev and E. N. Eremin. /. Phys. Chem. (U.S.S.R.), 1936, 7, 0l9; Chem. Abs., 1936, 

SO, 7980; Acta Phystcoehim. U.R.S.S.. 1936, 5, 201; Brit. Chem. Abs. A, 1936, 1473. 

R. Vanier de Saint-Aiinay. Joe. cit. 

•■A. Balandin and A. Lieberman. Vchenuie Za^iski (Moscow State i’nit\), 1934, 2, 209; 
Chem. Abs.\ 1936, 30, 6322; Chem. Zentr.. 1935. 2. 1525. 

“S. C. Lind and G. Glockler, J.A.C.S., 1929. 51, 3655; Brit. Chem. Abs. A, 1930, 190; 

Chem. Abs., 1930, 24, 333. 

F. Evers. Siemens-Z., 1935, 15, 125; Chem. Abs., 1935, 29, 4256. The gaseous products 
of the action of the silent discharge on heptane have been examined by C. C. Christen. AnaJes 
iMjrf. investiaaciones cient. technol., 1930, 1. 71; Brit. Chem. Abs. A, 1934, 39; C'/icm. Abs., 1933, 
27. 4743. E. G. Linder (Phys. Rex\. 1930. 36, 1375; Chem. Abs.. 1931, 25, 3750; Brit. Chem. 

Abs. A, 1931, 179) has studied the rate of gas evolution from the vapors of hydrocarbons from 

«‘|»entane to tetradecane in the silent discharge. 

•‘G. Ya. Tarasov, Comfit, rend. aeud. sei., U.R.S.S.. 1934. 4. 398; Chem. Abs., 1935, 29. 
3145; Brit Chem. Abs. B, 1935, 293; J. Inst. Pet. Tech., 1935, 21, 88A. 
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paraffins, such as dodecane, with a silent discharge at 7500 volts and a frequency 
of 1000 cycles for 6 hours is said to result in the formation of 23-28 per cent of 
higher molecular weight hydrocarbons.*"*® Olefins such as octene, however, yielded 
up to 60 per cent of polymers. 

It appears that unsaturated hydrocarbons not only undergo extensive polymeriza¬ 
tion but also dehydrogenation and redistribution of hydrogen atoms. Under condi¬ 
tions favoring the formation of primary products, namely at low temperatures and 
with rapid withdrawal of the reaction products from the discharge zone, Mignonac 
and Vanier de Saint-Aunay obtained 1-butene and 1-hexene from ethylene and 
straight chain trimers from acetylene.®^ Later work of de Saint-Aunay®® indicated 
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that the three main reactions taking place in the case of ethylene were (1) poly¬ 
merization to butene and hexene, (2) dehydrogenation to acetylene and hydrogen 
and (3) hydrogenation by the liberated hydrogen to ethane, butane and other 
paraffins. Balandin, Eidus and Zalogin®® subjected ethylene to the action of a 
high-frequency discharge of 5-8 watts at 15,000 volts. In a closed system the 
products consisted of a thick oil having a molecular weight of about 500 and a gas 
containing hydrogen and paraffin hydrocarbons. On the other hand, butadiene and 
acetylene were formed in a circulatory system. The proportion of butadiene wa.s 
dependent on the rate of circulation and on the proportion of hydrogen mixed with 
the ethylene prior to treatment. A chain mechanism was suggested by these invc.s- 
tigators to explain the results. Polymerization of several liquid olefin hydrocar- 

•• A. D. Petrov and T. N. Bogotlovskaya, ComM. rend. acad. set. U.R.S.S., 1934, 4, 389: 
Chem. Abs., 1935, 29. 3145; Brit. Chem. Abs. B. 1935, 292; J. Inst. Pei. Tech., 1935. 21, 88A. 

Mignonac and R. Vanier de Saint-Aunay. Compt. rend., 1929, 188, 959; 1929, 189. 106: 
Brit. Chem. Abs. A, 1929. 537. 1037; Chem. Abs., 1929, 23. 3437, 4668. 

• R. Vanier de Saint-Aunay, Chimie et indnstrie, 1933, 29, 1011; Chem. Abs,, 1933, 27. 
3911; Brit. Chem. Abs. A. 1933. 694. 

am A. A v.. 'r _ ....a v r* _ .a*. 


2. 313: Compt. tend. ecad. set. U.R.S.S., 1934, 4, 132; Chem. Abs., 1935, 29, 6153; Brit Chem*. 
Abs. A, 1935, 192. 
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bons under the action of a high-frequency silent discharge of 7500 volts for 6 hours 
has been studied by Petrov and Bogoslovskaya^® who found that low-viscosity 
polymers were produced in amounts up to 60 per cent. 

Aromatic hydrocarbons were also transformed by the silent discharge, the 
products including hydrogen, acetylene, polynuclear aromatic hydrocarbons and in¬ 
soluble solid shellac-like bodies. The decomposition of benzene vapor at 100®C. 
was investigated by Vanier de Saint-Aunay.'*^ He obtained a gas, containing 33 
per cent acetylene and 52 per cent hydrogen, as well as a liquid mixture from 
which biphenyl and two isomeric dihydrobiphenyls were isolated. It was believed 
that polymerization to dihydrobiphenyl first occurred and this was subsequently 
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dehydrogenated to biphenyl. In addition, depolymerization to acetylene also took 
place accompanied by hydrogenation of the acetylene to ethylene and ethane by 
hydrogen liberated in the biphenyl formation. Evidence for the production of 
biphenyl, biphenylene and more complex products from benzene in the electrode- 
less discharge was secured by Hiedemann.*^ The decomposition of benzene vapor 
at low pressures in the electrodeless discharge has also been examined spectro¬ 
scopically by Harkins and Gans^''* who found indications of the transient existence 
of C"** ions, atomic carbon and hydrogen and “CH and Co molecules.” A brown, 

••A. D. Petrov end T. N. Bogoslovskaya, Comf*t, rend. acad. sci. (U.R.S.S.), 19.M, 4 , .“tSQ; 
Chem. Abs., 1935, 29. 3145: Brit, Ckrm. Ahs. B, 1935. 292; /. Inst. Pet. Tech., 1935, 21. 88A. 
Also A. O. Petrov, Akim. Tverdono Tof*liifa. 1934. 5, 632; Chrm. Abs.. 1935. 29, 3503. 

R. Vanier de Stint-Aunay. Chimie ct imdustrie, 1933, 29, 1011; Chem. Abs., 1933, 27, 3911; 
Brit. Chem. Abs. A. 1933, 694. 

«R. Hiedeniann. Ann. Physik, 1929, (5) 2. 221; Chem. Abs., 1929, 23, 4858; Brit. Chem. 
Abs. A, 1929. 978. 

«W, D. Harkins and D. M. Gans. J.A.C.S., 1930, $2, 2578. 5165; Brit. Chem. Abs. A. 1930. 
1171; 1931, 318; Chem. Abs., 1930, 24. 3440; 1931, 23. 877. See also, W. D. Harkins. Tfsis. 

Sot., 1934, SO, 321; Chtm. Abs.. 1934, 20, 2272. E. J. B. Willey, Trons. Fatodoj Sot.. 
1934, M, 330; Chtm. Abi.. 1934, SO, 3372. 
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insoluble solid of undoubtedly high molecular weight and having a composition 
corresponding to (CH)„ was formed. The production of an insoluble solid mate¬ 
rial from this aromatic by the action of the brush discharge^^ and also by the 
Tesla discharge^® has been observed. 

Toluene vapor behaved in the silent electric discharge (at about 115°C.) in a 
manner similar to that of benzene, the products including a gas containing 58 per 
cent hydrogen, 10 per cent acetylene and its homologues, 8 per cent ethylene, 4 
per cent ethane, 14 per cent methane, 3 per cent higher olefins and liquid products 
from which 1,2-diphenylethane (bibenzyl) was isolated.**® In the Tesla discharge, 
toluene furnished a shellac-like substance as well as an aromatic liquid, from which 
Austin and Black^^ recovered 1,2-diphenylethane and 2,2'-dimethylbiphenyl. Under 
similar conditions, benzene and deuterium oxide (in the presence of platinum 
black) reacted with partial replacement of hydrogen (in the aromatic) by deu¬ 
terium.^® No change was observed in the absence of a catalyst or when ordinary 
water was substituted for deuterium oxide. The forn^ation of gaseous products 
from toluene and several other alkyl benzenes in the corona discharge lias been 
investigated by Linder and Davis.*-* They found that the yield of gas (under 
analogous conditions) increased with increasing molecular weight but diminished 
with increasing centralization of the molecule and with increasing proximity of the 
substituted groups in the benzene nucleus. 

Razumov®® reports that when a mixture of benzene, ammonia and oxygen is 
passed through a high-frequency high-tension electromagnetic field, there are 
formed aniline, diphenylamine, phenol and water. By maintaining the total gas 
pressure at the maximum conductivity of the medium, Kleinschmidt®^ produced a 
direct oxidation of benzene to phenol by air or carbon dioxide. He also poly¬ 
merized benzene to biphenyl and oxidized and polymerized naphthalene. Working 
voltages of KXX) to 2000 volts (alternating current) were employed; and pressures 
less than 10 mm. of mercury were used. 


Industrial Application of the Silent Electric Discharge in the 
'' Manufacture of Lubricating Oils 


An important industrial application of the action of the silent electric discharge 
on hydrocarbons is in the manufacture of synthetic lubricating oils, the so-called 
Electrion and Voltol oils, w-hich are characterized by very low viscosity-tempera¬ 
ture coefficients, stability to heat and oxidation, greater oiliness than straight 
mineral oils and good emulsifying properties.®^ This development originated from 
the observation of de Hemptinne that oils increased in viscosity under the influ¬ 
ence of the silent discharge.®-** The apparatus employed consisted essentially of a 

**A. P. Davis. /. Phys. Chem., 19.11, 35. 33.10; Chem. Ahi., 1932, 26. 922; Brit. Chem. Ab$. 
A. 1932, 130. 

"J. B. Austin, J.A.CS., 1930, 52, 3026; Brit. Chem. Abs. A. 1930, 1268; Chnn. Abs.. 1930. 
24, 4225. J. B. Austin and I. A. Black, J.A.C.S.. 1930, 52, 4552; Brit. Chem. Abs. A. 1931, 78; 
Chem. Abs., 1931. 25. 89. 

^ R. Vanier^ de Saint-Aunay, loc. cit. 

J. B. Austin, /oc. cit. ]. B. Austin and I. A, BUck. loc. cit. 

•• J. Horiuebi and T. Koyano, Bull. Chem. Soc. Japan, 1935, 10, 601; Chem. Abs.. 1936, 30, 
2434. 

" E. G. Linder and A. P. Davis. /. Phys. Chem., 1931, 35, 3649; Chem. Abs., 1932, 26, 1191; 
Brit. Chem. Abs., A, 1932, 348. 

V. K. Razumov, Mem. Inst. Chem. Ukrain, Acad. Sci., 1935, 2, 261; Brit. Chem. Abs. A, 
1936. 1103. 

«R. V. Kleinachntsdt, U. S. P. 2.023,637, Dec. 10. 1935, to Arthur D. Little, Inc.; BHt. 
Chem. Abs. B, 1936. 1001; Chem. Abs., 1936. 30. 688. 

»K. Wolf, Petroienm Z., 1929, 25, 95; Chem. Abs., 1929, 23, 4563. H. Bruckner. Chem.^Ztg., 
19Z8. 52, 637; Chem. Abs., 1928, 22. 3981. 

**The investigations of this pioneer in conjunction with the Belgian Arm of Cave] et RoMiers 
led ultimately to the commercial production of the Electrion oils in Ghent in 1912. The Gnent 
factory was taken over in 1914 by the Germans, **'ho later erected a factory at Potschaffle where 
1650 tons of InbricatUig oil for aeroplanes were produced in 1918. At the end of the World 
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horizontal cylindrical rotating drum with scoops around the inside periphery, the 
latter causing the oil contained in the drum to drip continuously over the electrodes 
located in the center of the apparatus.®^ The initial raw material was a 50 per 
cent fatty oil-mineral blend and during the electrical treatment the mineral oil 
content was increased until the final product contained only about 15 per cent of 
fatty oil. 

Details of one method for the preparation of Voltol oils have been given by 
Isom.®® In this process, owing to the slow voltolization of straight mineral oils, 
various vegetable and fatty oils, such as rape-seed, cotton-seed or fish oils, were 
first treated until they attained maximum viscosity after which 50 per cent of 
mineral oil was slowly added with continuous treatment until the viscosity ap¬ 
proached 40® Engler at 100®C. The electrical treatment was carried out in a 
converter®® at about 80® C. under a pressure of 60-65 cm. of mercury with no 
hydrogen initially present, the current used being 23 amperes at 4600 volts and 
500 cycle frequency. Voltol oils were also manufactured by a method in which 
operations were conducted in an atmosphere of hydrogen.®^ Again, fatty oils were 
the starting materials, being gradually diluted with mineral oils during the electri¬ 
cal treatment until the final product, having a viscosity of 90® Engler at 50®C., 
contained 90 per cent mineral oil.®® 

The mechanism of voltolization has been the subject of a number of investiga¬ 
tions. Nernst®® concluded that dehydrogenation and polymerization of the un¬ 
saturated residues were the main reactions resulting from the electronic and ionic 
bombardment of the oil under the action of the discharge. A similar conclusion 
was reached by Eichwald®® as a result of his work with oleic acid in an atmos¬ 
phere of hydrogen, nitrogen or air. In this case, stearic acid was formed in a 16 
per cent yield from oleic acid whether or not hydrogen was present. However, the 
hydrogen for the reduction, according to Eichwald, was obtained from the oleic 
acid molecule itself. A more general investigation has been contributed by Petrov 
and Bogoslovskaya,®^ who subjected straight-run and cracked kerosenes and also 
certain pure hydrocarbons to voltolization at 7500 volts and 1000 cycle frequency 
for 6 hours. The yields of polymers from typical olefin, paraffin and aromatic 
hydrocarbons were ^ per cent. 23-28 per cent and 15 per cent, respectively. Those 
from aromatics had the highest viscosity hut the lowest viscosity index®^ while 
olefins and paraffins gave polymers of lower viscosity and higher viscosity index. 
The viscosity of the polymerized materials from olefins and paraffins could be in- 

War the production and selling rights of the Electrion oils were reacquired by the firm of Gavel 
et Roegiers while the German lubricating oils continued to be produced by the Deutsche Voltol 
Del Gesellschaft under the name of Voltol Oils. A. W. Nash, J. L. Howard and F. C. Hall. /. 
Intt. Pet. Teelt., 1934, 20. 1027; Brit. Chem. Abs. B, 1935, 178; Chem. Abs., 1935, 29, 1235; 
/. Inst. Pet. Tech., 1935. 21, 15A, 

A. de Hemptinne, U. S. P. 852.662. Mav 7. 1907; Chem. Abs., 1907, 1, 2188. For other 
suggested methods, see Carleton Ellis, “The Chemistry of Petroleum Derivatives,’* TTie Chemical 
Catalog Co.. Inc., New York. 1934. 

»E. C. Isom. Oil & Gas 1925, 24 (13). 156; Chem. Abs., 1926. 20, 281. 

* The converter was similar to that described by L. Hock, Z. Elektrockem., 1923. 29, 111; 
Chem. Abs.. 1923. 17. 2198. 

^ «F. C. Otto, Petroleum Enpineer. 1931, 2 (4). 112; Chem. Abs., 1931. 25, 4392. K. Wolf. 
Petrolenm Z.. 1929. 25, 95; Chem. Abs., 1929. 23. 4.563. 

••This method was used by .the Rhenania Osrag Mineral Olwerke A.-G. (at Dresden) em¬ 
ploying the original de Hemptinne api^ratus having a capacitv of 900 cu. ft. (A. W. Nash. J. L. 
Howard and F. C. Hall. loe. eit.). For review* of the Voltol proce**. *ee W. Roth. Ind. Ena. 
Cltem.. Xexes Ed.. 192.5. 3 (2). 7; I’llan. Ollii mincrali, alii e (iro.tri. eolori e tvnwW, 1932. 12. 
97. For a description of the Electrion process, see I>ecavel and Roegiers. Chimie et Industrie. 
1931. Special No.. 443: Chem. Abs.. 19.M. 25. 3575. 

^See K. Wolf, Petroleum 7... 1929. 25. 95; Chem. Abs., 1929, 23. 4563; Brit. Chem. Abs. B. 

1929. 232. H. L. Kaufmann. RefStfer. 1029. 8 (7). 122. 

•*E. Eichwald. Z. attfferr. Chem.. 1922. 35. 505; Chem. Abs.. 1923. 17. 60; /.C .V. 1922, 122. 
982. 7. dent. OelFett lnd.. 1924. 44, 241; Chem. Abs.. 1925. 19. 1061. Sec also Carleton F-llis. 

'Hydrogenation of Organic SuhsUnce*.” D. Van Nostrand Co., Inc.. New York. 3rd Ed., 1930. 

^ A. D. Petrov and T. N. Bogoslovskaya. Comfft. rend. aend. sci., U.R.S.S., 1934, 4 . 389; 
Chem. Abs.. 1935. 29, 3145; Brit. Chem. Abs. B. 1935. 292. 

For a discussion of the term n'mutty indtr see Chapter SO. 
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leased by adding naphthene and aromatic hydrocarbons before treatment and the 
energy expenditure was reduced by such addition. 

The effect of. varying conditions on the viscosity of the product formed by sub¬ 
jecting cracked kerosene to the action of a silent discharge of 4 to 14 kv. in a 
Siemen’s ozonizer was investigated by Tarasov.®^ The reaction was carried out 
in an atmosphere of hydrogen and under reduced pressure. Under constant elec¬ 
trical conditions the viscosity increased with the time of application of the dis¬ 
charge, this increase being more rapid after the first 6 hours. The optimum fre¬ 
quency was found to be 500 cycles per second and, at a constant frequency and 
contact time, the viscosity of the product was raised with increasing electrical 
power. 

For the preparation of lubricating oils by voltolization a wide range of mate¬ 
rials, including middle fractions of cracked brown coal tar,®^ hydrogenated and 
cracked coal tar,®^ alkylated naphthalenes®® and halogenated paraffins, mixed with 
aromatics or olefins,®^ have been proposed. Products obtained by subjecting paraf¬ 
fin waxes having molecular weights above 330 (or substances containing substan¬ 
tial amounts of such waxes) to the action of the silent discharge (particularly those 
of high frequencies) are reported to possess lubricating properties. Addition of 
these bodies, after removal of hard and soft wax and middle oils, to lubricants is 
said to furnish oils of lower pour points and increased viscosity indices.®® Elimina¬ 
tion of undesirable substances from the crude products may be effected by vacuum 
distillation, selective solvent action,®® fractional precipitation or adsorbent action. 
Electrical treatment may be carried out, for example, at temperatures of about 
80®C. and under reduced pressure with a discharge of about 4000-8000 volts and 
50-50,0(X) cycles, and for a period of time sufficient to raise the viscosity to above 
12®Engler at 100®C, Voltolization is favored by the presence of foam-forming 
agents and also of substances promoting condensation, such as aluminum chloride, 
txiron fluoride and zinc chloride. 

Lubricants are obtained by subjecting normally liquid hydrocarbons, poor in 
hydrogen, to the action of silent discharges and catalytically hydrogenating the 
resulting products at 150-300° C. and 20-500 atmospheres."^® Another procedure 
comprises subjecting an intimate mixture of oil and finely-divided substances, such 
as brown coal or wood charcoal, to the action of a glow discharge."^* 

The polymers secured by passage of high-tension electric discharges through 
10-12 carbon-atom hydrocarbons, alcohols, esters and other organic conipounds arc 


•Cf. Ya. Tarasov, Compt. rend. acad. set., U.R.S.S., 1934, 4, 398; J. Inst. Pet. Tech., 1935, 
21, K8A; Chem. Abs., 1935, 29. 3145; Brit, Chem. Abs. B, 1935. 293. 

British P. 297.798, 1927; Brit. Chem. Abs. B, 1930, 180; Chem. Abs., 1929. 2S, 2820; 

British P. 303,776. 1927; Brit. Chem. Abs. B, 1929, 198; Chem. Abs., 1929, 23, 4567; both to 

T. (f. Farhenind. A.-CI. 

«British P. 305,553, 1927; Brit. Chem. Abs. B, 1929, 274; Chem. Abs., 1929, 23, 4814; 

British P. 322,935, 1929; Brit. Chem. Abs. B, 1930, 134; Chem. Abs., 1930, 24. 2876; both to 

I. G. Farbctiind. A.-ti. 

••British P. 325.832, 1928, to I.* G. Farbenind. A.-G.; Brit. Chem. Abs. B, 1930, 451; Chem. 
Abs.. 1930, 24. 4147. 


•^ M. Pier and F. Christmann. German P. 556.309, 1929, to I, G. Farbenind. A.-G.; Chem. 

Abs., 1933, 27. 1160. French P. 702,198, 1930; Chem. Abs., 1931, 25. 4117. British P. 349,071, 
1930; Brit. Chem. Abs. B. 1931. 832; Chem. Abs., 1932, 26. 2048. 

••British P. 407.379 and 4!‘).833, 1934, to I. G. Farbenind. A.-G.; Chem. Abs.. 1934. 28, 
5220. 6298; Brit. Chem. Abs. B. 1934, 441, 791; /. Inst. Pet. Tech., 1934. 20. 334A. 460A. 

French P. 749.942, 1933; Chem. Abs^ 1934, 28. 632. Austrian P. 141,152. 1935; J. Inst. Pet. 

Tech., 1935. 21. 222A. M. Pier and F. Christmann. Carman P. 635,671, 1936. to I. G. Fartenind. 
A.-G.; Chem. Abs.. 1937. II, 852. For the oso of voltolized ceresin, see M. Pier and A. Eisenhut. 
German P. 616.833, 1935, to I, G. Farhenind. A.-G.; Chem. Abs., 1936. 10. 606. See alto G. M. 
Woods. Petroienm Bnc., 1936. 7 (13). 15; /. Inst. Pet. Tech., 1936, 22. 547A. 

••For the use of liquid propane as a selective solvent, see British P. 424,569, 1935. to I. G. 

Farbenind. A.-G.: Brit. Chem. Abs. B, 1935, 346; /. Inst. Pet. Tech., 1935, 21, 175iA. British 

P. 444.244. 1936, to I. G. Farbenind. A.-G.; Chem. Abs., 1936, 10. 6550; J. Inst. Pet. Tech.. 

1936. 22, 268A. See also Chapter 1. 

••British P. 433.061. 1935, to I. G. Farhenind. A.-G.: /. Inst. PH. Tech., 1935. 21, 423A: 
Chem. Abs., 1936. 10. 607; Brit. Chem. Abs. B. 1935. 937. 

« M. Pier and O. Eisenhut, U. S. P. 1,964,891. Joty 3, 1934. to I. G. Farbenind. A.-G.; Chem. 

Abs., 1934, 2A 5225. 
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said to reduce the pour point of viscous waxy hydrocarbon oils even if added to the 
extent of less than 5 per cent 


Other Industrial Applications of the Action of the 
Silent Electric Discharge on Hydrocarbons 


A possible application of the silent electric discharge is in the vapor-phase 
cracking of petroleum oils for gasoline. According to Rowland^*^ the oil vapors 
arc subjected to the action of a high-tension alternating current discharge of fre¬ 
quency not exceeding 10,000 cycles per second. The gasoline thus obtained is 
stated to need no blending and to be satisfactory as regards antiknock value. In 
considering the theory of the process, Rowland believes it possible for an electron 
moving through vapor to carry along with it a molecule of the hydrocarbon. On 
reaching a hot surface capable of absorbing the electron, the impact may be suffi¬ 
ciently great to cause disruption of the molecule. 

The conversion of methane into higher hydrocarbons (e.g., propane) is effected, 
by Reinecke,^^ by passage of the gas under sub-atmospheric pressure through a 
reaction tube in which a silent electric discharge is maintained. The time of con¬ 
tact of the gas in the electric field is less than 0.03 second. A modification of this 
method comprises treating the gas (methane, ethylene, acetylene or their homo- 
logues) in a glow discharge followed by a short heating at 900® 

Several applications of the silent discharge in the purification of hydrocarbon 
oils have been disclosed. Thus. Bruzac^* purifies hydrocarbons by submitting them 
to the action of an electric field so that impurities are electrolyzed and collect at 
the electrodes. A process for removal of gum-forming constituents from motor 
benzines has been described^^ in which the benzine is treated with a polymerizing 
agent, such as sulphuric acid, ferric chloride or aluminum chloride, and then sub¬ 
jected to the action of silent electric discharges under non-oxidizing conditions. 
Alternatively, treatment with the discharge may be carried out prior to poly¬ 
merization. 

Polymerization of resin- and gum-producing constituents of coal or manufac¬ 
tured gases is effected by compressing the latter to 5 atmospheres (or more) pres¬ 
sure, heating to 150-2(X)®C., and then treating with a silent discharge.*^® After¬ 
wards the gases, at the same temperature and pressure, are washed with an 
absorbing oil to remove the polymers. In the process of Stanton^® for dewaxing 
of petroleum oils, the latter are cooled and diluted with naphtha or other solvents 
and the solution subjected to the action of a high-tension direct current of 125-250 

^G. H, B. DavU and J, jA. Franceway, Canadian P. 346,033, 1934, to Standard Oil Dcvelon- 
ment Chgm. Abs., 193S, 29, 2346. 

«H. R. Rowland. Oil & Gas 1930. 29 (28), 38; Chtm. Abs., 1931, 25, 80S. EUc. Eng., 1931, 
SO, 288; Ckem. Abs., 1931. 25. 2373. U. S. P. 1,601,771, Oct. 5. 1926. to C. and C. Developinf 
0>.; Brit. Chtm. Abs. B. 1927. 67; U. S, P. 1,779.402. Oct. 21, 1930; Ckem, Abs., 1931, 25. 

Brit. Ckem, Abs. B, 1931, 529. U. S. P, 1,837.489, Dec. 22. 1931. to Corona Conversion Corp.; 
Brit. Ckem. Abs. B. 1932, 898. Cf. L. B. Cherry. U. S. P. 1,229,886, Jan. 12. 1917; J.S.CJ,, 
1917, SS, 863; U. S. P. 1,327,023, Jan. 6, 1920, and 1,345,431. July 7, 1920; J.S.C.I., 1920, 59. 
260A. 716A. 

Reinecke, U. S. P. 2,028.014, Jan. 14, 1936; Ckem. Abs., 1936, 50, 1394; BHt. Ckem. Abs. 
B. 1937, 16, 

*H. Tramm, German P. 615,447, 1935; Ckem. Abs., 1935, 29. 6244; /. Inst. Pet. Tech., 1935, 
21. 381A. 

~J. F. A. Brutac, French P. 752.690, 1933; Ckem. Abs., 1934, 28, 979. 

^F. Winkler and H. Hiuber. German P. 592.607, 1934, to I. G. Farbenind. A.-G.; Ckem. Abs., 
28, 3562. British P. 409.813. 1934. to I. G. Farbenind, A.-G.; Ckem. Abs., 1934. 28. 
6297; Brit. Ckem. Abs. B, 1934, 664. French P. 760,385, 1934, to I. G. Farbenind. A. G.; Ckem. 
Abs.. 1934. 28. 3562. 

^J. R, Bircher. H. W. Sevier and J. H. Wells, U. S. P. 1,963,323. June 19. 1934; Ckem. 
Abs.. 19.14. 28, 5219; Brit. Ckem. Abs. B, 1935, 440; alao Canadian P. 346,267, 1934; Ckem. 
Abs,. 1935. 29, 23.19. 

^R. E. Sunton. U, S. P. 1.940.654. Dec. 19. 1933; Brit. Ckem. Abs. B. 1934. 919; Ckem. Abs., 
J«4. 28. 1516. 
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kv. The oil is pumped into a hollow perforated anode from which it escapes in 
jets towards a horizontal cathode shell, the latter being slowly rotated. Wax is 
scraped continuously from the shell and oil withdrawn from the bottom. 

Aldehydes are obtained by the action of a high-frequency, high-tension dis¬ 
charge on mixtures of paraffin hydrocarbons and oxygen, an illustration of such 
being the synthesis of formaldehyde from methane and oxygen.®® If nitrogen be 
present also the resulting product is hexamethylenetetramine.®^ Carbon dioxide 
may be substituted for oxygen, though in this instance the aldehyde formed de¬ 
pends upon the proportion of the reactants. For example, when the concentration 
of carbon dioxide is equal to or greater than that of methane, formation of formal¬ 
dehyde takes place.®2 When the hydrocarbon is in excess acetaldehyde is the main 
product.®^ In the latter instance catalysts, such as alkaline earth oxides or car¬ 
bonates, may be employed. 

The reduction of oxygen-containing compounds by hydrogen (or methane) in 
a silent discharge is described by Stuart and Try.®*^ This procedure is reported 
applicable for preparing hydrocarbons from the creosote fraction of coal tar. 

The Decomposition of Hydrocarbons by Other Forms of Energy 

Although the photochemical decomposition of hydrocarbons as a class has re¬ 
ceived little systematic study, that of acetylene has been more carefully investigated 
and presents features of interest. It was shown by Reinicke®® that although sun¬ 
light, or light from an incandescent lamp or an iron arc, did not produce any 
change in acetylene, this hydrocarbon (at pressures of 1 to 10 atmospheres) was 
polymerized to a yellow, amorphous, insoluble solid when illuminated by a quartz 
mercury arc. The radiation responsible for this action had a shorter wave-length 
than 3000 A, since polymerization was stopped when a screen of Uviolglass was 
interposed between the light source and the reaction tube. By exposure of acety¬ 
lene in a glass vessel at constant temperature to radiation from a “hot” mercury 
vapor arc, Lind and Livingston®® obtained a brown cuprene-like product, reaction 
apparently taking place in one step with no side reactions or gaseous products. 
Light of wave lengths greater than about 2500 A was not effective in causing 
polymerization and the quantum yield (i.c., ratio of molecules polymerized to light 
quanta absorbed) was found to be 9.2 ± 1.5. This is about half the yield per ion 
pair by the action of alpha particles or about equal to the average yield per ion. 
In this connection, Lind®^ points out that the primary step in both photochemical 
and ionization reactions (in the latter case such as produced by alpha particles) is 
probably activation involving a single electron in a single molecule. Formation of 
a gas ion can occur only by complete removal of an electron from the molecule 
which photochemical activation is attributed by Lind to a shift of an electron from 
its normal orbit to one of higher energy. In both ionic and photo-reactions, 
changes normally requiring high temperatures are induced at room temperature. 

•• P. Nashan. U. S. P. 1,909,215, May 16, 1933, to Gutehoffungshutte Oberhauten A.*G.; 

Ckem, Abt., 1933, 27, 3675. German P. 566,516. 1933; Chem, Abs., 1934, 2B. 2280. 

® P. Nashan, U. S. P. 1,930,210, Oct. 10, 1933. to Gutehoffungshutte Oberhausen A. G.; 

Ckem. Abt,. 1934, 2S. 180. German P. 568,005. 1933; Chem. Abt., 1934, 28, 2280. 

•German P. 580,580, 1933, to Guttehoffungshutte Oberhausen A.*G.; Chem. Abt., 1934, 28, 
979. 

•German P. 600,040, 1934, to Gottehoffungshfitte Oberhausen A.-C.; Chem. Abt.. 1934, 28, 6376. 

•M. Stuart and A. G. L. Try. French P. 773,818, 1934; Chem. Abt., 1935, 29, 2174. 

•H. Reinicke, Z. angew. Chem., 1928, 41, 1144; Chem. Abt.. 1929, 23, 1352; Brit. Chem. Abt. 
A. 1928, 1340. 

•S. C. Lind and R. Livingston, J.A.C.S., 1930. S2, 4613: 1932, 54, 94; Brit. Chem. Abt. 
A. mi, 4S; 1932, 349; Cktm. Abt.. 1931, 2S, 2SI; 1932, 2S. li93. 

"S. C Uod. A Phyt. Cktm.. 1928, 32, 373; Brit. Cktm. Abt. K 1928, 601; Cktm. Abt.. 
1928. 22. 4382. 
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In the reactions produced by ionization, clustering appears to be an important step 
which prevents the development of a chain reaction and also enables the molecules 
to withstand the shattering effect of ionizing forces. In photochemical changes, 
clustering around an excited molecule is also assumed by Lind to occur. 

Nikoforov and Runtzo^^ observed that chemically pure bivinyl was not affected 
in the gaseous state by light from a quartz mercury-vapor lamp. On the other 
hand the technical product (70 per cent bivinyl and the remainder chiefly butene-2) 
after 80 hours gave a white solid, insoluble in alcohol, ether and benzene. A mer¬ 
cury-sensitized photochemical polymerization of cyclopropane under the influence 
of the 2536 A. radiation of mercury was noted by Harris, Ashdown and Arm¬ 
strong.^*' The product obtained was a viscous, colorless oil having a l>oiling point 
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of nearly 300®C. at 760 mm. pressure. The structure suggested for this polymer 
was (CH 2 )n- 

Polymerization of acetylene, at 0.5-10 mm. pressure and 20-500®C., by excited 
(electrically) mercury atoms is described by Melville.®^ The mercury atoms ap¬ 
parently form a complex with the hydrocarbon which then adds on more acetylene 
molecules. The chain length (number of acetylene molecules polymerized per 
excited mercury atom deactivated by the hydrocarbon) was independent of the pres¬ 
sure, of the rate at which the chains were started, and was not affected by packing 
the reaction tube. Under the same conditions ethylene polymerized, but the first 
stage of the reaction seemed to be dissociation into hydrogen and acetylene. Also 

■"V. K. Nikiforov and P. M. Runtzo. Acta Physicorhim. V.S,S.R,, 3, 3.^5; Chem. Ahs.. 

1^36. so, 2493; Brit. Chem. Abs. A. 1936. 1215. 

•• L. Harria, A. A. Anhdown and R. T. Armatrongr. .f.A.C.S.. 1936. 58. 8.S2; Chem. Ahs.. 
1®36. 80, 5126: Brit. Chem. Abs. A. 1936. 777; J. last. Pet. Tech.. 1936. 22, 298A. 

•• H. W. Melville, Trans. Faraday Sac., 19.36. 82, 258; Chem. Abs., 1936, 80, 2458. 
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the polymers from the latter (with ethylene as the initial material) underwent 
partial hydrogenation. 

The catalytic influence of mercury vapor on the condensation of acetylene in 
ultraviolet light has been discussed by Keniula®' and also by Toul.*** Jungers and 
Taylor*** have shown that the mercury-photosensitized polymerization of both 
acetylene and deuterioacetylene takes place at low pressures at a rate roughly 
proportional to the pressure. In the range 0.7-4 cm. the rate was found to be 
independent of the pressure and was 30 per cent greater with acetylene than with 
deuterioacetylene. It was observed by Livingston and Schiflett®^ that in addition 
to hard insoluble solid polymers, benzene is also formed from acetylene at 250- 
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Fig. 87.—Sketch of Apparatus for Treating Hydrocarbons with Rare-Gas-Lamp Radia¬ 
tions, (W, O. Mitscherling) 


400®C. and 1 atmosphere pressure under the influence of light from a quartz- 
mercury arc. It appears, therefore, that the products of photochemical polymeriza¬ 
tion of acetylene at high temperatures closely resemble those obtained by thermal 
pol 3 rmerization. 

Under the influence of radiations from a rare-gas lamp, (e.g., one containing 
argon), hydrocarbons, such as gasoline, are said to be oxidized to alcohols and 
ketones by perborates and percarbonates.®® A metal compound, such as copper 
hydroxide, which increases the electrical conductivity of the hydrocarbon material 


•* W. Kemala, Cotlecticn Csechosiov, Chem. Communicationi, 1935, 7, 319: C/irm. Abi 19Ji 
2S. 7775: Brit. Chem. Abt. A, 1935, 1208. ' 

<*F. Tottl, CoUection Catckoslev. Chem. Cemmumkaiione, 1935, 7. 491; Chem. Abt.. 1936 lA 

lAAA ' •W, 


••J. C. Jungert and H. S. Taylor, /. Chem. Phytict, 1935, S. 338; Brit. Chem. Abt. A, 1935 
943; Chem. Abt., 1935, 29, 5023. * 

•• R. Livmgaton and C. H. SchiSett, J. Phyt. Chem., 1934, 38, 377; /. Intt. Pet. Tech 1914 
n. 300A: ch€m. Abt.. 1934. 3S, 3M3j Brit. Chem. Abt. A, 1934, 6lf. ‘ 

. “ i'- A-,.*’- ‘o N«)n RcKareh o( Connwtical, 

Ino.; Chetfi. Abt., 1935* 29, 4771. 
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undergoing treatment should be present. Radiations, such as those from a positive 
column neon lamp, arc also recommended for this purpose.®* Fig. 87 shows an 
apparatus which may be employed in this case. 

Under the action of a-particlcs and )3-radiations, hydrocarbons undergo exten¬ 
sive decomposition and polymerization. In the case of acetylene, a solid, insoluble 
polymer is the main product from the action of alpha particles,®'^ cathode rays®* 
and high frequency electromagnetic fields.®® During the pol)rn[ierization of acety¬ 
lene under the influence of alpha particles, the velocity of reaction is increased by 
dilution with gases such as nitrogen, helium, neon, argon, krypton, xenon and 
carbon dioxide. To explain this increase, it is assumed that an inert gas ion is 
formed capable of serving as the center of a cluster of nM>lecules and thus promotes 
polymerization.'®® It is reported that methane at atmospheric pressure photo- 
chemically decomposes when irradiated with light which is transmitted through a 
thin fluorite window from a hydrogen discharge tube. Hydrogen and unsaturated 
hydrocarbons arc found in the resulting products.'®' 

The decomposition of hexane, cyclohexane and benzene in the positive-ray tube 
has been examined by Conrad'®^ with the aid of the mass spectrograph. Evidence 
of the existence of a large number of radicals from Ci to Q was obtained and 
the conclusion was reached that under the conditions of the discharge a free radical 
tends to pass into a stable compound by expulsion of a hydrogen atom with forma¬ 
tion of a double bond. Both cyclopentane and cyclopentene under the influence of 
radon have been found to yield liquid products, the ratio of the hydrocarbon 
molecules decomposed to the number of ions being 17 in the case of cyclopcntane 
and 4.5 in the case of cyclopentene.'®* 

The synthesis of liquid hydrocarbons from gaseous aliphatics is described by 
Hillis.'®^ The gases are treated with cathode rays and x-rays and the resulting 
material is conducted into a reaction zone between oppositely charged electrodes 
where it is mixed with mercury vapor (under heat and pressure) and subjected to 
an arc discharge in the presetfee of ultraviolet light. Nickel poWder in the reac¬ 
tion zone is reported to facilitate elimination of hydrogen from the simpler molecules 
and formation of complex molecules with a larger number of carbon atoms. 

Henry*®* prepares gasoline of high antiknock value from petroleum hydro¬ 
carbon vapors by subjecting the latter to an electromagnetic light and wave field 
at 24-205®C. The lower boiling fractions from the condensed gasoline are re- 
cycle<l through a second electromagnetic wave field to yield further quantities of 
liquids. As an alternative procedure, preheated vapors are led through a cracking 
coil (inductively heated by a high-frequency current) so that the temperature is 

** W. O. Mittcherlinf, U. S. P. 3,003,899. June 4, 193S. to Neon Research of Connecticut, 
Inc.; Ctum. Abs., 1935, 39, 4931; Brit. Chtm. Abs. B, 1936, 584. 

C. Lind and D. C. Bardwell, Seitnee, 1925, 63, 422, 593; Chem. Abs., 1926, 30, 702. 
1031; Brit. Cksm. Abs. A. 1926, 654. 581; Seisn<t, 1936, 63. 310; J.A.C.S., 1926, 46. 1575; 
Cksm. Abs., 1926, 30, 2459; Brit. Cksm. Abs. A, 1926, 770. 

•J. C. McLennan. M. W. Perrin and H. J. C. Ireton. Proc. Roy. Soc., 1929, 12SA, 246; 

Ck€m. Abs., 1930. 34, 23; BriS. Chrm. Abs. A. 1929. 1249, 

** R. Moena and A. Jultard, But!, set, ocod. roy. Bstg., 1927, 13, 201; Chem, Abs., 1928, 33, 31; 

Brii. Chem, Abs. A, 1927. 1042. 

Mas. C. Lind. D. C. Bardwell and J. H. Perry. J.A.C.S,, 1926, 46, 1556. W. Mund. /. 
Pkys. Chem., 1934, 36. 635; Brit, Chem. Abs. A. 1934. 737. 

^ P. A. Leifhton and A. B. Steiner, J.A,C.S., 1936, S6, 1823; Chem. Abs., 1936, 30, 7457; 
Brii. Chem. Abs. A, 1936, 1348. 

MR. Conrad, Teens. Feredey Soc., 1934, 30, 215; Chem. Abs., 1934, 36, 2272; Brit. Chem. 
Abs. A, 1933. 1270. 

mg. B. Heiaif, /. Phys, Chem., 1935, 30, 1067; Chem, Abs., 1936, 30, 364; Brit. Chem. Abs. 

A, 1936, 38. 

md. M. Hillia, U. S. P. 1.961,493. S, 1934; Chem. Abs., 1934, 36, 4670; Brit. Chem, Abs. 

B, 193S, 294. 

MI, W. Henry, U. S. P. 1,961,356, June S, 1934, to loniaiaf Corp. of Amcrka; Chemt. Abs., 
1014, 66. 4696; Brit. Cketn. Abs. B. 1913, 39S. 
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suddenly increased and cracking takes place simultaneously.'^® The superheated 
gases are then expanded into a large chamber where they are exposed to the action 
of a high-frequency oscillating electromagnetic field. 

In a process of Plauson,^®^ liquid hydrocarbons arc produced by subjecting 
gase<nis hydrocarbons or water-gas to an intense beam of )3-rays (having a velocity 
of at least half that of light) or to the joint effect of such ^-rays and the x-rays 
produced fronr them by secondary action with such substances as (|uartz or feldspar. 
Reaction may be facilitated by the use of rotating electromagnetic fields and cata¬ 
lysts of the same tjrpes as those employed in the synthesis of hydrocarlK)ns from 
water gas.'®® The yields of liquid hydrocarbons are reported to l)e increased by 
carrying out operations at high pressures and temperatures. If the irradiatetl 
gases contain water vapor, the products are said to include ketones and alcohols 
as well as liquid hydrocarbons. Liquid hydrocarbons of the paraffin and olefin 
scries can also be made from water gas and volatile gases from coal. The treat¬ 
ment of the gas mixture consists in heating to not over 600°C . and subjecting to 
the acti^ of ultraviolet light, an electrostatic field at about 8().(KX) to UK).(KK) volts 
and a nickel-tin catalyst having a trace of mercury.'®® 

Discoloration of hydrocarbon motor fuels (due to exposure to light) is pre¬ 
vented by subjecting the liquids to actinic light and simultaneously treating with 
water."® In place of the latter an aqueous solution of methanol or glycol can Ik: 
used. The proportion of water present should be about 0.01 per cent of the fuel. 
Alternatively, 0.05-0.5 per cent of an aliphatic monohydric acid may be .added to 
the hydrocarbons. 


W. H^ry, y. S. P. 1,983,027. \.W,02» and 1.9«3.029. Dec. 4. lO.M. t„ Corp. 

of Amcrtca; Cktm. Abt., 1935. 29. 589. ' 

H, PUuson. British P. 309.002. 1927; Chftn. Ahs.. 1930. 24. 

For a discussion of this synthesis, see Chapter 52. 

*«*G. F. Michot-Dupont, U. S. P. 2,033,914. Mar. 17, 1936. to 1* 
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Chapter 10 

Reaction of Hydrocarbons with Steam, Carbon 
Dioxide and Ammonia at High Temperatures 

General ntethods for the industrial production of hydrogen include electrolysis 
of water, the water-gas reaction, steam-iron reaction, pyrolysis and partial oxida¬ 
tion of hydrocarbons, particularly methane, and the decomposition of methane with 
steam.^ Of these, the last three are of particular interest to the petroleum indus¬ 
try. Pyrolysis of hydrocarlnjiis to hydrogen and carbon lias been previously dis¬ 
cussed (see Chapter 7). In this chapter the reaction of steam with, and to some 
extent partial oxidation of. hydrocarbons is described. 

Although hydrocarbons and steam at high temperatures yield principally hydro¬ 
gen and carbon monoxide (or dioxide), it is of interest to note that in some in¬ 
stances alcohols are formed at atmospheric pressure.- fhe formation of methyl 
alcohol from methane is liclieved to take place thus: 

CH4+H,() - y 

CO + 3H, CHiOH H, 

A 57 per cent yield is reported. Ethyl alcohol is said to be obtained in a similar 
manner from certain gas mixtures. 

Rkactions of Hydroc.\rbons with Steam 

In the absence of active catalysts little reaction between hydrocarbons and steam 
takes place except at very high temperatures. In the presence of contact agents, 
however, hydrogen and the oxides of carbon are produced. In the case of methane 
the two main reactions may be represented by: 

CH4-fH,0 CO-f3H, (1) 

anil CH4+2H,0 CO, + 4Ha (2) 

Both of these are reversible and take place simultaneously at temperatures above 
500®C. The e<|uilibrium constants indicate that both would proceed to completion 
at about 1000®C.® Although this is true for the first reaction (in the presence of 
catalysts) at such temperatures, in practice the second one is suppressed (except 
when a very large excess of steam is present) because the carbon dioxide formetl 
reacts with hydrogen to yield carbon monoxide and water according to the well 
known water-gas equilibrium: 

CO -f H,0 COt -F H, (3) 

In the presence of substances which catalyze the water-gas reaction, the extent to 

* For a dliCussioA of iheM varioun roethodt, L. jacque. Anm. combnstibt^'t iii3mi4cs, 19.U. 

«, 7; /. Intt. Pwt, Tech., \9SA, 20. J20A; Chtm. Abs., 1934. 28, 52lS: Rrtmr Ind. miHrntU. 1934. 
Ill, 18; Abt., 1934, 28, 48S9. The latter method hat also been investigated by V. A, 

Karihavin {Cktm, Bnff. Congr. World Potter Conf., 1936. Cl7). 

•^riatesco, CkeJemr & ind., 1934, IS (167), 456; Ckem. Abs,, 1934. 28, 6423. 

* For a ditcuMion of these constants, see Carletmi Ellis, **The Chemistry of Petroleum Derive 
tivea.’* The Chemical Catalog Co.. Inc.. New York, 1834. 
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which reactions (1) and (2) proceed will be controlled by the water-gas equilib¬ 
rium. At about 1000®C. diis equilibrium is almost completely in favor of carbon 
monoxide and steam, while at temperatures of about 400°C. only a small propor¬ 
tion of carbon monoxide is present in the equilibrium mixture. 

In general, it has been found that methane and steam (at high temperatures) 
yield almost exclusively hydrogen and carbon monoxide. However, by using a 
very large excess of steam it has been possible to realize reaction (2) almost ex¬ 
clusively at temperatures as high as 1000°C. The latter reaction also occurs with 
methane and steam in the presence of catalysts at temperatures of about 500-600° C. 
Complete decomposition of methane apparently does not take place and high con¬ 
versions are attained only with a large excess of steam over that theoretically 
required. 

Higher saturated and unsaturated hydrocarbons may also undergo interaction 
with steam in the presence of catalysts, mainly hydrogen and carbon monoxide 
being formed at high temperatures. When operating with the homologues of 
methane, there appears to be a greater tendency for the formation of unstable 
intermediate products and fouling of the contact agent by carlK>naccous deposits. 

The reaction of methane with steam and carbon dioxide at temperatures of 
about 850°C. has been investigated by Padovani.^ With porous refractory mate¬ 
rials impregnated with nickel, equimolecular proportions of methane and steam 
were almost completely converted into carbon monoxide and hydrogen with a time 
of contact of about 4 seconds. The methane content of the treated gas was about 
.3 per cent and only traces of carbon dioxide were present. Cobalt also was satis¬ 
factory, and activators which could be incorporated included tlic oxides of alumi¬ 
num, thorium, zinc and magnesium. It was reported that in spite of the higher 
temperature employed, organic sulphur did not reduce the activitv of the catalysts. 
In view of the fact that, in the absence of steam, methane was decomposed into 
carbon and hydrogen in the presence of the nickel catalyst, Padovani believed that 
reaction between methane and steam proceeds through decomposition into carbon 
and hydrogen and subsequent reaction of the carbon with steam. 

CH 4 —C-h2H, 

C-fH,0 —CO-fH, 

C-»-2H,0 —> CO,-f2H, 


Fireclay impregnated with 6.4 per cent of reduced nickel was employed by 
Karzhavin and his collaborators^ for the conversion of methane-steam mixtures 
into carbon monoxide and hydrogen at 1000°C. They observed that the activity 
of this catalyst was increased by the addition of as much as 1 per cent of magnesium 
oxide. Larger proportions of this material, however, caused a decline in activity. 
This nickel catalyst retained its effectivene.ss at 1000°C. even after prolonged use, 
and loss of metal as volatile nickel carbonyl was negligible. The presence of 
hydrogen sulphide and organic sulphur compounds (0.03-0.5 per cent) caused a 
slight initial reduction in catalyst activity, which then remained constant. This 
contrasts markedly with the rapid inactivation (by sulphur compounds) of nickel 
employed in the methane-steam reaction at temperatures of 500-600°C.** When 
using gaseous hydrocarbon mixtures, containing methane homologues, some deposi¬ 
tion of soot takes place, this increasing with the proportion of hydrocarbons higher 


*C. Padovani, Ckimit et indnstrii, 1934. 32, 517; Chem. Abt., 1935. 29. 1591' Brit 
Abt. B, 1934. 1044; J, Inst. Pet. Tech., 1935. 21. 23A. ' ' tftrtn. 

•V. A. Karzhavin, I. M. Bofualavskii lyid Z. M. Smirnova. /. Chem. Ind. (Moscow) I9t1 lA 
(S), 31; Brtt. Chem. Abs. B, 1934, 82; Chem. Abs., 1934, 2$, 1475 ' 
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than methane in the hydrocarbon mixture. However, natural gas containing 87.4 
per cent of methane has been successfully reacted with steam in a semi-commercial 
apparatus by Karzhavin, Elektronov and Ovchinnikov,*^ using a catalyst of nickel 
supported on a porous grog and at a temperature of about 1350®C. Under these 
conditions, a mixture of 1 volume of natural gas and 1.9 volumes of steam pro¬ 
duced 3.3 volumes of a mixture containing 9 per cent carbon dioxide, 22 per cent 
carbon monoxide, 64 per cent hydrogen, 0.8 per cent methane and 4.2 per cent 
nitrogen. Fig. 88 shows the reaction chamber employed. In the actual operation 
the gas-steam mixture enters at the lower part of the apparatus, passes upward 
and is heated by the hot regenerative packing and catalyst. The converted gas 
leaves at the upper part of the chamber. When the packing has cooled so that the 


Fig. 88. 

Chamber for Reaction of Natural (ias 
with Steam. {\\ A. Karzhavin) 


Courtesy Industitol and C/utniifrY 


temperature at the top of the chamber is about 1280°C., the conversion process is 
interrupted. The chamber is then reheated by the combustion of natural gas with 
air, both entering at the top, and the combustion products leave at the bottom of 
the chamber. The conversion cycle is then repeated, each one lasting about 10 
minutes. 

On the other hand, substitution of ethylene for methane results in troublesome 
carhon deposition.* Exi)eriments with mixtures of this olefin and steam have 
shown that even when equilibrium is attained in an equimolecular mixture enough 
ethylene remains in the gas to furnish carbon by thermal decomposition. This 
latter reaction begins about 700®C. but can be suppressed by an excess of steam. 
Complete conversion of a gas containing 30 per cent of olefins and 50 per cent of 
methane may be obtained by preheating it to 650°C., and adding steam and 30-60 
per cent of oxygen and conducting the reactants over a nickel catalyst. In this 
way the temperature is quickly raised to 1000-1100®C. and carbon formation is 
prevented. 

^ V. A. Kftrtluviti. N. P. Elektronov tnd B. M. CKxhinnikov, Khimstroi, 1935. 7, 459; CAem. 
Abt,, 1936, 10. 577. V. A. Rarthavin. Jn4, Eh 0 , CArm., 1936. 20. 1042; Ckem, Abs., 193n. SO. 
6923; Brit, Chem. Ahs. B, 1936. 1075; J, Imst, Pet, Teek„ 1936. 22. 499A. 

*V. A. Karihavtn, A. G. Leibutb. B. N. Chrchmnlkov and G. A» MargulU. J, Chem, !ud. 
(Moacow), 1934. No. $, 4$; Chem, Abt., 1934. 20. $607. 
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According to Candca and Kiihn,• natural gas containing 96,4 per cent of mdh- 
ane was almost completely transformed by reaction with 3 volumes of steam at 
1000®C. in the presence of a catalyst containing iron, nickel and manganese, and 
with a time of contact of 20 seconds. The gaseous products contained 70 per cent 
of hydrogen and 20 per cent of carbon monoxide. Under similar conditions kero¬ 
sene yielded 30 per cent hydrogen and 70 per cent carbon monoxide. Decomposi¬ 
tion of a heavy residuum oil (with steam) at 800-900®C. furnished a good il¬ 
luminating gas which could be employed also as a fuel for gas engines. Another 
use for such gases, after removal of water vapor, is in the brazing of iron or steel 
at 1100®C.*o 

It has been found by Schmidt“ that coke from brown coal is effective for the 
conversion of methane and its homologues into carbon monoxide and hydrogen 
mixtures by reaction with steam at 950-1025®C. The gaseous products (containing 
70 per cent of hydrogen) may be transformed into carbon dioxide and more hydro¬ 
gen by further reaction with steam at 500®C. in the presence of the same agent. 

From the point of view of hydrogen production from methane, the reaction 

CH 4 + 2 H ,0 —> CO, 4 - 4H, 


would appear most attractive since it yields more hydrogen than the competing 


reaction. 


CH 4 4 - H,0 ---> CO 4- 3H, 


and also should furnish a gas mixture from which the carbon dioxide can be read¬ 
ily eliminated. However, for reasons already discussed, it has been found difficult 
to carry the former reaction to completion except in the presence of a very large 
excess of steam. Consequently the same overall effect has usually been attained 
by a two-stage process, in which high temperatures and steam are employed to 
decompose the hydrocarbon into hydrogen and carbon monoxide, the latter con- 
.«itituent being further reacted with steam at a lower temperature (in the second 
stage) to give carbon dioxide and hydrogen. It has been pointed out by Karz- 
havin'* that complete transformation of methane (in the presence of nickel) is 
only possible at 50(^^600®C. if excess steam is employed and the carbon dioxide 
formed is absorbed by calcium oxide incorporated in the catalyst mass. However, 
r^eneration of calcium carbonate at 850-900®C. destroys the activity of the cata¬ 
lyst. If ignited dolomite is substituted for lime, not only is carbon dioxide ab¬ 
sorbed but any carbon monoxide present is said to be converted into carbon dioxide 
by the steam. According to Takenaka,** an active agent for accelerating the 


reaction, 


CH4 -b 2H/) 


CO, -b 4H, 


at low temperatures (650®C.) consisted of a mixture of potassium carlwnatc* 
alumina and reduced nickel. 

Transformation of methane, and other hydrocarbons, by steam into mixtures of 
hydrogen and carbon dioxide, with very little carbon monoxide, has been realized 
experimentally by Matignon and Seon^^ by the use of certain catalysts at tempera¬ 
tures above 1000®C. T^e best of these was zirconia while thoria ranked next and 

•C. Candea and J. K&hn. Bull. sci. ecoU polyteeh. TimiMCara, 1934, 5, 225; Chem, Abi., 
1935. 29, 8302; Brii, Ctum. Ahs. B, 1936, 532; /. IfM*. Pti, Ttck., 1935, 21, 12SA. The oxide*, 
hrdroxidet or carbonates ot metala of the iron croon are recommended by R. Huettner and G. 
WietMl, U. S. P. 2,038,566, Apr. 28. 1936, to f. G. Farbenind. A.-G. ; CAem. Abt., 1936. SO. 3953. 

»F. P. Wilton. U. S. P. 1.988.929. Tan. 22. 1935, to General Electric Co.; Brit. Chtm. Abt. 
B, 1936. 503; Ckem Abi., 1935. 29. 1767. 

UR. Schmidt, BraunkobU, 1933. 12. 889; Brii. Ckem. Abs. B. 1935. 292; Chem. Abt., 1934. 
28, 2499. 

»V. A. Karahaein. /. Ckrm. Ind. (Motcow), 1934, 10 (2), 31; Chrm. Abs., 1934, 28. .3873; 
BHi, Chtm. Abt. B. 1934. 611. 

**Y. Tahmlia. Sii. Papert. tmp. Pnfl Rettarek fnti., Japan. 1933, No. 15; /. Fnri Soc.. 
Jmptm. 1933. 12. 57; Chtm. Abt., 19.1.3. 27, 3585; Brit. Ckem. Abt. B, 1933. 611. 
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ferric oxide, alumina, ferric oxide plus 10 per cent potassium carbonate, and zir- 
conized asbestos were less active. Passage of a gas consisting of 63.7 per cent 
methane, 14.4 per cent nitrogen, 10.0 per cent hydrogen, 7.3 per cent carbon mon¬ 
oxide, 3.8 per cent oxygen and traces of ethylene with an excess of steam over 
zirconia at about 1000®C. (with a time of contact of 7 seconds) furnished a product 
containing 74 per cent hydrogen, 17 per cent carbon dioxide and no carbon mon¬ 
oxide. The steam proportion was varied up to 80 times the theoretical quantity 
hut it was found that the best results were obtained by keeping the excess small. 
Matignon and Seon also’ studied the conversion of hexane, benzene, ///-xylene, 
cyclohexane, cyclohexene, gas oil and fuel oil into carbon dioxide and hydrogen 
by reaction with steam in the presence of the zirconia catalyst at about 1000®C. At 
a contact time of 3 seconds, the hydrogen content of the gas from hexane was 78.5 
per cent while no carbon was deposited and the carbon monoxide was very low. 

C.Hm + 12H,0 6 CO, -h 19H, 

Benzene, freed from thiophene, yielded gas containing 53 per cent of hydrogen at 
1050®C. and one second contact time and a gas containing 56 per cent hydrogen at 
1075®C. and 1.1 second> contact time. At 1000®C. ///-xylene, with twice the 
the* /eiical quantity of steam, gave a reaction product containing 64 per cent of 
hydrogen and those from cyclohexane and cyclohexene contained 48.5 per cent and 
58.2 per cent of hydrogen, respectively. In the presence of zirconia at 1000-1050®C. 
reaction of steam with gas oil and mazout***^ yielded 76.2 per cent and 67.9 per cent 
of hydrogen, respectively. In the case of these higher hydrocarbons and steam, 
methane and ethylene w'ere always observed as intermediate products but disap¬ 
peared with increased contact time. 

Treatment of benzene with <leuterium oxide (heavy water) at 200®C., using 
nickel on kieselguhr as a catalyst, results in replacement of the hydrogen in the 
aromatic hydrocarbon by deuterium.*^ Removal of water, after each operation, 
and addition of fresh portions of deuterium oxide yields, successively, compounds 
varying in composition from ChH^D to 

The e<]uilibrium constants of the reaction, 

CH4-i-2H,() —> CO,-f4H, 

at temperatures between 4(X)-490®C. have been determined by Ghosh, Chakravarty 
and Bakshi,*^ using a catalyst containing nickel, thoria and ceria. 

Kkactio.n hktwkkn Mkthank and Carbon Dioxidk 

In the presence of contact agents of the same type as those employed in the 
methane-steam reactions, methane interacts with carbon dioxide according to the 
reversible equation; 

CH 4 -f COs 2 H, + 2C() - 61 kg. cal 

This is essentially the sum of the two reactions, 

CH 4 C -f 2H, and C + Ci\ - ^ 2C() 

C. Matignon and M. S«>n. Rtt’. petrolijert, 19.U, No. 608. 49.t; Chrm. /ths.. 19.t.> 29, .019. 

^ Mazout it defined a* “crude petroleum from which has l>een separated mroleum rther, 
gaaotine. kerosene, and gas oil" <F. T4iuer. /. Pitrotc, 1921. 21 /6). 2; Chtm, Abs.. 1921. IS, 37.^9). 

^ P. I. Bowman. W. S. Benedict and H. S, Taylor. J.A.C.S.. 1935, 57, 960; Chrm. Abs.. 
1935. 29, 4335; Brit. CMem. Ahs. A. 1935. 852. 

'^The preparation of CiD# hy other methods is described bv H. Erlenmeyer and H. Tx)beck 
(Hftr. Chtm. Acta. 1935. 18. 1464; Cfcrm. Abx.. 1936, SO. 1751; Brit. Ckem. Ahs A 1936 61) and 
N. Morita and T. Titani (Bait. Cbem. Soc. Japan, 1935. 10, 557; Cktm. Abs.. 1936, SO. 1751; 
Brit. Chttm. Abi. A, 1936. 195). The latter investigators also prepared monodeuteriohenzene. 

**J. C. Gh^h, K. M. Chakravarty and J. B. Bakshi, Z. anaro. aftftrm. 1934, 217. 277; 

Brit. Chem. Abi. A. 1934. 488; Chem. Abs., 1934. St. 6613. 
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and it is possible that the latter effectively represent the actual mechanism of the 
methane-carbon dioxide reaction. The known equilibrium constant of the decom¬ 
position of methane into its elements and the carbon-carbon dioxide reaction may 
be combined to show the influence of temperature on the methane-carbon dioxide 
equilibrium. This method of calculation has been employed by Gluud, Klempt and 
Brodkorb,^® whose figures for the equilibrium concentration of reactants (calcu¬ 
lated as volume per cent of the gaseous mixture) at atmospheric pressure and at 
various temperatures are shown*® in Table 56. 

Table 56.— Reaction CHa + COt 2Hi -f 2C0 


•Per Cent- 


Temp. ®C. 

CH 4 

CO, 

CO 

H, 

450 

43.5 

43.5 

6.5 

6.5 

550 

28.7 

28.7 

21.3 

21.3 

650 

15.5 

15.5 

34.5 

34.5 

750 

3.0 

3.0 

47.0 

47.0 

850 

0.8 

0.8 

49.2 

49.2 

900 

0.1 

0.1 

49 9 

49.9 


It will be seen that complete decomposition of methane by carbon dioxide can 
only be attained at temperatures of the order of 10(X)®C. It has been found that 
catalysts for the methane-steam reaction are also effective for that between meth¬ 
ane and carbon dioxide. Padovani and Franchetti*^ have investigated this latter 
reaction at temperatures of about 850®C. using porous refractory material im¬ 
pregnated with reduced nickel and promoters such as alumina. In a typical experi¬ 
ment, an equimolecular mixture of these latter two gases was passed at atmos¬ 
pheric pressure and a temperature of 850®C. over the catalyst impregnated with 
12.5 per cent of nickel and 25.5 per cent of alumina at such a rate that the time of 
contact of the gases was 9.8 seconds. The gas produced contained 50.9 per cent 
hydrogen, 47.6 per cent carbon monoxide, 1.1 per cent carbon dioxide and 0.7 per 
cent methane. Nickel containing small proportions of copper was also found to be 
very active. 


Industrial Applications op the Reactions of Hydrocarbons 
WITH Steam and Carbon Dioxide 


The production of hydrogen from gaseous hydrocarbons is carried out indus¬ 
trially in a two-stage process, in which the hydrocarbons are first reacted with 
steam, or carbon dioxide, at high temperatures to furnish a mixture of hydrogen 
and carbon monoxide and the latter substance subsequently converted (in the sec¬ 
ond stage) into hydrogen and carbon dioxide by reaction with a further quantity 
of steam and at a lower temperature. Both stages may be effected in the presence 
of metallic catalysts though refractory materials of large surface and high heat 
content may be employed in the high temperature zone. 

The chief technical difficulty confronting large scale operation is the necessity 
of supplying large amounts of heat to the reacting gases (owing to the high endo- 
thermicity of the reaction) at a high temperature level. In some instances this has 


^W. Glttnd. W. Klempt end F. Brodkorb, Ber, Ges. KokUnItch., 1930. I, 261; Brit, Chem 
Abt, B, 1931, 32$; Chem. Abs., 1931, 25. 2269. 

*>T1ie equilibrium consUnu of thii reaction at 400 490* C. have been determined experimentally 
in the presence of an activated nickel caUlyst by J. C. Ghosh, K. M. Chakravarty and J. B. Bakthi 
toe. eit. 


®C. Padovani and P. Franchetti, Inst. Ini. Chem. Fuels, Polytechnicum, Milan, 1932. 4 173* 
Chem. Abs., 193$, 29, 1229. C. Padovani, Chimie et iniustrie, 1934, 12, $17; }. Inst Pet *Teeh* 
1935, 21. 23A: Chem. Abe., 1935, 29, 1591; Brit. Chem. Abs. B, 1934. 1044. ' 
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been overcome by employing externally fired reaction chambers in conjunction 
with regenerative heat-exchangers of special design ^2 Wietzel and Hennicke** 
propose reaction chambers composed of highly alloyed steels, such as those contain¬ 
ing chromium and nickel. These reactors, which are externally heated to about 
600-1000®C., are constructed so that their length is very large in proportion to 
their cross-sectional area. For example, in one method^^ these cham^rs are pipes 
passing vertically through the roof and floor of a furnace and are arranged in rows 
along the sides. The burner is centered at the top and the exhaust gases are re¬ 
moved through openings in a horizontal flue on the bottom of the furnace. Instead 
of using externally heated units, the reaction between hydrocarbons and steam may 
be combined with some exothermic process, such as the incomplete combustion of 



Courtesy Stan^lard Oil Dcxclopment Co. 

Fig. 89.—General View of Plant for Producing Hydrogen from Hydrocarbons. 


hydrocarbons with air or oxygen. Alternatively, the operations can be carried 
out intermittently in the presence of heat-storing materials, which are periodically 
heated by direct firing. In this case the steam reaction and the firing cycle are 
effected in alternation exactly as in the well-known process for the manufacture of 
water gas. 

In a prcKcss described by Odell, 2 ^* a mixture of steam and propane or butane is 
introduced into a highly heated fuel bed to produce a gas containing essentially 
hydrogen and carbon monoxide in the ratio of 2-3 to 1. It is also proposed to 
carry out the steam-hydrocarbon reaction by mixing the latter material with a 
stream of superheated steam, preheating the mixture to above 540®C. and passing 
it downwards, through an incandescent fuel bed (previously heated in a separate 
firing cycle by an air blast). The resulting product contains 2-3.5 times as much 


Hir»ch. Bull mrm. $oc. ing. cixdh France, 1932. tS. 286; Chem, Abe,, 1933. 27. 2282; 
Brit. Chem. Abs. B. 1932. 919 . 

"G. Wieiiel ind W. Hennickc. U. S. P. 1.934.836, Nov. 14, 1933, to I, G. Farbenind. A. G.; 


Chem. Abs., 1934. 28. 589. 

••W. V. Hank*. G. H. Freyrrrouih and G. Potts. U. S. P. 2.028.326, 1936. to Sundard OU 
Dtwlopnirnt Co.; Cbem. Abs,. 1936. SO, 1528; Brit. Chem. Abs. B. 1936. 1207. 

■W. W. Odell, V. S. P. 1.930.442. Oct, 10, 1934, to Columbia Engineering and Management 
Corg.; Chem. Abs., 1934. 28, 293; Brit. Chem. Abs. B. 1934, 746. See also, Bntiah P. 386.981, 
ml; Ckrm. Abs., 1933, 27. 5943; Brit. Chem. Abs. B, 1933, 339, 
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hydrogen as carbon monoxide, and is said to be free from suspended carbon re¬ 
sulting from the pyrolysis of the hydrocarbon material. 2 ® 

According to Naniikawa,^^ the decomposition of hydrocarbons by steam is 
effected over a nickel catalyst in a reaction tube placed in the center of a water-gas 
generator. The gaseous products then pass through hot coke surrounding the cata¬ 
lyst tube thus giving a mixture containing 25-34 per cent of carbon monoxide and 
57-59 per cent of hydrogen. OdelF“ suggests treatment of gaseous or atomized 
hydrocarbons with steam in the presence of the hot coke obtained by the carboniza¬ 
tion of solid fuels, e.g., in vertical reports. 

In another procedure, air is passed through a regenerator chamber and used to 
burn a combustible gas in a checker-filled, or other, reaction conduit, the waste 
gases serving to heat a boiler.Natural gas and steam, together with carbon 
dioxide if higher ratios of carbon monoxide to hydrogen are desired, are then 
l>assed through the reaction chamber and regenerator in a reverse direction to the 
fuel gas, and the cycle of operations is repeated. 

Mixtures of hydrogen and carbon monoxide were produced by Russell and 
Hanks^ by reaction of metliane and steam at temperatures above 760® C. in a 
tower packed with a catalyst. The latter consisted of alumina, or rare-earth oxide, 
impregnated with finely-divided nickel or cobalt. Heating was accomplished by 
surface combustion of gas-air mixtures on porous fireclay in a vertical tube ex¬ 
tending the whole length of the longitudinal axis of the tower. The gases result¬ 
ing from this process were then passed with more steam over a ferric oxide cata¬ 
lyst below 550®C. to yield carbon dioxide and hydrogen. The former was remove<l 
by appropriate scrubbers. 

A combustible gas has been obtained by OdelH^ by the reaction of gaseous hy¬ 
drocarbons and steam. He describes an apparatus in which the gaseous mixture 
is passed along refractory bricks at incandescent heat. The resulting gas, rich 
in hydrogen, is then admixed with a gas containing nitrogen oxides. Part of the 
hydrogen reduces the nitrogen oxides to nitrogen and water. This results in a 
nitrogen oxide-free gas, useful where a non-corrosive gas is required. 

In a number of processes, part of the heat required for the endothermic reac¬ 
tion is supplied by admixture of oxygen (usually in the form of air) with the 
reactants, whereby partial combustion of the hydrocarbon (e.g., methane) is 

CH4 -f 'AO2 — > CO + 2H, -f 8 kg. cal. 

cdccted. When air is used as a source of oxygen, the resulting gas mixture will, 
of course, contain nitrogen. It has been shown by Padovani and Franchetti*- 
that the partial combustion of methane, or gases containing methane, with air or 
oxygen takes place smoothly and completely in the presence of nickel catalysts at 
temperatures of 850-1200®C. Only small amounts of undecomposed methane re¬ 
main and practically no carbon dioxide is formed. Voorhees^* suggests the appli- 

••W. W. Oddi, U. S. P. 1,930.443, Oct. 10. 1934, to Columbia Engineering and Management 
Corn.: C/rem. Abs., 19.34, 28. 293; Brit. Chem. Abi. B. 1934. 746. 

" T. Namikawa, Japanese P. 98.957, 1933, to The Minister of Navy; Chem. Abs., 1933, 27. 
5944. 

»W. W. Odell, U. S. P. 1,968,053, July 31, 1934; Brit. Chem. Abs. B, 1935, 537; Chem. Abs., 
1934. 28, 5970. 

»W. D. Wilcox, U. S. P. 1.903,845, Apr. 18, 1933; Brit. Chem. Abs. B. 1934, 134; Chem. Abs.. 
1933, 27. 3321. 

•R. P. Ruaaell and W. V. Hanks, I*. .S. P. 1.951.774. Mar. 20, 1934, to Sundard Oil develop* 
ment Co.: Brii. Chem. Abs. B. 1935. 452; Chem. Abs., 1934, 28. 3563. 

«W. W. Odell. U. S. P. 2,025.071, Dec. 24. 1935; Chem. Abs., 1936. SO. 1214; Brit. Chem. Abs. 
B, 1936, 819. 

•• C. Padovani am: P. Franchetti, Giortt. Chim. Ind. Appl., 1933, IS. 429; Chem. Abs., 1934. 
28f 2853. 

•V. Voorhccf, U. S. P. 1,904.908, Apr. 18. 1933, to Standard Oil Co. of Indiana; Brit. Chem. 
Abs. B. 1934, 144; Chem. Abs., 1933. 27, 3568. 
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cation of pressures as high as 300 atmospheres, the resulting carbon monoxide 
l)cing subsequently converted into carbon dioxide and hydrogen by catalytic reac¬ 
tion with steam at the same pressure. 

Klempt^^ subjected hydrocarbons to reaction with steam in the presence of 
catalysts so as to be only partially converted into carbon monoxide and hydrogen. 
The resulting mixture was then further oxidized with air whereby the remaining 
hydrocarbon material was transformed chiefly into carbon monoxide and hydrogen. 
Carbon monoxide was changed by preferential oxidation into carbon dioxide and 
absorption of the latter left a mixture of hydrogen and nitrogen suitable for the 
ammonia synthesis. 

In a process of Wilcox,hydrocarbon gases together with the re<iuisite pro¬ 
portions of steam and air are passed through a conduit preheated to above 1150®C. 
by combustion of fuel gas therein. The hot gases, consisting of a mixture of hy¬ 
drogen, nitrogen and oxides of carbon, are conducted through a regenerator, and 
sufficient steam then added to lower their temperature to about 500®C. After this 
they are led successively through an iron oxide catalyst and sufficient lime to re¬ 
move part of the carbon dioxide formed. More steam is added, causing their 
temperature to fall to about 370°C., and the gases again passed over an iron oxide 
catalyst and finally freed from carbon dioxide. 

Wilcox^® also prepared mixtures of hydrogen and nitrogen by reacting methane 
with steam at temperatures above 980®C. and mixing the resulting hot gas with 
preheated air so that partial combustion took place. The gases were cooled by 
lieat exchange with ingoing materials and the carbon dioxide present then elimi¬ 
nated. Another procedure comprises passage of a mixture of hydrocarbon gas 
and steam through a conduit filled with permeable refractory material previously 
heated to above 1090®C. by an air-gas blast.Simultaneously with the steam 
reaction (in which the gas direction is countercurrent to the direction of the com¬ 
bustion gases during the heating cycle) a controlled volume of air, preheated to 
above 980®C., is introduced at an intermediate point in the reaction zone. The 
temperature is raised by the ensuing partial combustion and by adjusting the vol¬ 
ume of air, hydrogen-nitrogen mixtures of predetermined composition can be ob¬ 
tained. Wilcox'"'® has also developed a process in which the requisite amount of 
oxygen is added to the hot products of the methane-steam reaction after the latter 
has proceeded only 80 per cent towards completion. The steam reaction is carried 
out in reactors externally heated to above 980°C. and the oxygen addition is so 
regelated that all the residual methane is converted into carbon monoxide and all 
hydrogen in excess of twice the volume of carbon monoxide is oxidized to steam. 
The resulting mixture can l)e utilized for methanol synthesis. A closed heat- 
recovery system for use in the interaction of methane with a large excess of steam 
(0.8-1.9 lb. per cu. ft. of dry gas) has been described by Svanoe.®® 

In addition to possessing high activity, the catalyst employed for the production 
of hydrogen and carbon monoxide from hydrocarbons and steam (or carbon diox¬ 
ide) must be physically stable at high temperatures and resistant to poisoning by 

••W. Klempt, U. S. P. 1,9.11.442. Oct. 17. 193.1; Chrm. 1934. 28. 268. 

•W. D. WUcox, U. S. P. 1.962,418, June 12, 1934; Brit. CMrm. Abs. B. 1935, 439; Ckem. Abs., 

1934, 28, 4844. 

••W. D. Wilcox. U. S. P. 1,901,136. Mar. 14, 1933; Brit. Ckem. Abi. B, 1934. 84; Ckrm. Abs., 

1933, 27, 3063. 

»W. D. Wilcox, U. S. P. 1,951,044. Mar. M, 1934; Brit. Ckrm. Abs. B. 1935. 215; Ckrm. Abs.. 

1934, 28, 3535. 

»W. D. Wilcox. U. S. P. 1,905,326. Apr. 25, 1933; Bnf. Ckrm. Abs. B. 1934, 194; Ckrm. Abs.. 
1933. 27, 3567. 

••H. Svanoe. U. S. P. 1.988,759. Jan. 22. 1935. to E. I. du Pont de Nemours 8 Co,; Bril. 
Ckrm. Abs. B. 1935, 1073; Ckrm. Abs., 1935, 29, 1291, 
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substances such as hydrogen sulphide^^ A number of these have been described. 
For example, a paste consisting of a mixture of the hydroxides or carbonates of 
iron, nickel or cobalt and chromium or aluminum hydroxide is heated to remove 
uncombined water and then further dried at 870-1040® C, for 12 hours to 3 days.^^ 
During this latter period the mass is continuously treated with a current of gas 
free from catalyst poisons. Another procedure comprises impregnating alundum 
cement with nickel or cobalt nitrates, igniting the mass and then reducing the 
oxide with hydrogen to the metallic condition.^* The resulting powder is mixed 
with black nickel oxide, the mixture pressed into cubes and the latter sintered in 
hydrogen at 1000®C. Woodhouse^* recommends nickel and cerium nitrates sup¬ 
ported on pumice and reduced in hydrogen. A catalyst was prepared by Davis and 
Franceway^^ by incorporating phosphoric acid with an oxide of nickel or chromium 
and a refractory oxide such as alumina, thoria or zirconia, and baking the mixture 
at a temperature below the temperature of fusion of either oxide. 

The conversion of liquid, semi-solid and solid hydrocarbons into noncondensable 
gases without deposition of carbon was effected by Banc^® by mixing them with 
superheated steam and passing the mixture through a contact mass maintained at 
700-1000®C. According to Brassert,^® simultaneous passage of natural gas and 
low-grade gases containing carbon dioxide through a highly heated zone results 
in cracking of the hydrocarbons to hydrogen and carbon and reaction of the latter 
with carbon dioxide to give carbon monoxide. 

The low temperature reaction between methane and steam (usually in consid¬ 
erable excess) for the production of mixtures of hydrogen and carbon dioxide has 
attracted attention since the latter may be eliminated by relatively simple means. 
In practice, however, complete decomposition of the hydrocarbon in one treatment 
can only be achieved by the use of a very large excess of steam. Also the reaction 
is strongly endothermic. For these reasons it has been found convenient generally 
to attain the same results in a two-stage process, as previously described. 

Hartcr^^ proposes to convert methane, or gases rich in methane, into hydrogen 
and carbon dioxide by reaction with steam at 550-600®C. Catalysts such as active 
carbon and the oxides of iron, nickel, cobalt and copper, admixed with difficultly 
reducible metallic oxides, may be employed. Reactivation of the catalyst is ef¬ 
fected by subjecting it to a gas containing hydrogen and carbon monoxide (pro¬ 
duced by partial combustion of methane) followed by a short treatment with 
steam, with or without air. Another contact agent is prepared by adding a solu¬ 
tion of potassium carbonate to an aqueous solution containing the nitrate.s of 
nickel, aluminum and magnesium, mixing the precipitate with potassium nitrate 
and reducing the dried mixture in a current of hydrogen.^® Passage of 1 volume 

^ Removal of sulphur compoundt from gaicous hydroc«rbon» before tubmittinf the latter to treat* 

ment with ateam ta deacribed oy G. Wtetael, W. Haller and W. Hennicke, German P. 578,824, 19JJ, 

to I. G. Farbenind. A.-G.; Chtm. Mbs., 1934, 28, 866. 

«W. V. Hanka and G. W. Freyermuth, U. S. P. 1.943,821. Jan. 16, 1934, to Standard Oil 
Development Co.; Brit. Ckem. Abi. B. 1935, 187; CMrm, Abt., 1934, 28, 2136. 

^C. H. Freyermuth, U. S. P. 1,970,695, Aug. 21, 1934, to Standard Oil Development Co.; 
Brit. Ckem, Abs. B, 1936, 102; Ckem, Abs., 1934, 28, 6256. 

C. Woodbouae, U. S. P. 1,960,886, May 29. 1934, to E. I. du Pont de Nemoura k Co.; 

Brii. Ckem. Abt. B, 1935. 403; Chem. Abi., 1934. 28, 4547. 

♦*C. H. B. Davia and J. A. Franceway, U. S. P. 1,948,338. Feb. 20, 1934, to Standard OU 
Development Co.; Chem, Abi., 1934, 28, 2882; Brit. Ckem. Abi. B, 1935, 10. Cf. French P. 
771.792, 1934. to Standard Oil Development Co.; Chem. Abi., 1935, 29, 1594. 

M. Banc, French P. 772,730, 1934, to "Petroaani" SocieUte anonima Romana pentru exploaurco 
minelor de carbuni; Chem. Abs., 1935, 29, 1430. 

<*H. A. Braiaert, U. S. P. 1,972,259, Sept. 4, 1934, to H. A. Brasaert k Co.; Chem. Abi., 1934, 
28, 6554; Brit. Chem. Abi. B, 1935, 792. 

«»H. Harter, German P. 602,111, 1934; Ckem. Abi., 1935, 29. 563; /. Imt. Pei. Tech., 1934, 
20. 617A. U. S. P. 1,920,858. Ang. 1. 1933; Brit. Chem. Abi. B, 1934, 565; Chem. Abi., 1933. 
27. 4888. See alao, German P. 581,986, 583,205, 585,419 and 585,420, 1933; Chem. Abi., 1934, 

V,^mi841, 1934, to I. G. Farbenind. A.«G.; Chem. Abi., 1935, 89, 3791. 
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of methane and 6.2 volumes of steam over this catalyst at 450-650® C. yields a gas 
containing carbon dioxide and hydrogen in the proportions of 1:4. 

According to Porter's method,only small amounts of carbon monoxide occur 
with the carbon dioxide and hydrogen produced. One of his catalysts may be 
obtained by adding an aqueous nickel and aluminum salt solution to an excess of 
aqueous alkali (so that the solution may be basic during precipitation), supporting 
the resulting mixed precipitate on magnesium oxide or magnesium fluoride and 
drying. In this case, the aluminum acts as a promoter for the nickel catalyst. 
This investigator also advocates the use of chromium or molybdenum oxides, sub¬ 
stantially free of nickel, iron or cobalt.^®* Another contact agent which may be 
employed consists of palladium admixed with the oxides of two of the following 
metals, magnesium, beryllium, cerium, titanium, chromium, thorium or tungsten. 

Woodhouse'*® decomposed methane with steam in the presence of catalysts at a 
temperature of 550®C., followed by further reaction with steam, and carbon dioxide- 
absorption at 250-450® C. A contact agent for this low-temperature operation was 
made by treating a nickel salt solution with a precipitant such as calcium hydrox¬ 
ide.^^ The precipitate was calcined, and then reduced in an atmosphere of hydro¬ 
gen. Cobalt compounds may also be used. Heat for the reaction between hydro¬ 
carbons and steam is supplied, in the process of Beekley,®’-^ by continuously burning 
fuel gas in heat-exchange relation to, but out of direct contact with, the reactants. 
Residual heat is afterwards removed from the combustion products by heat ex¬ 
change witli water from which steam for the reaction is generated. 

Another modification is described by Larson®^ in which, after partial conver¬ 
sion of the methane-steam mixture has taken place, the temperature of the reacting 
gases is raised by the introduction of oxygen. The resulting partial combustion 
produces sufficient heat to render the hydrocarbon-steam reaction practically ther¬ 
mally self-supporting and heat is supplied to the inlet gases by heat exchange with 
the hot gaseous products. 

In the process of Spalding,®^ natural gas is saturated with water vapor at 83®C. 
and then passed over a catalyst at 390® C. to produce carbon monoxide and hydro¬ 
gen. The resulting mixture is saturated with steam and conducted through a 
second catalyst chamber at 330-340®C. to convert the carbon monoxide and steam 
into carbon dioxide and hydrogen. The hot gases are compressed to 1.5-2 atmos¬ 
pheres and forced through a tower down which flows the effluent water from the 
first two operations. In this manner the water is heated to about 120®C. before 
being returned to the system. 

The production of hydrogen from methane was effected by Williams^'* by the 
use of the steam reaction at temperatures of 300-500® C. and at superatmospheric 
pressures. A nickel catalyst containing a large proportion of an alkaline earth 

F. Porter. U. S. P. 2,013,066. 1935, to Atmospheric Nitrogen Corp.; Brit. Chcm. Ahs. B, 

1936. 971; Chem. Abs., 1935. 29, 7029. 

**• F. Porter, U. S. P. 2,067,729, Jan. 12, 1937, to Atmospheric Nitrogen Corp.; Ckrm. Ahs. 

1937. 31. 1564. 

♦^F. J. de Rewal, U. S. P. 2.030.283, Feb, 11. 1936, to Atmospheric Nitrogen Corp.; Cftem. Abs. 
1936, 30. 2199; Bnf. Chem. Abs. B. 1937. 113. 

J. C. Woodhoute, U. S. P. 1,960,886, May 29, 1934, to E. I. du Pont de Nemours & Co.; 
Chem. Abs., 1934, 28, 4547; Brif. Chem. Abs. B. 1935, 403. 

»»J. C. Woodhouae, U. S. P. 1,959,189, May 15. 1934, to E. I. du Pont de Nemours & Co.* 
Chem. Abs., 1934. 26. 4547; Brit. Chem. Abs. B. 1935, 724. 

»J. S. Beektey. U. S. P. 1.959.151. May 15, 1934, to E. I. du Pont de Nemours A Co.; Brit. 
Chem. Abs. B, 1935, 90; Chem. Abs., 1934, 28. 4547. 

“A. T. I^raon, U. S. P. 1.960,912, May 29, 1934, to E. I. du Pont de Nemours & Co.; Chem. 

Abs., 1934. 28, 4547; Bril. Chem. Abs. B, 1935. 900. 

**\\\ I.. S}>aldtng. U. S. P. 1.935,675. Nov. 21. 1933, to American Cyanamid Co.; Brit. Chem. 

Abs, B, 1934. 833; Chem. Abs., 1934. 28. 884. 

** R. William*. U. S. P. 1.938,202, Dec. 5. 1933. to E. I. du Pont de Nemours A Co.; Ckrm. 
Abs., 1934, 28, 1150; Brit. Chem. Abs. B. 1935, 1010. 
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oxide, such as Ihue, was used. As soon as oxides of carbon appeared in the reac¬ 
tion products, the catalyst was regenerated by heating. 

“Rkforminc;” Hydrckarmons by Partial Reaction with Steam 


An important application of the reaction between hydrocarbons and steam is 
the so-called reforming of natural and refinery gases. The products of reforming 
consist of unchanged hydrocarbons as well as hydrogen and oxides of carbon and 
their composition may be varied by controlling the extent of reaction with steam 
so as to produce gaseous fuels of almost any desired calorific value from 280 to 
1800 B.t.u. per cu. ft. In the Davis reforming process,®® butane and other hydro¬ 
carbon gases of high thermal value are degraded in the presence of a catalyst of 
metallic nickel in a cycle of operations which includes blasting, reforming and 
steaming periods in which the generator is heated, cracking of the rich gases and 
the purging of the machine. The reactor consists of an insulated refractory-lined 
chamber similar to a water-gas generator and is packed with 1" x 3" helical coils 
of No. 10 gauge nickel wire. Tar and condensable oils are not formed and the 
activity of the nickel increases with use. Catalyst losses are said to amount to 
only about 2 cents per 1000 cu. ft. of gas. 

Another metliod of reforming natural or refinery gas, developed by Perry, 
does not involve the use of catalysts. Instead, the hydrocarbon gas is passed 
through an incandescent fuel l>ed, producing a reformed gas, a stiff pitch and 
deposition of carbon in the fuel bed. The fuel bed. is then air-blasted to provide 
heat to crack more gas, after which the remaining excess carbon is converted into 
water-gas by steaming. The mixture of reformed and water gases has a calorific 
value of about 460 B.t.u. per cu. ft., and may be enriched by vaporization of liquid 
hydrocarbons (e.g., gas oil) with heat from the air blast gases. According to 
Perry,®® 1000 cu. ft. of refinery gas of 16(K) B.t.u. yields 2000 cu. ft. of 560 B.t.u. 
gas together with 33 lbs. of coke from which an additional 1000 cu. ft. of blue 
water-gas can be produced. Overall conversion costs are somewhat less than those 
for carburetted water-gas. The production of 945 B.t.u. gas by reforming a light 
distillate of 32 Be. in a standard 3-shell water-gas machine has been described by 
Willien.®® 

According to P'rey, Huppke and Guyer,®^* a clean fuel gas from hydrocarbons 
such as propane and butane is obtained by the following procedure: A mi.xture of 
steam and hydrocarbons is passed through a series of externally-heated catalyst 
masses, the gas mixture being preheated between the various stages and hydrocar¬ 
bon material added at intervals. The catalyst may consist of screens of nickel 
promoted with alumina. The calorific value of the resultant gas, consisting of 
mixed gaseous hydrocarbons and water-gas, can be controlled at will. 

Production of Hydrocyanic Acid from Hydrocarbons by 
High Temperature Reactions 


It has long been known that hydrocyanic acid may be produced by the inter¬ 
action of hvdrocarbons, such as methane, with ammonia at high temperatures and 

»T. B. Williams. Am. Gas Assoc., Proc., 193S, 793; Ckem. Abs., 1934, 28, 4207. 

^ T. A. Perry. U. S. P. 1,939.410, Dec. 12, 1933, to United Gat Improvement Co.; Brit. Chsm. 
Abs. B. 1934. 869; Chem. Abs., 1934, 28. 1511; /. Inst. Pci. Tech., 1934, 20. 112A. See also, H. G. 
Tertian, U. S. P. 1,980,115, Nov. 6, 1934, to United Gas Improvement Co.; them. Abs., i93.5. 
29, 324; Brit. Chem. Abs. B, 1935, 982. 

• T. A. Perry. Gas Age-Record, 1933. 72. 479; Chem. Abs.. 1934. 28, 1505. 

•L. T. Willien, Gas Age-Record, 1933, 72, 431; Chem. Abs., 1934, 28, 1505. 

" F. B. Frey. W. F. Huppke and J. A. Guver, U. S. P. 2,029.657, Feb. 4, 1936, to Phillips 
Petroleum Co.; Chem. Abs., 1936. 30. 1981. For a descrintion of the apparatus and oneratine 
details, see F. E. Frey. W. F. Huppke and J. A. Guyer, U. S. P. 2,029,317, Feb. 4, 1936, to 
Phillips Petroleum Co.; Chem. Abs., 1936. 80, 1981. 
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several processes for the manufacture of that material have been developed com¬ 
mercially. It has been shown by Andrussow®^ that good yields of hydrocyanic 
acid are obtained by passage over platinum gauze at about 1000®C. of a mixture 
of ammonia, methane and oxygen (or the corresponding amount of air) in propor¬ 
tions corresponding to the equation :— 

2NH,-f 3 O 2 (or 14.4air)-I- 2 CH 4 —2HCN + 6 H 2 O -H 230 kg. cal. 

With these proportions of reactants at 1(X)0°C., 58-63 per cent of the ammonia is 
converted into hydrocyanic acid, about 8-12 per cent to nitrogen and about 26-30 
per cent remains undecomposed. The methane is partly transformed into hydro¬ 
cyanic acid and partly into a mixture of hydrogen and carbon monoxide. A small 
excess of either ammonia or methane is not harmful but with increasing amounts 
of methane most of the oxygen is consumed in the formation of carbon monoxide 
and hydrogen, thus decreasing the yields of hydrocyanic acid. A decreased yield 
of this acid is also obtained on addition of carbon monoxide to the reaction mixture. 
Oxidation of ammonia to nitric oxide and, in the presence of methane and other 
hydrocarbons, to hydrocyanic acid is considered by Andrussow to be a distinct 
catalytic process taking place in the immediate proximity of the catalyst surface 
with such rapidity that the intermediate steps can only be followed under very spe¬ 
cial experimental conditions. In some instances nitric oxide may be substituted for 
ammonia.®^ A 97 per cent platinum-3 per cent indium alloy gauze also has been 
suggested for this reaction under about the same conditions.®® 

Another method for preparing hydrogen cyanide comprises conducting am¬ 
monia (1 vol.), methane (2-5 vol.) and oxygen (3 vol.) through a silica tube 
heated to 13(X)°C.®^ Wood charcoal may be employed as a contact agent.®® Mix¬ 
tures of methane and ammonia have been reported to be transformed to hydrogen 
cyanide in recuperation furnaces under reduced pressure.®® When temperatures of 
500®C. or higher are necessary, it is suggested that the apparatus be made of or 
lined with aluminum oxide free from silicates.®®* 

Condensation of unsaturated hydrocarbons with ammonia, or substituted am¬ 
monias, is known to yield amines under certain conditions, particularly in the 
presence of catalysts and at relatively low temperatures.®*^ However, Egloff and 
Schaad®® report the production of amines by the direct combination of noncon¬ 
densable hydrocarbon gases (from cracking operations) with ammonia at about 
650®C. and under pressures ranging from 1(XX) lbs. per sq. in. to subatmospheric 
pressures. 


L. Andrussow. Ananv. Chetn., 19.15. 48. 593; Chem. Abs., 1935. 29, 8244; Brit. Chem. Abs. 
A, 1935. 1329: /. Inst. Pet. Tech., 1935. 21. 4I5A. 

•French P. 781,239. Mav 11, 1935. to E T. du Pont de Nemours & Co.; Chem. Abs.. 1935. 
29, 6373. See aI?o, H. A. Bond and C. R. Harris, French P. 795.092, 1936, to E. I. du Pont de 
Nemours & Co.; Chem. Abs., 1936. 30, 5374. 

•British P. 451.609. 1936. addn. to 361.004, 1930. to T. G. Farbcnind. A.-G.; Chem. Abs.. 
1933, 27. 1100; 1937. 31. 510; Brit. Chem. Abs. B. 1932. 101; B. 1936, 1206. 

• P. T. Carlisle and A. D. Macallum, British P. 442.737. 1936. to E. T. du Pont de N^mour<; 
& Co.; Brit, Chem. Abs. B, 1936, 493; Chem. Abs., 1936, 30, 5003. U. S. P. 2.069.545. Feb. 2. 
1937. 

•British P. 441.632. 1936. to E. T. du Pont de Nemours A Co.; Brit. Chem. Abs. B, 1936. 493; 
Chem. Abs., 1936. 30. 4631. 

•French P. 790,851, 1935. to Ruhrehemie A.G.; Chem. Abs.. 19.36. 30, 2985. Sec also H. 

Tramm. German P. 630.767. 1936, to Ruhrehemie A.-G.; Chem. Abs.. 1937. 31. 223. 

••German P. 636,011, 1936. to Ruhrehemie A.-G.; Chem. Abs., 1937. 31, 580. 

• This condensation is described in greater detail in Chapter 24. 

•G. Egloff and R. E. .Sehaad. V. S. P. 1,973.474. Sept. 11. 1934. to Universal Oil Products Co.; 
Brit. Chem. Abs. B. 1935. 759; Chem. Abs., 1934. 28. 6997. 



Chapter 11 

Direct Hydration of Olefins to Alcohols 


The direct addition of water to olefin hydrocarbons according to the general 
equation 


C„H,n-hH,0 —> CnHin^lOH 

would appear to offer possibilities for the commercial synthesis of alcohols. The 
simplicity of the reaction, as compared with the well-established although indirect 
methods involving absorption in sulphuric acid, has attracted a large number of 
investigators.' Consideration of the thermodynamics involved has shown that 
hydration is favored by low temperatures and high pressures. Consequently good 
yields, which are essential to the industrial success of the process, can be attained 
only in the presence of catalysts capable of effecting rapid combination at relatively 
low temperatures.2 


Ethylene 


Investigations on the hydration of this olefin have been devoted for the most 
part to the discovery of contact agents which can fulfill the conditions mentioned 
above. Several types have been employed and for purposes of classification they 
may be listed as: 

1. Organic catalysts, such as pyridine or quinoline. 

2. Inorganic caUtlysts. 

a. Solutions of acids, e.g., sulphuric or phosphoric. 

b. Acidic salts, as for example, acid phosphates. 

c. Oxide catalysts, as alumina or clays. 

Aqueous solutions of nitrogen bases (pyridine or quinoline) or their salts were 
proposed by Bent and Wik.® These are reported applicable to the hydration of 
ethylene or propene at temperatures below 350®C. and pressures of about 3,000 
lbs. per sq. in. ^ 

Dilute Mineral Acids as Catalysts. The use of dilute mineral acids has 
been suggested by many investigators. Dreyfus^ recommended sulphuric acid of 
2 to 10 per cent concentration when operations are carried out under pressure at 
150® to 300®C. Higher concentrations, 15 to 60 per cent, of either sulphuric or 
phosphoric acid are advocated by Metzger.^ The contact agents may be absorbed 

^ See, Carleton Ellif, *'Tbe Chcmiitry of Petroleum Derivative!,'* The Chemical Catalof Co., Inc., 
New York, 1934. 

*The economic aspect of the srnthesis of alcohols has been discussed hj N. Parrarano (Cmm. 
Ckim. Appl, 1934, 16, 425; Bn#. Chftn. Abt. B. 1934, 1093; Chtm. Ahs„ 1934, 26, 5803). Tho 
equilibria involved in the hydration of olefins are of interest because their study should contribute 
materially to knowledge of the energy relationships of the olefin hydrocarbons. 

•F. A. Bent and S. N. Wik. U. S. P. 2,036.317, Apr. 7. 1936; Chem. Abt., 1936, SO. 3429. 

Dreyfus, U. S. P. 2,045.842. June 30, 1936; Chem. Abt., 1936, SO. 5588. 

•F. J. Metsger. U. S. P. 2.050,442, 2.050.443 and 2.050,445. Aug. 11. 1936, to Air Reduction 
Co.; Chem. Abt., 1936, SO, 6725. British P. 408.006 and 408.203. 1934; Chem. Abt., 1934. ft. 

5474, 5475; Brit. Chem. Abt. B, 1934, 492, 568; J. Inti. Pet. Tech., 1934, 20, 378A. An appormltM 
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on an inert carrier, such as pumice or silica gel, and many contain dissolved silver 
or lithium sulphate. According to Balcar,® any catalyst which is lost during hydra¬ 
tion of the olefin may be replaced by the gradual addition of ethyl sulphate. Com¬ 
plete separation of alcohol from ethylene may be accomplished by scrubbing under 
pressure with water.^ 

One continuous process comprises contacting the olefin, under a pressure of 
about 100 atmospheres, with a countercurrent stream of dilute (1 to 10 per cent) 
aqueous sulphuric acid.** The temperature should not exceed 350°C. an'^ the 
pressure should be sufficiently great to prevent substantial evaporation of the alcohol 
formed. Concentration of the acid liquor is suppressed by the continual addition 
of water vapor. After withdrawal of the dilute acid-from the reaction zone, it is 
subjected to distillation (to recover alcohol) and then recirculated. 

The formation of ethers during hydration of olefins has been observed by many 
investigators. Shiffler and Holm*^ noted that the development of such oxygen- 
containing compounds could be controlled by operating at 120® to 150°C. and 15 
to 100 pounds pressure, using 20 to 80 per cent sulphuric acid as the contact agent. 
Furthermore, after separation of alcohol and ether, recycling of the latter is said 
to aid in the inhibition of its production. 

As previously mentioned, the sulphates of silver or lithium may be employed as 
promoters. Other metallic sulphates which may be used similarly include those of 
beryllium, magnesium, zinc, cadmium, aluminum, manganese, chromium, cobalt or 
nickel.It has been suggested also that the reaction vessel be lined with a metal 
(such as copper or a copper alloy) which has an electrochemical potential, com¬ 
pared with hydrogen, between -f0,2 and —0.4 volts.^^ 

Gilliland, Gunness and Bowles^^ y^ed dilute aqueous sulphuric acid (about 3 
mole per cent) in determining the equilibrium constants for the hydration of 
ethylene at 176-307 ®(\ under pressures ranging from 80 to 260 atmospheres. They 
found that the values for free energy and the equilibrium constant at 200 atmos¬ 
pheres pressure differed by about 10 per cent when calculated from the partial pres¬ 
sures of the reactants and from their fugacities.’"* The explanation offered was 
that ethylene behaves almost as a perfect gas while deviations of ethanol and 
steam from the ideal gas laws tend to compensate one another. Polymerization of 
ethylene was a side reaction above 250®C. and 200 atmospheres pressure, and ether 
formation at temperatures below 220®C. These investigators found that the follow¬ 
ing equation expressed the relation between free energy change and temperature in 
the range studied: 


» -7780 4- 26 . 2 T 

for carrying out hydration under 100 to 1,000 iK>unds pressure is described by F. J. Metager. U. S. P. 
2.021,S64, Nov. 19, 19.15, to Air Reduction t'o.; Chrm. Abs.. 1936. 30, 485. British P. 402,613, 
1933; Chem. Abs,. 1934. 28, 2723; Brit. Chem. Abs. B. 1934. 232; J. Inst. Pet. Tech.. 1934, 20. 
192A. French P. 749.478, 1933; Chem. Abs.. 1934. 28. 777. German P. 622.267, 1935; Chem. Abs., 
1936. 30, 1384. 

• F. R. Balcar, V. S. P. 2,044.417, June 16, 1936. to Air Reduction Co.; Chem. Abs., 1936, 
30, 5236. 

^ W. Wilkinson, U. S. P. 2.044,414, June 16, 1936. to Air Reduction Co.; Chem. Abs., 1936, 30. 
5236. 

• British P. 446,781, 1936, to Standard Oil Development Co.; Chem. Abs.. 1936, 30, 6758; 
J. Inst. Pet. Tech.. 1936. 22, 296A. French P. 786,081, 1935; Chem. Abs.. 1936. 30, 1085. 

•W. H. Shiffler and M. M. Holm. U. S. P. 1.951.740. Mar. 20. 1934. to Standard Oil Co. of 
Calif.; Chem. Abs., 1934. 28. ,1415; Brit. Chem. Abs. B. 1935. 138. 

5^, Carleton Ellis, “The Chemistry of Petroleum Derivatives.” The Chemical Catalog Co., 
Inc., New York, 1934. 

^French P. 786,687, 1935, to Bataafsche Petroleum Maat.schappij; Chem. Abs., 1936. 30. 730. 
,See also, British P. 433,8^, 1935; Brit. Chem. Abs. B, 1935, 938. F. A. Bent and R. W, Millar, 
Britiah P. 453.147, 1935, to Bataafsche Petroleum Maatschappij; Brit. Chem. Abs. B, 1936. 1141; 
J. Inst. Pet. Tech., 1936. 22. 515A; Chem. Abs., 1937, 31, 1036. 

“E. R. Gilliland, R. C. Gunness and V. O. Bowles. Ind. Eng. Chem.. 1936, 28, 370; Chem. Abs.. 
1938. 30, 3307; BHt. Chem. Abs. A, 1936. 565; J. Inst. Pet. Tech.. 1936. 22, 2S3A. 

^ Fugacity is a corrected vapor pressure. For a discussion of such, see Chapter 54. 
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Bowles^* conducted a series of liquid-phase hydration experiments at 225® to 
325®C. and at pressures of about 400 atmospheres. He recommended the equation 

AF® - -10,120 +30.2r 

as representing his results. 

The expressions deduced by several investigators are compared graphically in 
Fig. 90, which shows the different relationships for the variation of free energy 
change with temperature. The experimental data of Sanders and Dodge,of 
Bowles,'® of Stanley, Youell and Dymock'*' and of Gilliland, Gunness and Bowles'® 
are in good agreement, whereas the computed values of Parks and Huffman'® and 
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Courtesy Industrial and Entfincering Chemistry 

Fig. 90, —Comparison of Results of Various Investigators on Relationship of Tem¬ 
perature and Free Energy of Vapor-phase Hydration of Ethylene. (E. R. Gilliland, 
R. C. Gunness and V. O. Bowles) 


of Francis and Kleinschmidt-® are much higher. In an attempt to correlate all 
available experimental data on vapor-phase hydration of ethylene, Gilliland and his 
collaborators suggest the following: 

» 26 . 9 T - 8300 

Acidic Salts as Catalysts. Some of the more important meml)ers of this 
group are the acid phosphates of which a large number have been described. 
Joshua, Stanley and Dymock have suggested the acid orthophosphates of uranium, 
boron,ferrous iron,^^ cobalt,copper,-** and manganese.-® These contact agents 

** V. O. Bowles. M. S. Thesis. Mass. Inst. Tech., 1933. 

“Using oxide catalyiits; F. J. Sanders and B. F. Dodge, Ind. Eng. Chem., 1934, 26. 208* 
Brit. Chem. Abs. B. 1934, 392; Chem. Abs., 1934, 28. 2171. ’ 

“V. O. Bowles (loc. cit.) used dilute mineral acidn. 

“ H. M. Stanley. J. E. Vouell and J. B. Dymock, J.S.C.I., 1934, 53, 205T; Chem. Abs.. 1934. 
28, 6362; Brit. Chem. Abs. A, 1934, 1070. Phosphate catalysts were employed. 

“£. R. Gilliland. R. C. Gunness and V. O. ^wles (loc. cit.) used mineral acids. 

“G. S. Parks and H. T. Huffman, “The Free Energies of .Some Organic Compounds.” The 
Chemical CaUlog Co.. Inc., New York, 1932. i inc 

“A. W. Francis and R. V. Kleinscbmidt, Amcr. Petroleum Inst., Proc. 10th Atm. Meetino 
1930, II. Sect HI. 93; Chem. Abs., 1930. 24, 2369. 

»W. P. Joshua, H. M. Stanley and I. B. Dymock. I’. S. P. 1.978.266. Oct. 23. 1934 to DIs- 
tillers Co. Ltd.; Chem. Abs., 1935, 29, 180. .See also. Dutch P. 63.943. 1933; /. Inst. Pet. Tech 
1935. 21, 176A. Austrian P. 141.030, 1934; /. Inst. Pet. Tech.. 1935, 31. 224A. 

*W. P. Joshua, H. M. .Stanley and J. B. Dymock. U. S. P. 1.978,267, Oct. 23. 1934, to DIs* 
tillers Co. Ltd.; Chem. Abs., 1935, 29, 180, 
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may be employed as granules, supported on an inert carrier or in solution for opera¬ 
tions effected at temperatures between 100® and 300®C. and at pressures below 
250 atmospheres. One method of preparation comprises dissolving the metallic 
oxide in an aqueous solution of phosphoric acid, the latter being slightly in excess, 
and evaporating to dryness. The residue is then baked and subse(|uently formed 
into tablets or pellets. The mechanical stability of these particles may he improved 
by incorporation of various binding agents including drying oils such as tung or 
linseed oil,-® non-drying vegetable oils (e.g., rape or castor), animal oils and higb- 
molecular weight aliphatic alcohols, acids, ketones, ethers or anhydrides.-^ Many 
water-soluble substances, as for example, glycerol, mannitol, pectin, gelatin, starcli 
and sucrose, have been suggested also as stabilizing agents.*-^^ 

In addition to the phosphates previously mentioned, Joshua, Stanley and Dy- 
mock^® have proposed also catalysts composed of complex boro-phosphates of cf)p- 
per, iron, or nickel, as well as those of calcium, strontium, barium or magnesium.'^^’ 
Some of the results obtained with these contact agents are summarized in Table 57. 


Tahi.k si . - Hydration of Ethylene Using Acid Phosphate Catalysts. 


Catalyst 

I^rcss. 

4'cmp. 

Molar 

Ratio 

Gas Vv- 

Alcohol 
g. per hr. 
per 1. of 

Per cent 
yield per 

Composition 

(atms.) 

®C. 

C,H4:H,() 

locity^ 

catalyst 

pass 

Uranyl oxalate 
+2.3H,P04. 

20 

270 

4;1 

4,000 

30.3 

0.37 

FeO-2.5H,PO, 

20 

270 

4.1 

4,000 

67.8 

0.83 

Fc0-2.5H,P04 

40 

280 

7:1 

12,600 

174 

0.67 

CoO-2.5H,P04 

20 

270 

4:1 

4,000 

31 8 

0.38 

CuO-2.0H,PO4 

20 

270 

4:1 

4,000 

70.9 

0.85 

CuO-2.0H,PO4 

40 

300 

5 4:1 

12,000 

221 

1.12 

Mn 0 - 2 . 7 H,P 04 . 

20 

250 

3:1 

2,000 

38 

0.94 

MnO-2.7H,P()4 . 

30 

2.S0 

5 6:1 

2,000 

42.7 

1 04 

CuO MnO 4H,P()4 

20 

270 

4 1:1 

4,000 

79 1 

0 97 

Cu01.5Mn()-6.05H,P(), 

20 

270 

3 8:1 

4,000 

88.5 

1.06 

0.58,0,•FcO-3.67H4PO, 

20 

270 

3 4:1 

4,000 

66.9 


0.58,0, •MnO-3.6H,PO, 

20 

280 

2 3:1 

4,000 

101.9 


CaO 0.58,0, • 3 . 6 H,P 04 . 

20 

280 

2.3:1 

4,000 

107 

i. 15 

CaO O.58,0, 3.6H,P()4. . 

40 

200 

3:1 

12,000 

467 

1.70 

8aO 0.58,O, 3.6H,P()4 . 

20 

280 

2 3:1 

4,200 

74 


8 aO 0.58,0,-3.68,PO 4 . . 

40 

290 

3:1 

12,500 

250 


SrO 0.58,0,-S.eHjPO,... 

40 

290 

3:1 

12,500 

207 


Mg0 0.58,0,-3.6H,P04.. 

20 

280 

2 3:1 

4,450 

46 4 


8,0,-2.28,PO 4 . 

20 

270 

4:1 

4,000 

37.0 

0 44 


• Liters of ethylcJic unilcr standard conditions. The volume of catalyst was 100 cc. 


Using 100 cc. of a catalyst of the composition MnO O. 5 B 2 O 3 2 . 8 H 3 FO 4 . Joshua, 
Stanley and Dymock**' investigated the effect of change in ethylene-steam ratio 

■•W. P. Joshua, H. M. Stanley and J. B. Dymock. V. S. P. 1.978.268. Oct. 23. 19.M. to Dis¬ 
tillers Co. Ltd.; Chem. Abs.. 1935. 29, 180. 

■* W. P. Joshua, H. M. Stanley and J. B. Dymock. U. S. P. 1.978.269, Oct. 23. 19.U. to Dis¬ 
tillers Co. Ltd.; Chem. Abs., 1935. 29, 180. 

“ W. P. Joshua, H. M. Stanley and J. B. Dymock, U. S. P. 1,978,270, Oct. 23. 1934, to Dis¬ 
tillers Co. Ltd.; Chem. Abs., 1935, 29, 180. 

W. P. Joshua. H. M. Stanley and J. B. Dymock. British P. 404.115, 1^34. tr> l)i<itillcrs Co. 
Ltd.; Chem. Abs., 1934, 28. 3740; Brit. Chem. Abs. B, 1934, 274. French P. 7(>2,857, 1934; Chem. 
Abs., 1934. 28. 5075. 

»»W. P. Joshua, H. M. Stanley and J. B. Dymock, British P. 422.635, 1935, to Distillers Co. 

Ltd.; Ckem. Abs., 1935, 29. 4373; Brit. Chem. Abs. B, 1935. 2b2. 

•W. P. Joshua. H. M. Stanley and J. B. Dymock, British P. 413,043, 1934, to Distillers Co. 

Ltd.; Ckem. Abs., 1935, 29, 474; Brit. Chem. Abs. B. 1934. 823. 

»W. P. Joshua. H. M. Stanley and J. B. Dymock, U. S. P. 2,009,775, July 30, 1935, to Dis¬ 

tillers Co. Ltd.; Chem. Abs., 1935, 29. 6245. 

•>W. P. Joshua, H. M. Stanley and J. B. Dymock, British P. 415,426. 1934, to Di^dillers Co. 
Ltd.; Ckem. Abs., 1935, 29, 811; Brit. Chem. Abs. B, 1934, 952. French P. 767.321, 1934; Chem 
Abs,, 1935. 29, 175. U. S. P. 2.075.203. March 30. 1937. 

•* W. P. Joshua, H. M. Stanley and J. B. Dymock. toe. cit. 
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on the yield of ethanol. Their experiments were carried out at 20 atmospheres 
pressure and 275® to 290®C., and about 400 liters (under standard conditions) of 
ethylene per hour were conducted over the contact agent. The results are shown 
in Table 58. 

Table 58. —Effect of Ethylene-Steam Ratio on Yield of Ethanol 
with a Manganese Boro-Phosphate Catalyst. 


Molar ratio 

Hourly output 
of alcx)hol in 

Per cent of 
alcohol in 

C,H4:H,0 

grams 

condensate 

3.2 

7.66 

6.30 

2.7 

8.16 

6 32 

2.3 

9.05 

5.53 

1.94 

9.98 

5.50 

1.65 

10.75 

4.83 

1.04 

13.07 

3.47 


A study of the equilibrium conditions of the reversible reaction 

C,H4-f-H,0 QH^OH 

was made by Stanley, Youell and Dymock.^^ this instance also a manganese 
boro-phosphate catalyst was employed-’*^ and the temperature range was 175® to 
250®C.^^ Only atmospheric pressure was maintained during interaction. Equilib¬ 
rium was approached from both directions, that is, from synthesis of alcohol from 
olefin and water and from decomposition of alcohol to olefin and water. The con¬ 
stants were calculated according to the equation 

^ Pt iH^ X pHji> 

Values of the latter, at different temperatures, are given in Table 59. 

Table 59.— Equilibrium Constants {Kp) for the Vapor-Phase Hydration of Ethylene. 

Kp 


^ From synthesis From decomposition 

Temp. ®C. of ethanol of ethanol Mean 

145. 6.2 X 10-* 7.5 X lO"* 6.8 X 10"* 

175. 3.4 X 10-* 3.8 X 10‘* 3.6 X 10"* 

200. 1.59 x 10-* 1.7 x 10-* 1.65 x 10"* 

225. 1.06 X 10-* 1.08 X 10-* 1.07 X 10”^ 

250. 6.30 X 10-* 7.08 X 10"* 6.7 X 10"* 


KP 

As shown in Fig. 91, plotting logioA’, (as ordinates) and -y (as abscissa) a linear 

relation between the temperature (7') and the equilibrium constant is obtained. 
This is of the type 

y - ox ^ 

in which a has a value of 2.1 and b of —6.195. The relationship between Kp and 
7, therefore, may be written as 

logio Kp - -y— 6 .195 

Substitution of 380® for T in the aU)ve equation gives a value of 1.06 X 10~® for 

»H. M. Stanley. J. E. Ycmell and JT.'B. Dyinock, 1934, 53. 205T; Chem. Abs., 1934. 

2t, 6362; /. Inti. Pet. Tech., 1934, 30. 408A: Brit. CW Abt. A. 1934, 1070. 

**Tlic composition of tbit material was MnO'BgOrarHtPO., in which x varied from 2.4 to 3.6w 
** In expenments at 145*C. the catalyst consisted of pumice impregnated with 66 per cent mI> 
phurk acid coatainiof 5 per cent of ailvtr tulpliatc. 








DIRECT HYDRATION OF OLEFINS TO ALCOHOLS 2S7 

Kp which is in close agreement with the figure obtained by Saunders and Dodge*® 
at the same temperature and 70 atmospheres pressure. Stanley and his collabora¬ 
tors calculated (from their data) the heat of hydration of ethylene to be +9600 
calories per mole. 

Phosphate catalysts have been used by other workers. Dreyfus** recommended 
alkali or alkaline-earth phosphates, such as sodium nietaphosphate. Those of tin, 
lead, cadmium, boron, strontium, beryllium or zinc have been proposed by Hors¬ 
ley.*^ Various mixtures, such as calcium metaphosphate containing a small pro¬ 
portion of the metaphosphates of barium, calcium, strontium, titanium, chromium 
or tellurium, have been suggested.** Other contact agents, which are said to be 



Courtesy Journal of Society of Chemical Industry 

Fig. 91.—Relationship of Temperature to Equilibrium Constant for Vapor-phase Hydration 
of Olefins. (H. M. Stanley, J. E. Youell and J. B. Dymock) 


especially applicable to high-pressure operations at temperatures of 100® to 300®C., 
are those comprising 1 to 2 moles of the metaphosphate of a trivalent element, such 
as aluminum** or iron,^* and one mole of a metaphosphate of a divalent metal such 
as cadmium, nickel, calcium, lead, zinc, copper or tin. 

As an illustration, Horsley prepared an acid cadmium phosphate by heating to¬ 
gether cadmium oxide and phosphorus pentoxide in the correct proportions to give 


** See iection on oxide catalysts. 

•• H. Dreyfus, U. S. P. 2.020.674. Nov. 12. 19.15; Chem. Abs,. 1936. 30. 485. British P. 407.722. 
1934; Chem. Abs., 1934, 28. 5077; Brit. Chem. Abs. B. 1934, 442; J. Inst. Pet. Tech., 1934, 20. 
336A. French P. 759.661. 1934; Chem. Abs.. 1934, 28, 3415. 

«G. F. Horsley, U. S. P. 1,977.632. 1.977,6.33. 1.977.634 and 1,977,635. Oct. 23. 1934. to 
Imperial Chemical Industries, Ltd.; Chem. Abs.. 1935, 29, 180. See also. British P. 407.944, 1934; 
Chem. Abe., 1934, 28, 5080; Brit. Chem. Abs. B, 1934, 564. French P. 761,276, 1934; Chem. Abs., 


1934. 28, 4072. 

•G. F. Horsley. 1^. S. P. 2.051.046. Aur. 18. 1936. to Imperial Chemical Industries. Ltd.: 

Chem. Abs., 1936, 30, 6765. British P. 423.877. 1935; Chem. Abs., 1935, 29, 4374; Brit. Chem. Abs. 

B. 1935, 347. 

•G. F. Horsley. U. S. P. 2,015,073. Sept. 24. 1935, to Imperial Chemical Industries, Ltd.; 

Chem. Abs.. 1935. 20, 7342; British P. 435,769, 1935; Chem. Abs., 1936, 30. 1383; Brit. Chem. 
Abs. B. 1935, 1128. , . . . , . , . 

•*G F Horsley. British P. 408,313, 1934. to Imperial Chemical Industries, Ltd.; Chem. Abs., 
19.34, 88, 1468; Brit. Chem. Abs. B, 1934. 491. U. S. P. 2,064,116, Dec. 15. 1936; Chem. Ahs., 
1937. 81, 700, 
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a material having the composition Cd0 1 . 5 H 8 P 04 . A mixture of steam and ethy¬ 
lene (in the molar ratio of 3:7) was conducted, at 100 atmospheres pressure and 
J90®C., over the catalyst in such a manner that the time of contact was one minute. 
A 3.36 per cent conversion (per pass) of ethylene to etlianol was effected. Some 
results, ol)tained under the same conditions of temperature and pressure but with 
different contact agents, are summarized in Table 60. 


Table 60 .—Catalytic Hydration of Ethylene. 


Composition 

Space velocity 
m reciprocal 

Alcohol output 
in grams per 

Per cent con¬ 
version of 

of catalyst 

hours® 

liter of catalyst 

C 1 H 4 per pass 

Cd0 1.SH,P04 .. 

i^) 

243 

3 36 

B,0r2H,P04. 

6000 

15.S 


Sr 0 - 2 H,P 04 . 

6000 

216 

2.69 

Fe0Fe,0a-8H,P04®. 

(»>) 

278 

3.46 


* Space velocity expressed as liters of gas at iO®C. and atmospheric p»-essure passed per hour over 1 liter of 
catalyst. 

** Contact time about 1 minute. 

« Prepared from ferrous oxalate, ferric oxide, and phosphoric acid. 

Liquids, suggested for blending with motor fuels, have been made by the simul¬ 
taneous hydration and polymerization of mixtures of ethylene and propene.^^ 
Treatment is effected at high pressures and temperatures of 200® to 350® C. For 
example, passage of a mixture of 88 volumes of cracking gas and 1 volume of 
steam (under a total pressure of 120 atmospheres) over a boron phosphate catalyst 
at 300®C. the time of contact being 1 minute, gave the following products: ethyl 
alcohol, 46 parts, isopropyl alcohol, 4 parts, acetaldehyde, 0.8 part, and oily liquids, 
33 parts. 

Dreyfus^- reconimer»«ls molten salts of an acidic nature as catalysts. Illustra¬ 
tions of these are fused sodium pyrosulphate or zinc chloride. Other contact 
agents which have been proposed are the salts of boric, molybdic, tungstic, and 
vanadic acids^^ and the sulphates of heavy metals.**^ Larson^® found that hydration 
of ethylene may be effected at 125-300®C. and 25 to 900 atmospheres pressure in 
the presence of volatile halides (e.g., hydrogen or ammonium chloride) and an 
absorbent material, such as activated charcoal. 

Oxide Catalysts for Hydration of Ethylene. In an attemi)t to discover 
a contact agent for the combination of ethylene and steam, Sanders and Dodge^® 
investigated a large number of solid catalysts for the vapor-phase dehydrogenation 
of ethanol at 360®C. The best was alumina, prepared either by treatment of amal¬ 
gamated aluminum with water or by precipitation from a solution of sodium 
aluminate with dilute sulphuric acid. A mixture of tungstic acid and alumina 
(after reduction with carbon monoxide and hydrogen) was very active but deteri¬ 
orated somewhat with use. Aluminum silicate, ammonium phosphotungstate and 
tungstic acid showed a high degree of activity but neither aluminum sulphate nor 
phosphate was active. Phosphoric acid deposited on pumice was initially a good 
contact agent but soon lost effectiveness owing to volatilization or formation of 

M. P. Afipleby, British P. 403,406. 1933, to Imperial Chemical Industries, Ltd.; Chem. Abs., 
1934, 2t, 3562; Brit. Chem. Abe. B, 1934, 184; J. Inst. Pet. Tech., 1934. 20. 112A. 

“H. Dreyfus, U. S. P. 2,020,672, Nov. 12. 1935; Chem. Abs., 1936, 30, 484. 

"H. Dreyfus, British P. 408,304, 1932; Brit. Chem. Abs. B, 1934. 491; Chem. Abs., 1934. 28, 
5467; /. Inst. Pet. Tech., 1934, 20, 378A. French P. 43,868, 1934, addition to French P. 745.084; 
Chem. Abs., 1935, 29, 1430. 

^^F. A. Bent, Canadian P. 346,722, 1934, to Shell Development Co.; Chem. Abs., 1935, 29, 2546. 

♦•A. T.' I^rson, U. S. P. 2,014.740, Sept. 17. 1935, to E. I. du Pont de Nemours & Co.; 
J. Inst. Pet. Tech., 1936, 22. 53A; Chem. Abs., 1935. 29, 7342; Brit. Chem. Abs. B, 1936, 919. 

^F. J. Sanders and B. F. Dodge, Ind. Eng. Chem., 1934. 26. 208; Chem. Abs., 1934, 29, 2171; 

/. Inst. Pet. Tech., 1934, 20, 168A; Brit. Chem. Abe. B, 1934, 392. Cf. L. A. Munro and W. R. 

Horn, Canadian J. Research, 1935. 12, 707. 
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volatile compounds. Thoria, precipitated from a solution of the nitrate, did not 
give satisfactory results. 



Courtesy Industrial and Engineering Chemistry 


Fig. 92.—Diagram of Apparatus Employed in Catalytic Vapor-phase 
Ethylene. (F. J. Sanders and B. F. Dodge) 


A. Coupling 

B. Bourdon g»gc 

C. Cylinder 

D. Cylinder 
S. Piarifier 

F. Oil trap 

G. Water laturator 


H. Reactor 

I. Condenser and trap 
I. Flow indicator 

K. Constant-rate sampler 

L. Water saturator 

M. Flowmeter 


Hydration of 


The best alumina and tungstic acid catalysts were used by Sanders and Dodge 
for the hydration of ethylene (by an approximately equimolecular proportion of 
steam) at pressures of 70 to 135 atmospheres and at temperatures of 360® to 380®C. 
Under these conditions the corrosive action of water vapor became pronounced and 
reaction tubes of copper, Monel metal or aluminum failed. However, tubes of 
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Employment of aluminum oxide as a contact agent is reported by Burda>® He 
prepared a material by precipitation with ammonia from an aqueous solution of 
ammonium alum, redissolving with a strong alkali (e.g., sodium hydroxide), and 
reprecipitating from the latter solution by neutralization with sulphuric acid. 
Other metallic oxides which have been recommended are those of zinc or cad¬ 
mium with which may be incorporated calcium carbonate, alumina or mercury 
phosphate.*^ 

Strongly basic inorganic substances, such as sodium or potassium hydroxide, 
have been proposed as catalysts by Dreyfus.®^ van Peski and Langedijk®^ observed 
the vapor-phase hydration of ethylene at temperatures above 100® C. in the presence 
of one or more metals which may often serve as dehydrogenating agents. Examples 
of such are platinum, gold, silver, nickel, cobalt, iron, tungsten or vanadium. Com¬ 
pounds of these, e.g., copper phosphate,®* a mixture of tungstic acid and iron oxide 
or gold vanadate,®^ may be employed also. 

Hydration of Propene 

Many of the catalysts which have been mentioned as applicable to the hydra¬ 
tion of ethylene are also said to be activating agents for the interaction of steam 
and propene. For example, Remiz®® reported a 21 per cent yield of isopropanol 
by hydration of propene at 110°C. in the presence of 54 per cent sulphuric acid 
containing 3 per cent of silver sulphate. Aqueous solutions of 15 to 60 per cent 
concentration of non-volatile inorganic acids (sulphuric or phosphoric) are recom¬ 
mended by Metzger.®® He proposed to conduct a mixture of olefin and steam at 
temperatures between 170® and 250®C. and pressures above 100 lb. per sq. in. 
through the liquid catalyst. At higher pressures (up to about 600 lb. per sq in.), 
more dilute acid and higher temperatures may be employed. The use of excess 
steam over that theoretically recjuired is said to avoid formation of isopropyl ether. 
An example of this procedure is the passage of propene and somewhat more than 
an equimolecular proportion of steam through 27 per cent sulphuric acid at 200®C. 
and under a gauge pressure of 250 lbs. A condensate containing 20 per cent iso¬ 
propyl alcohol was obtained. This was equivalent to about 10 per cent conversion 
of the olefin per pass. Francis®^ advocates that the molecular ratio of olefin to 
water be not more than 5 :1 when using 60 per cent acid, temperature of about 
100®C. and pressures of 300 pounds or higher. 

Vapor-phase hydration of propene at 120-150®C. in the presence of 20 to 80 
per cent sulphuric acid and at olefin partial pressures up to 100 lb. per sq. in. was 
suggested by Shiftier and Holm.®* On the other hand a liquid-phase process has 
been proposed in which the unsaturated hydrocarbon (under pressure) is continu¬ 
ously contacted with aqueous solutions such as 5 per cent phosphoric acid, 6 to 10 
per cent sulphuric acid, 15 to 20 per cent aluminum chloride (hexahydratc) or 50 

*• N. I. Burda. Coke atid Chem. (VS.S.R.). 1932. No, 12. 50; Ckem. Abs., 1934, 28, 2321. 

»M. Chaffette. French P. 750.053, 1933; Chem. Ahs., 1934, 28, 492, 

«If. Dreyfu*. U. S, P. 1.986.882. Jan. 8. 1935; Chem, Abs., 1935. 29, 1099. 

“A. J. van Pejiki and S. T.. Laugedijk. U. S. P. 1,999.620. Apr. 30. 1935. to Shell Develop- 
ment Co.; Chem. Abs., 1935. 29. 4021. 

" A. J. van Peski and S. I., Laugedijk, U. S. P. 2,055,269, Sept. 22. 1936, to Shell Development 
Co.; Ckem. Abs., 1936, SO, 7582. 

**A. J. van Penki and S. L. Laugedijk. U. S. P. 2.057.283. Oct. 13, 1936, to Shell Development 
Co.; Chem, Abs.. 1936. SO, 8240. 

"E. K. Remia, /. Appt. Ckem. Russ., 19.16, 9, 703; Brit. Ckem. Abs. A. 1936, 819; Ckem. Abs., 
1936. SO. 7536. 

** F. J. Metsger. British P. 408.224. 1934 to Air Reduction Co.; Brit, Chem. Abs. B, 1934, 492: 
Ckem. Abs., 1934, 28, 5475; J. Inst. Pet. Tech., 1934. 20, 378A. 

•»A. W. Francit, U. S. P. 2,055,720, Sept. 29, 1936, to Socony-Vacuum Oil Co.; Ckem. Abs., 

1936, so, 8248. 

«W. H. Shiffier and M. M. Holm. U. S. P. 1.951.740. Mar. 20. 1934, to Standard Oil Co. of 

Calif.; Brit. Chem. Abs. B, 1935, 138; Ckem. Abs., 1934. 28. 3415. 



292 


CHEMISTRY OF PETROLEUM DERIVATIVES 


per cent zinc chloride, at temperatures up to 350®C*® The aqueous catalyst is con¬ 
tinuously separated, isopropanol remov^ therefrom by distillation, and the liquid 
then recycled. 

In addition to silver sulphate, previously mentioned, other salts may be admixed 
with sulphuric acid. An illustration of such a composition is an aqueous medium 
containing 8 per cent zinc sulphate and 3 to S per cent of the acid with which may 
be incorporated also the sulphates of calcium, lead or copper.®® Reaction vessels 
made of copper or Monel metal are recommended when these liquids are em¬ 
ployed. As an example, a mixture of 35 per cent propene and 65 per cent propane 
is passed, under 3000 lb. per sq. in., at the rate of 3.34 moles (total hydrocarbons) 
through 2080 cc. of an aqueous catalyst consisting of 4 per cent zinc sulphate and 
1.3 per cent sulphuric acid at 285®C. The reported yield of isopropyl alcohol, based 
on the olefin used, was 12.9 per cent. 

Joshua, Stanley and Dyniock advocate solid contact agents such as the acid 
phosphates or boro-phosphates of manganese, copper, iron, cobalt, uranium,®^ cal¬ 
cium, barium, strontium or magnesium.®^ Some of their results are given in 
Table 61. 

Table 61. — Vapor-Phase Hydration of Propene, 

Alcohol output Per cent 
Molar Grams per hr. alcohol in 


Composition 

Press. 

Temp. 

ratio 

Gas ve¬ 

per liter of 

con¬ 

of catalyst 

(atm.) 

®C. CiHe.HiO 

locity* 

catalyst 

densate 

MnO0.5BtO,*2.6H,PO4 

20 

250 

11:9 

4000 

17.95 

6 73 

MnO 0.53,0, • 2 . 6 H,P 04 

20 

250 

3:1 

4000 

131 5‘> 

10.7 

CaO0.5B/),-2.6H,PO4 

20 

260 

6:6.5 

4000 

176* 

4.75 


• Liters per hour per liter of catalyst. 

•» Acetone also formed. 

•Acetone and propanol-1 also formed. 

Using a catalyst of the approximate composition MnO BO 2 . 8 HaP 04 , the equi¬ 
librium conditions (from the standpoint of both synthesis and decomposition) were 
investigated by Stanley, Youell and Dymock®-^ for the reaction 

C,Ht + H,0 —>• CHjCHOHCH, 

Isopropanol was the main product though small proportions of acetone and «-pro- 
panol were also formed. Equilibrium constants (Ky) calculated according to the 
formula 


^ pn^o X pCjH* 

and from data obtained in experiments carried out with gas rates between 8 and 18 
liters of propene per hour per liter of catalyst are given in Table 62. 

On plotting the logarithms of the mean values of K, against ^ (T being the 


•• Britiib P. 446.781, 1935, to Standard Oil Development Co.; /. Inrt. Pet. Tech., 1936, 22, 
296A; Chem, Abt., 1936, 30, 6758. French P. 786,081, 1935; Chem. Abs., 1936, SO, 1065. 

Briti»h P. 433.868, 1935, to Bataaftche Petroleum Maattchappij; Brit. Chem. Abs. B, 1935, 
938; Chem. Abs., 1936. SO. 731. French P. 786.687, 1935; Chem. Abs., 1936, SO, 370. 

•‘W. P. Joshua, H. M. Stanley and J. B. Dymock, British P. 408,982. 1934, to Distillers Co. 
Ltd.; Chem. Abs., 1934. 20, 5468; Brit. Chem. Abs. B, 1934, 533; /. fnst. Pet. Tech., 1934, 20. 
428A. French P. 766,366, 1934; Chem. Abs., 1934. 28, 7260. U. S. P. 2,051,144, Aug. 18. 1936: 
Chem. Abs., 1936, SO, 6766. U. S. P. 2,075.204. Mar. 30. 1937. 

. M. SUnley and J. B. Dymock, British P. 415,427, 1934, to Distillers Co. 

Ltd.; Bnt. Chem. Abs. B, 1934, 952; Chem. Abs., 1935, 29, 811; /. tnst. Pet. Tech., 1934. 20, 584A 
I E. Youell and J. B. Dymock. J.S.C.r.. 1934. SS. 205T; Brit. Chem. Abs. A, 
1934, 1070; /. Inst. Pet. Tech., 1934. 20, 4884; Chem. Abs., 1934, 28, 6362. 
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Table 62 .—Equilibrium Constants for Vapor-Phase Hydration of Propene. 


Temperature 

175®C. 

200®C. 

225®C. 

250®C. 


From synthesis 
1.81 X 10-* 

1.16 X 10-* 
7.88 X 10”» 
4.70 X 10“* 


—^Values of Kf. - 

From decomposition 
2.00 X 10-« 

1.22 X 10-* 

7.95 X 10~> 

4.57 X 10'» 


Mean 

1.91 X 10-* 
1.19 X 10“* 

7.92 X 10“» 
4.62 X 10“* 


temperature) a straight line, as shown in Fig. 91, is secured. This linear relation 
between the equilibrium constant and the temperature may be expressed by the 
equation: 


logic Kp 


1950 


- 6.060 


The heat of hydration of propene, at constant pressure, was computed to be 4-9000 
calories per mole. 

A comparison of the data for propene with that for ethylene and the butenes 
shows that, at a given temperature, equilibrium was less favorable for hydration 
of propene than for the other olefins. As in the case of ethylene, the best condi¬ 
tions for conversion of propene to propanol-2 are low temperatures and high 
pressures. Stanley and his collaborators point out that these observations relate 
only to equilibria and bear no relation to the relative reaction velocities. 

Horsley®^ suggested the acid phosphates of boron, beryllium and cadmium as 
contact agents for operations under pressure and at temperatures of 150® to 300®C. 
In a process described by Bent and Millar,®® complete liquefaction of the products 
of hydration is effected under pressure. The resulting liquid mixture stratifies into 
an aqueous phase and a hydrocarbon phase. The latter, containing only a small 
proportion of alcohol, is returned to the reaction zone with more steam. The 
aqueous layer is removed and subjected to distillation to recover its alcohol content. 


Hydration of Butenes 


The work of Marek and Flege®® on the hydration of butene-2 under 3000 and 
5000 pounds pressure in the presence of phosphoric acid on pumice indicated that 
the main product was butanol-2. The equilibrium constant, Kp, at 482°C. was 
found to be approximately 2.9 X lO""*. Stanley, Youell and Dymock®^ have studied 
the vapor-phase hydration of a mixture of butene-1 and butene-2 using manganese 
boro-phosphates as catalysts. They also report that butanol-2 was formed from 
both olefins though a small proportion of butan-2-one and, possibly, butanol-1 was 
produced. The equilibrium constants for the reaction 

«C 4 H, 4-H,0 C 2 H 4 CHOHCH 3 

were determined at temperatures of 150® to 250®C. and atmospheric pressure. 
Stanley and his collaborators assumed that the mixed butenes could be regarded, 
for practical purposes, as a single compound. The values obtained in these experi¬ 
ments are summarized in Table 63. 


••C. F. Horsley, U. S. P. 1,977,633 and 1.977,634, Oct. 23, 1934, to Imperial Chemical Indus¬ 
tries Ltd.; Chtm. Abs., 1935, 29. 180. 

OF. A. Bent and R. W. Millar. U. S. P. 2,010,686, Aug. 6, 1935. to Shell Development Co.; 
Ckem. Ahs„ 1935, 29. 6606. 

•L. F. Marek and R. K. Flege. Irnt. Eng. Chem., 1932, 24, 1428; Chem. Ab^., 1933, 27. 1189; 
Brit. Cktm. Abs. A, 1933, 142. See also, Carleton Ellis, “The Chemistry of Petroleum Derivatives,*’ 
The Chemical Catalog Co., Inc., New York. 1934. 

•^H. M. Sunlcy, J. E. Youell and J. B, Dymock, JS.CJ., 1934, 53, 205T; Chem. Abs., 1934, 
2t. 6362; Brit. Chem. Abs. A, 1934, 1020; J. Inst. Pet. Tech., 1934, 20. 488A. 
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Table 63. —Equilibrium Constants (Kp) for Hydration of n-Butenes, 


Temperature 

150®C. 

175®C. 

200 *^ 0 . 

225®C. 

250®C. 


From synthesis 
9.6 X 10'* 
4.54 X 10'* 
3.30 X 10-* 
1.95 X 10'* 
1.36 X 10-* 


—Values of Kp - 

From decomposition 
9.2 X 10'* 

4.62 X 10'* 

3.42 X 10“* 

1.98 X 10'* 

1.42 X 10'* 


Mean 

9.4 X 10'« 
4.58 X 10-* 
3.36 X 10“» 
1.96 X 10“* 
1.39 X 10'* 


A graph of against -yr reveaU a linear relationship (see Fig. 91) which 

can be expressed by the equation 


6.395 

The heat of reaction at constant pressure was calculated to be about 4-8,450 calories 
per mole. 

It would seem that the equilibrium conversions obtainable in the ca.se of the 
n-butenes should be materially lower than those for ethylene, propene or isobutene 
under the same conditions. Nevertheless, a 25 per cent yield of butanol -2 by vapor- 
phase hydration of M-butene at 225®C. and 200 atmospheres pressure in the pres¬ 
ence of an aqueous catalyst has been reported.®® The latter consisted of a solution 
containing 8 per cent zinc chloride and 4.7 per cent sulphuric acid. On the other 
hand, Joshua and his co-workers found the passage of a mixture of 6 moles of 
the olefin and 4 moles of steam, under a total pressure of 10 atmospheres, over 
a solid catalyst having the composition MnO O. 5 B 2 O 3 2 . 6 H 3 P 04 ®^ or that of 
CaO 0 . 58003 • 2 . 6 H 3 P 04 ^® gave only a 0.3 per cent yield of alcohol per pass. In 
the latter instances the temperature was 240®C. and the gas rate was 4000 liters 
(measured under standard conditions) per hour per liter of catalyst. 

Hydration of Isobutene. It is well known that isobutene (2-methylpro- 
pene) can be hydrated to the corresponding alcohol (2-methylpropanol) under 
milder conditions than are required with the w-butenes.'^' For example, dilute nitric 
acid is a sufficiently active catalytic agent for the iso-olefin but not for the other 
unsaturated hydrocarbons. 

Lucas and Eberz^^ investigated the rate of hydration of isobutene by this acid. 
They report that it is increased if potassium nitrate is present also. .Some of the 
data obtained are shown in Table 64. For the reaction 


(CH,),C-CH* -f HaO (CH,),COH 


these workers define the specific reaction constant k by the equation 

2.3026log,o(C/Ci) - kt 


in which C, is the initial concentration (in moles) of the olefin and C, the concen¬ 
tration after time t (expressed in hours). 

It is evident that if log,o(C./C,) be plotted against /, the slope of the curve 
will be the constant k. The curves (plotted in this manner) for data secured on the 


^^* ^^****** to Bataafiche Petroleum MaaUcbmppij; Chem. jibs., 1936, 30, 731; 

P. JohIuw.’h. M. Stanley and J. B. Dymock, U. S. P. 2,052.095, Aue. 25. 19.16. to Dli- 
tiller* Co. Ltd.; Chem. Abs., 1936, 30, 6761. Britiah P. 408.982, 1934; Brit. Chem. Abs. B 1934 
533; 7. Inst. Pet. Tech., 1934. 20, 428A. * 

» h F- Hymock, British P. 415,427. 1934. to Distillers Co 

Ltd.; BHt Chem. Abs. B, 1934, 952; Chem. Abs., 1935. 29, 811; 7. Inst. Pet. Tech., 1934, 20 584A' 
« A. Butterow. Ber., 1875. I, 1683; Chem. Zentr., 1876, 1, 147. 

ChZ^AL.^mA JS9J 
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Table 64. —Hydration Constants of Isobutene at Z5^C. (± O.OS'^C.), 


HNO, 


HNO, 

KNO, 

Ionic 


(Normality) 

k 

(Normality) 

(Normality) 

Strength* 

k 

0.0500 

0.0667 

0.0500 

0.950 

1.000 

0.118 

0.1005 

0.140 

0.100 

0.900 

1.000 

0.210 

0.2475 

0.368 

0.250 

0.750 

1.000 

0.520 

0.498 

0.828 

0.498 

0.500 

0.998 

1 070 

1.000 

2.143 

0.498 

1.000 

1.498 

1.367 


• H. S. Harned (“The Electrochemistry of Solutions" in H. S. Taylor. "Treatise on Physical Chemistry,” 
D. Van Nostrand Co., New York, 19.W) has defined ionic strength, by the equation 

• 

1 

M- ^ 

in which mi and ci are, respectively, molal concentration and valence of the ion i, and the summation is for 
all of the ions in solution. 

hydration of isobutene at 35®C. are shown in Fig. 93. In Table 65 are given the 
values of the specific reaction constants at 35®C. (^ 350 ) together with the ratio 
temperature coefficient, and the heats of activation. 

Table 65. —Hydration Constants of Isobutene at 35**C. (± O.OS^C.). 

Heat of 

HNOi activation 

(Normality) bi^o kuo/kt^o (kg. cal.) 

0.0508 0.244 3.60 23.37 

0.1005 0.511 3.64 23.57 

0.2008 1.026 3.57 23.22 

Mean 23.39 

In addition to potassium nitrate, Lucas and Eberz studied the effect of other 
salts such as lead, cadmium, zinc and mercuric nitrates, copper and nickel sulphates, 



0.5 1,0 1.5 2.0 2.d 3.0 


Time in Hours 

CourUsy Journal of American Chemical Society 

Pig, 93.—Time-Concentration Curves for Hydration of Isobutene at 35®C. (H. T. Lucas 

and W. F. Eberz) 

and manganese chloride. None of these exerted any beneficial influence except 
mercuric nitrate. In the presence of the latter the solubility of isobutene in dilute 
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nitric acid was increased and this was attributed to the formation of a complex, 
Hg(N 03)2 C 4 Hg. Also, the free or uncombined olefin in solution was hydrated at 
a slightly greater rate. Similar observations have been made also with silver 
nitrateJ^* That is, the argentic compound and isobutene yielded a complex analo¬ 
gous to that from mercuric nitrate and the olefin, and when this silver derivative 
was in the acid solution, conversion of the unsaturated hydrocarbon (not in the 
form of a complex) to alcohol was accelerated. 

Eberz and Lucas^® have measured the equilibrium constants, kc, for the inter¬ 
action of 2 -methylpropene, (CH 3 ) 2 CH=CH 2 » and water in the liquid phase at 
25®C. and 35°C. Their method consisted in dissolving /cr-butyl alcohol in 0.2N 
nitric acid and then determining the concentration of unsaturated hydrocarbon and 
alcohol after at least 24 hours. The values of kc were found to be 7.48 X 10* (at 
25°C.) and 3.9 X 10® (at 35°C.). From these results the free energy change^* 
for the reaction 

C4H«(g) + H,0(1) —C4H90H(1) 

was calculated as 


AF°t»8.i * — 1330 cal. and AF°aoa.i * - 946 cal. 

Equilibrium between isobutene, trimethyl carbinol and steam in the presence of 
catalysts of the composition represented by MnO BU 2 . 4 H 3 PO 4 has been studied 
by Stanley, Youell and Dymock."^® This was done in two ways: by synthesis of 
alcohol from olefin and steam, and by decomposition of the alcohol into olefin and 
water, both operations being conducted at 150° and 175°C. It was observed that 
the hydrocarbon exhibited a marked tendency to polymerize at temperatures above 
180°C. Values of the equilibrium constant (Kp) 


K 


Pc^B^ X pH,0 


are given in Table* 66 . 

Table 66. —Equilibrium Constants for Vapor-Phase Hydration of Isobutene. 
Temperature From synthesis From decomposition Mean 

150°C. 3.54X10-^ 3.74 XlO-* 3.64x10“^ 

175°C. 1.98 X 10-^ 1.98 X 10”^ 1.98 X 10“« 


Higher Olefins 


Little information is available regarding direct hydration of the higher olefins, 
e.g., p^'ntenes and hexenes. Lucas and Liu"^® effected conversion of 2-methyl- 
butene-2, (CH 3 ) 2 C=CHCH 8 , in the liquid phase at 25° and 35°C., to the corre¬ 
sponding tertiary alcohol employing dilute acids as catalysts. It was observed that 
reaction proceeded more slowly with this unsaturated hydrocarbon than with 
2-methylpropene. However, the rate of reaction was of the first order in both 
instances. A comparison of the specific reaction constant for these two olefins 
when using approximately 0.05N nitric acid is shown in Table 67. 

W. F. Eberz, H. J. Welge. D. M. Yo«t and H. J. Lucat, J.A.C.S., 1937. 59. 45. 

»W. F. Eberz and H. J. Lucaa, I.A.C.S., 1934, 56, 1230; Brit, Chem. Abs. A. 1934, 731; 
Chem. Ahs., 1934, 28, 4371. 

For a dtscusiion of free energy change, see Chapter 54. 

«H. M. StanW, J. E. .Youell and J. B. Dymock, 1934, 53. 205T; Chem, Abe., 1934. 

28, 6362; /. Inst. Pel. Tech., 1934, 20. 488A; Brit. Chem. Abe. A. 1934. 1070. 

’•H. J. Lucas and Y. P. Liu, J.A.C.S., 1934, 56. 2138; Brit. Chem. Abe. A. 1934, 1312; Chem. 
Abe., 1935, 29, 113. See alto Y. P. Liu and T. C. Wei, /. Chinese Chem. Soc., 1936, 4, 297: 
Brit. Chem. Abe. 4, 1936. 1210. 
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Table 67 .—Hydration Rates of 2-Methylpropene and 2-Methylbutene~2, 

Heat of 

HNOi activation 

Hydrocarbon (Normality) Kuo/Ku^ (kg. cal.) 

2-Methylpropene 0.0500 0.0667 3.60 23.39 

2-Methylbutene-2 0.0532 0.0410 2.83 18.92 

Many other acids could be substituted for nitric acid. For concentrations of 
0.1 M, it was noted that the catalytic activity decreased in the following order: 
dithionic, sulphuric, hydrochloric, nitric, />-toluenesulphonic, picric, oxalic and 
acetic. 



Chapter 12 

Direct Esterification of Olefins with Mineral and 

Organic Acids 

The direct combination of olefin hydrocarbons with mineral or organic acids 
to yield the corresponding alkyl esters is of considerable interest both scientifically 
and technically. Sulphuric esters, obtained by absorption of olefins in sulphuric 
acid, constitute important intermediates in the commercial production of the cor¬ 
responding alcohols. Moreover, alkyl esters of organic acids, such as jcr.-butyl 
acetate—normally made by esterification of the alcohol—can be prepared in one 
stage by treatment of the appropriate olefin with the required organic acid. These 
addition reactions, many of which are reversible under certain conditions, exhibit 
interesting features, as, for example, the directive influence of certain solvents or 
catalysts, especially peroxides, upon the addition of hydrogen bromides to olefins 
and their derivatives. 

According to Markownikov, the addition of halogen acids to olefins tends to 
occur in such a way that the halogen atom becomes attached to the carbon atom 
poorer in hydrogen. However, it has for some time been realized that this well- 
known rule is not rigidly applicable. It has been shown that certain catalysts have 
a marked influence on the addition of hydrogen bromide to certain olefins, causing 
the reaction to proceed almost exclusively contrary to the rule of Markownikov. 
These discoveries, the theoretical implications of which are not yet thoroughly 
understood, may have an important bearing on the development of modern theories 
of organic reactions^. A brief review of the more recent work along this line is 
presented under the heading “Peroxide Effect.’' 

Ethylene 

Reaction with Sulphuric Acid. Ethylene dissolves in concentrated sul¬ 
phuric acid of about 95-98 per cent concentration at atmospheric pressure (and also 
in less concentrated acid under increased pressures) to yield both ethyl sulphuric 
acid and diethyl sulphate. The former substance, which is a strong acid, is usually - 
regarded as having the constitution represented by C 2 H 5 O—SOsH. However, 
there is evidence for the view that a definite hydrate, C 2 H 5 O—SOgH—H 2 O, 
exists. Thus, Brooks^ points out that many of the salts of this acid are hydrated, 
for example, the barium salt, Ba(OSOg—C 2 H 5 ) 2 —^ 2 H 20 . Moreover, the reaction 
velocity between an olefin and 85 per cent sulphuric acid (which undoubtedly con¬ 
tains a substantial proportion of sulphuric acid monohydrate, H 2 SO 4 —HoO) docs 
not diminish as the reaction proceeds. This fact seems to indicate that there is no 
increase in the ratio of water to uncombined acid. Brooks also considers that 
formation of diethyl sulphate probably takes place by interaction of ethylene with 
hydrated ethylsulphuric acid according to the reversible equation 

C,H*O~S0rfi-.H,0 + C,H4 (C,H.0),S0,-f HiO 

»B. T. Brooks, Ind. Eng. Chem., 1935, 27, 278; Chem. Abt., 1935, 29. 2700; Brit. Chem. Abi. 
B. 1935, 536. 
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The resulting ester is anhydrous. Also, the above equation indicates that an in¬ 
crease in the water content of the reaction mixture should tend to suppress its 
formation. This conclusion is in agreement with experimental data. Further¬ 
more, the sensible heat of reaction of a monoalkyl sulphate (RO—SO 3 H—H 2 O) 
with an olefin is very small compared with the heat of formation of the monoalkyl 
sulphate. 

Concentrated sulphuric acid and ethylene yield a mixture of ethyl hydrogen 
sulphate and diethyl sulphate. Appreciable amounts of the latter are present when 
the acid has reacted with about 0.3 mole of the olefin.^ Large yields of diethyl 
sulphate are favored by factors assisting solution of the gas in the acid liquor, such. 


Fig. 94. 

Influence of Pressure on Absorption of 
Ethylene in Sulphuric Acid at 80® C. 
(B. T. Brooks) 


Courtesy Industrial and Engineering Chemistry 



for example, as high partial pressures of ethylene and the employment of concen¬ 
trated acid. The influence of pressure on the absorption of ethylene in 97.5 per 
cent sulphuric acid at 80®C. is discussed by Brooks* and summarized graphically 
in Fig. 94. Here it is shown that under 500 lbs. per sq. in. the amount of ethylene 
absorbed in 40 minutes was 80 per cent of that required for diethyl sulphate forma¬ 
tion, whereas at 100 lbs. pressure scarcely 30 per cent was absorbed. Diethyl sul¬ 
phate formation is sharply suppressed by the use of more dilute sulphuric acid, as is 
evident from the curves in Fig. 95. In this instance, agitation of ethylene under 
450 lbs. pressure with 97.5 per cent acid for 40 minutes yielded over 70 per cent 
of the theoretical of the dialkyl ester and operation with 93 per cent acid (under 
similar conditions) furnished only 35 per cent of this ester. 

Strahler and Hachtel^ report that 1 kg. of sulphuric acid (d. 1.83) at 70®C. 
will ab.sorb 400 g. of ethylene, under 15 atmospheres pressure. The products con- 
.sist of 75 per cent of ethylsulphuric acid and 25 per cent of the dialkyl ester. The 
latter may be prepared also by heating ethyl hydrogen sulphate under reduced pres- 

• For a diacuuion of this reaction see Carleton ElUa, **The Chemistry of Petroleum Derivatives,” 
The Chemical CaUloc Co.. Inc., New York. 1934. 

• B. T. Brooks, foe. cii. 

*F. Strahler and F. Hachtel, Brennstof-Chem., 1934, IS, 166; Brit. Cham. Ab4. B, 1934, 616; 
Ckdm. Abs., 1934, tl, 5805. 
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sure so that the neutral ester is continuously distilled off. This latter step, removal 
of one of the products, is necessary since the reaction is a reversible one. 

2C,H»0—SOiH (QiH»0),S0, + H,S04 

Dilution with water separates diethyl sulphate from acid liquor as a non-aqueous 
layer. When recovered sulphuric acid is employed, this simple removal of the 
product is hindered by suspended carbonaceous material. In such cases water- 
immiscible solvents, e.g., diethyl ether, have been proposed as extraction agents.® 
Diethyl sulphate functions as an ethylating agent in many industrial syntheses. 
Although stable when dry, it undergoes slow hydrolysis in the presence of moisture. 
For this reason, iron containers to be used for storage or transportation of the 
ester should be thoroughly dried. Such treatment is particularly recommended by 
Siebeneicher® who investigated an explosion caused by neglect of this precaution. 

In one process for producing alkyl esters from olefins and strong acids (such as 
sulphuric, phosphoric or certain sulphonic acids the reactants are intimately 



Fig. 95. 

Effect of Acid Concentration on 
Ethylene Absorption under 450 
Lb. per Sq. In. Pressure at 50*C. 
(B. T. Brooks) 


Courtesy Industrial and Enffinttfing 
Chemistry 


mixed and simultaneously cooled so as to eliminate the desired products from the 
reaction zone immediately after formation. For close contact, the components in 
the liquid state may be passed through a rapidly rotating apparatus. 

Reaction with Halogen Acids. Unlike its immediate homologues, ethylene 
does not appear to combine with the anhydrous halogen acids in the absence of 
contact agents. For the vapor-phase reaction, sublimed anhydrous aluminum chlo¬ 
ride mixed with an equal part of asbestos has been found active, but its catal^ic 
power rapidly declines with use. For example, a 40 per cent conversion of ethylene 
into ethyl chloride at 80®C. was readily obtained but the catalyst gradually became 
impregnated with a viscous, syrupy polymerization product which markedly reduced 
its activity.® 

Equilibrium constants of the vapor-phase reaction, 

C,H4-fHa CtHiCl 

•T. Oirnitbert, U. S. P. 1.949.366, Feb. 27. 1934; H. L. Cox. U. S. P. 1,949,369, Feb. 27, 
1934: both patents to Carbide and Carbon Chemicals Corp.; Chem. Ahs., 1934, 28, 2731: Brit, Chem. 
Abe. B, 193S, 13. 

•K. Siebeneicher, Angew. Chem., 1934, 47. 105; Chem. Ahs., 1934, 28, 2908; Brit. Chem. Abe. 
B, 1934, 392. 

28 1^7***^ ^ 755,155, Nox. 21, 1933, to Bataafsche Petroleum Maatschappij; Chem. Abs., 1934, 

TS?" '*'*•' **• 

1934, 28 , 4035; Bnt. Chem. Abs. A, 1934. 630. 
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at 170-230®C. in the presence of bismuth trichloride supported on silica gel have 
been determined by Rudkovskii, Trifel and Frost.® The variation with absolute 
temperature of the observed equilibrium constant, 

pBCl X pCjH4 

Kp * T 

PCjHjCI 


could be expressed as follows: 


log= 4.96- 


2925 


From this equation the heat of reaction was* calculated as 13.4 cal. per mole. Acti¬ 
vation-energy calculations, carried out by Sun and Liu,^® show that the reactivities 
of the hydrogen halides with respect to ethylene increase in the same order as their 
molecular weights. These findings are said to be in agreement with experimental 
results. 

For combining olefins with halogen hydrides special types of catalysts developed 
by Strange and Kane are: 

(1) An adsorptive material having a microporous structure (such as active carbon 
or silica gel) 

(2) Adsorptive metal-oxide gels (prepared by partially ^dehydrating a hydrogel or 
gelatinous precipitate) 

(3) A porous catalyst mixed with a heat-absorbing material (such as a mixture of 
silica gel, hydrated alumina and iron turnings. 

When using these activators, the mixture of gases is passed over them at tem¬ 
peratures up to the boiling point of the product. The resultant alkyl halide is re¬ 
covered by distillation of the products; this may be carried out under reduced 
pressure. 

Reilly^'* employs an anhydrous liquid medium such as ethyl chlorosulphonate 
(which may also contain bismuth chloride) to effect addition of gaseous ethylene 
and hydrogen chloride at 40-70°C. Liquid catalysts, such as a solution of ferric 
chloride in ethyl chloride, or of aluminum chloride in nitrobenzene, have been sug¬ 
gested for this vapor-phase reaction.^® 

Hjerpe and Grusc^® produce ethyl chloride by passing the reaction mixture at 
atmospheric pressures over aluminum chloride or bismuth trichloride. For ex¬ 
ample, refinery or cracking gas is fractionated under pressure and the low boiling 
cut, containing mainly methane, ethylene (about 10 per cent) and ethane is mixed 
with hydrogen chloride. The resulting composition should contain approximately 
equal volumes of olefin and hydrogen halide. This is heated to 350°F. and con¬ 
ducted over aluminum chloride, the time of contact being about 1 to 2 minutes. 
Ethyl chloride is recovered by scrubbing the gases with a relatively non-volatile 
petroleum absorbent oil from which it is afterwards separated by distillation. Zinc 
halides distributed on a supporting medium have been proposed also.'^ Balandin 


• D. M. Rudkovskii. A. C. Trifri and A. V. Frost, Ukrain. Khrm. Zhur. 

Abs., 19.t6. so. 2082; Brit. Chem. Abs. A, 1936. 159. 

C. E. Sun and C. Liu. J. Chinese Chem. Soe., 1936, 4, 98; Chem. Abs. 

E. H. Strange and T. Kane. British P. 353.032, 1931; Brit. Chem. Abs. 

P. 709,829, 1931; Chem. Abs.. 1932. 26, 997. 

E. H. Strange and T. Kane. British P. 414.766, 1933; Brit. Chem. Abs. 
P. 769.103, Aug. 20, 1934; Chem. Abs., 1935, 29, 478. 

«E. H. Strange and T. Kane. British P. 435.858, 1935; Bnt. Chem. Abs. 
P. 787.340, 1935; Chem. Abs.. 1936. 30. 1.192. 

wj. H. Reilly. U. S. P. 2,031.228. Feb. 18. 1936, to Dow Chemical Co.; 
2205. 

“French P. 780.057. 1935. to T. G. F-irbenind. A.-G.; Chem. Abs., 1935, 
“E. B. Hjerpe and W A. Gruse. V. P. 1,944.839, Jan. 23, 1934, 

Chem. Abs., 1934, 28, 2174; Brit. Chem. Abs. B, 1934. 920. 

“Britith P. 448,269. 1934. to I. G. Farbenind. A. G.; Brit. Chem. Abs. 
Pet. Tech., 1936, 22, 369A. French P. 793,770, 1936; Chem. Abs., 1936, 30, 


, 1935, 10. 277; Chem. 

1936, 30. 7980. 

B, 1931. 1085. French 

B, 1934, 920. French 

B, 1935. 1129. French 

Chem. Abs., 1936, 30, 

29, 5862. 

to Gulf Redning Co.; 

B, 1936. 780; /. Inst. 
, 4515. 
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and Livanova** obtained a 62 per cent yield of the ester using barium chloride as 
the contact agent. They observed no reaction at temperatures below 210’C., al¬ 
though above 300*C. dissociation of ethyl chloride occurred. 

Alkyl halides may be prepared also by conducting the gaseous mixture of olefin 
and hydrt^en halide countercurrent to an aqueous solution of a metallic halide, 
such as antimony or bismuth trichloride. (See Fig. 96.) The alkyl halide is sub¬ 
sequently recovered from the solution of catalyst, which is continuously recycled.** 
It is reported that in this method of operation the concentration of the metallic 
halide may be so adjusted that olefins may be selectively absorbed from gaseous 
mixtures, those of higher molecular weight being removed first. To illustrate, 
cracking gas was mixed with 5 per cent more hydrogen chloride than required 
theoretically to combine with the olefins present. The gases were then conducted 
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presence of aluminum chloride suspended in ethyl chloride as a diluent. Under 
these conditions, the olefin is quickly absorbed at normal pressure with practically 
no formation of by-products. The reaction is virtually carried out in the liquid 
phase. Using ethylene at atmospheric pressure, a decrease in reaction velocity was 
noted on raising the temperature to --40®C. and practically no combination took 
place at —IS^C. 

Working on a small scale, the best results were obtained using the apparatus 
sketched in Fig. 97. Ethylene and hydrogen chloride gases, after drying with 



Courtesy Recueil dcs Travaux ckimiqucs des Pays-Bas 

Fig. 97.—Apparatus for Reaction of Ethylene and Hydrogen Chloride. (A. J. Tullcncrs, 
M. C. Tuyn and H. I. Waterman) 


concentrated sulphuric acid, arc mixed and passed through a precooling spiral 
coiled around the reaction tube which is cooled, as indicated, in a paste of solid 
carbon dioxide and acetone.^^ The gases, entering the reaction vessel just above 
the bottom, come in contact with a mixture of aluminum chloride and ethyl chlo¬ 
ride. After the discharge of air from the reaction tube, the level of the liquid 
gradually rises and the product can be run off into a receiver. Gentle warming 
(not above 12.6®C., the boiling point of ethyl chloride) liberates dissolved gases, 
from which hydrogen chloride is extracted by soda lime, and ethyl chloride is 
further recovered in the condenser (cooled to —78®C.). Large gas bottles at the 
end of the system take care of waste gases and unused ethylene. (The ethylene 
supply contained 92.6 per cent ethylene, with no higher olefins present.) 

* Tullentrt, Tuyn ind Waterman note that gaa<Jine fractions can be used instead of alcohol or 
acetone in the preparation of the cooling medium. 
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In operation hydrogen chloride gas is admitted first to give the slight excess 
that favors rapid reaction, and then currents of the two gases (in about equimolecu- 
lar proportions) are used. The reaction tube at the beginning of a run contains 
40 g. of ethyl chloride and 10 g. of aluminum chloride. With a glass reaction 
vessel of 300 cu. cm. capacity, 180 liters of ethylene could be converted quantita¬ 
tively into ethyl chloride within 1 hour. Operations on a semi-commercial scale 
could be carried out in an apparatus constructed of copper as this metal proved 
resistant to corrosion. On the other hand an iron reaction chamber, possibly be¬ 
cause it was more readily corroded, seemed to exert a poisoning action on the 
catalyst. 

With aluminum bromide as catalyst, ethylene and hydrogen bromide reacted 
smoothly and rapidly at —-SO^C., furnishing a good yield of ethyl bromide. In the 
absence of the metallic bromide this olefin does not react with liquid hydrogen 
bromide at room temperature although propene is rapidly converted under these 
conditions.*^ 

An indirect method of producing alkyl halides, particularly ethyl chloride, has 
been described by Calcott and Daudt.** They continuously contact the absorption 
product of the olefin in sulphuric acid with an aqueous solution of a hydrogen halide 
in the liquid phase at temperatures above 100®C. Evolved vapors and also a por¬ 
tion of the liquid reaction product are continuously withdrawn and treated for the 
recovery of the alkyl halide. 

Reaction with Organic Acids. The direct esterification of ethylene with 
organic carboxylic acids appears to be more difficult than in the case of the higher 
olefins. In a general way it is to be expected that this reaction, will be favored 
by the use of elevated pressures and moderate temperature, when operating in the 
gas phase.*^ Catalysts are usually essential for good yields and these include strong 
acids, such as sulphuric and phosphoric, as well as zinc chloride and other inor¬ 
ganic salts. In a process described by Graves,*® an olefin (such as ethylene) and 
an organic acid (e.g., acetic) are continuously passed through concentrated sul¬ 
phuric acid, saturated with the olefin. The temperature of the liquid is maintained 
above the boiling point of the desired ester. In the case of ethyl acetate 140®C. is 
sufficient. The effluent vapors are condensed and the ester separated from the con¬ 
densate. Deterioration of sulphuric acid is retarded by circulation through a filter 
to remove suspended carbonaceous material. 

According to Dreyfus,*® ethyl esters of the lower aliphatic acids may be pro¬ 
duced by contacting ethylene with t!ie organic acid either in the liquid or gaseous 
phase. Temperatures of 350-550®C, are used and pressures of at least 5 atmos¬ 
pheres in the absence of strong mineral acids. For making ethyl acetate (and 
simultaneously some alcohol) a mixture of approximately 3 volumes of ethylene, 2 
volumes of stearic acid and 1 volume of acetic acid is heated to 450®C. and re¬ 
peatedly conducted over pumice. The last operation is effected under a pressure 
of 20 atmospheres. The products are afterwards separated by fractional distilla¬ 
tion. As a modification, the vapors of petroleum hydrocarbons (boiling 200- 
350®C.) admixed with acetic acid arc subjected to pyrolysis at 700®C. and atmos¬ 
pheric pressure in the absence of a catalyst. The resulting gases are cooled to 


2S69M924?*U. 1921, 4S, 1098; 1924, 4S. 2664; Cktm. Ab,., 1921, IS, 
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400®C., compressed to 400 atmospheres pressure, and conducted over pumice im¬ 
pregnated with phosphoric acid.^^ 

A method developed by Edlund and Evans^® comprises reacting the olefin and 
organic acid in the presence of sulphuric acid and then allowing the reaction prod¬ 
ucts to stratify as an ester-containing solvent phase and an acid layer. After 
separation, the ester is recovered by distillation. Unreacted olefin may serve as the 
solvent, or a saturated hydrocarbon (e.g., butane or pentane) to serve in the latter 
capacity can be added to the reactants. 

Another procedure involves hydrolyzing diethyl sulphate to ethyl alcohol, ethyl 
sulphuric acid, and sulphuric acid.'-^® A calcium salt of a fatty acid, e.g., calcium 
acetate, is then incorporated, the quantity of salt being equivalent to about 80 per 
cent of the alkyl radical present, and the mixture distilled. In this manner a 94 
per cent yield of ethyl acetate is said to be obtained from diethyl sulphate. In some 
instances acetic acid may be substituted for the calcium salt.®® In such cases this 
process is applicable not only to the manufacture of ethyl acetate but also to the 
corresponding isopropyl and butyl esters. 

The recovery of pure alkyl esters from the reaction products of calcium acetate 
and an acid liquor obtained by absorption of olefins in sulphuric acid, is described 
by Lebo and Reamer.®' The mixture, after addition of some alcohol, is distilled 
and the condensed ester vapors are returned to the still: the operation is continued 
until water-formation practically ceases. When this occurs the ester vapors are 
subsequently conducted to a second stage where they are mixed with steam, and 
washed with water, and dried. 

Young®- reports the formation of organic cyanides by treatment of a solution 
of olefin in an inorganic acid (sulphuric or hvdrohalogen) with sodium cvanide 
at 20°C. 


Propen E 

The products of reaction between propene and sulphuric acid are isopropyl- 
sulphuric acid, (CH 3 ) 2 CH 0 — SO 3 H, and diisopropyl sulphate, [ (CH 3 )oCH] 2 S 04 . 
Both of these are intermediates in the commercial production of isopropanol. No 
n-propyl esters are formed in this reaction.®® 

In one commercial process, a gas containing propene is absorbed at normal pres¬ 
sure in 90 per cent sulphuric acid. An absorbent oil is added to increase the rate 
of solution of the gas. Operation is continued until the acid product contains a 
substantial proportion of diisopropyl sulphate. A product consisting mainly of the 
dialkyl sulphate is obtained when mixtures of propane and propene are agitated 
under pressure with about 85 per cent sulphuric acid or by contacting gaseous 
propene at 10-40°C. under pressures over 50 pounds per sq. in. with 65-85 per 
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cent sulphuric acid, or, at 2S®C. under 100 lbs. pressure with 80 per cent acid.*^ 
Under such conditions the formation of polymers is reported as almost entirely 
avoided. Absorption of gaseous propene in more concentrated sulphuric acid at 
low temperatures may also be employ^.*® 

As in the case of ethylene, it seems likely that the initial reaction product be¬ 
tween aqueous sulphuric acid and propene is a hydrated monoisopropyl ester, which 
subsequently reacts with more hydrocarboti to form water and the neutral di-ester, 
according to the following equations: 


C,H.-f H,S04(H,0) —(CH,),CHO—S0,H-H,0 
C,Hi + (CH,),CHO—SO,H—H,0 H,0 + (wo-C.Hr- O),—SO, 


Evidence for the existence of the monoalkyl esters in a hydrated condition has 
already been presented in reference to ethylene^® 

Reaction with Halogen Acids. In the absence of specific catalysts, hydro¬ 
gen chloride does not react with propene in the gaseous phase even at pressures as 
high as 105 atmospheres and temperatures up to 105°C. In the liquid phase, how¬ 
ever, combination takes place fairly readily, the main product (isolated by Maass 
and his co-workers®"^) being isopropyl chloride, although some hexyl chloride was 
formed, particularly at lower temperatures. Later, Maass and Sutherland®® inves¬ 
tigated the velocity of reaction with rise in temperature when the reactants were 
maintained in the liquid state. Using a mixture of 2 moles of hydrogen chloride 
and 1 mole of propene (this mixture having a critical temperature of 70®C.) they 
found the velocity in liquid phase experiments to increase regularly with rising tem¬ 
perature up to about the critical temperature, above which it was uniformly zero. 

In the presence of certain catalysts, however, hydrogen chloride readily com¬ 
bines with propene in the gas phase at atmospheric pressure. Brouwer and 
Wibaut®® showed that, although this reaction was slow at room temperature in the 
presence of pure silica gel, its rate was markedly increased if the gel was impreg¬ 
nated with certain metallic chlorides. Examples of the latter are ferric chloride, 
bismuth chloride or zinc chloride which were efficient catalysts at room tempera¬ 
ture but much less so at 80®C. At this higher temperature impregnation with 
mercuric, nickel, aluminum or calcium chloride was found effective. The reaction 
product consisted of about 97 per cent isopropyl chloride with a small proportion of 
higher-boiling products, probably hexyl chloride. No w-propyl chloride could be 
detected. The presence of oxygen in the reacting gases did not affect the course 
of the reaction. The peroxide effect (q.r.) was not observed when liquid hydrogen 
chloride combined with propene (to form only isopropyl chloride) in the presence 
of benzoyl peroxide. 

A liquid mixture of propene and hydrogen bromide undergoes fairly rapkl 
reaction even at room temperature. However, it has been shown by Ipatieff, Pines 
and Wackher^ that no action occurs when pure propene gas is passed through a 
solution of hydrogen bromide in glacial acetic acid at 5®C. Certain organic com¬ 
pounds, such as hexane, cyclohexane, benzene and organic bromides, greatly accel¬ 
erated the combination in acetic acid solution although polar compounds, such as 


“B. T. Brooks and E. J. CardarelH, U. S. P. 1.919.617. July 25. 19.13, to SUndard Alcohol Co.; 
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water, alcohol and acetic acid, had no promoting effect. A rapid reaction was also 
observed when an equimolecular gaseous mixture of propene and hydrogen bro¬ 
mide was conducted through hexane. Ipatieff and his collaborators concluded that 
union between olefins and hydrogen bromide in the liquid phase is autocatalytic 
since the bromides formed during the reaction exert a definite catalytic influence. 
According to Sorokin, Belikova and Bogdanova,the product of the action of 
propene on hydrogen bromide in glacial acetic acid solution is isopropyl bromide 
admixed with some «-propyl bromide. 

In the method proposed by Strange and Kane,^^ propene and hydrogen chloride 
(or bromide) are contacted in the gaseous phase at a temperature below the nor¬ 
mal boiling point of the resulting ester, e.g., at 80-120®C., with a solid porous 
adsorbent having a large surface area. Examples of such are silica gel or hydrous 
alumina mixed with iron turnings. The ester formed is periodically recovered 
from the catalyst mass by distillation under reduced pressure. Other adsorbent 
catalysts used by Strange and Kane^^ for this reaction include alumina gel pre¬ 
pared by co-precipitation of sodium aluminate and aluminum chloride in water, 
followed by drying at 150®C. for 2 hours and then at 250-3(X)®C. for 2 hours more. 
Ferric chloride, vanadium or cerium salts may replace aluminum chloride, and alu¬ 
mina may be substituted by aluminum silicates or tin tungstates. The use of de¬ 
hydrated alumina is described by Gayer 

Lazier^® made alkyl fluorides, such as propyl fluoride, by a vapor-phase com¬ 
bination of an olefin with hydrogen fluoride at elevated pressures and high tem¬ 
peratures. The catalysts employed were fluorides of multivalent elements such as 
manganese, cobalt, iron, aluminum or zinc. Thus, propyl fluoride is prepared by 
treatment of propene With gaseous hydrogen fluoride at 50 atmospheres and 
250®C. with a contact agent consisting of activated charcoal impregnated with 
zinc fluoride. By carrying out the reaction in an inert solvent, such as dichloro- 
methane or carbon tetrachloride, hydrogen fluoride may be added to unsaturated 
compounds having no triple linkings.*® For example, products that may serve as 
insecticides or as textile auxiliaries are obtained by combining hydrogen fluoride 
with oleic or undecenoic acid, or with an olefin having at least 10 carbon atoms; 
e,g„ dodecene, C 12 H 24 . 

Reaction with Organic Acids. Direct union of propene with various or¬ 
ganic carboxylic acids appears to take place fairly readily in the liquid phase in the 
presence of certain catalysts. Sulphuric acid was used by Coleman*^ for direct 
esterification of olefins with anhydrous saturated carboxylic acids under super- 
atmospheric pressures. Such a treatment of propene with glacial acetic acid as¬ 
sisted by sulphuric at about 125®C. produced isopropyl acetate. Metallic salts of 
strong acids (e.g.. zinc chloride) were employed by Brezinski and Frolich*® for 
esterification of olefins at 100-3(X)®C. under pressures above 250 lb. per sq. in. 
Reaction may be carried out in an autoclave lined with aluminum or a non-corro- 
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sive alloy steel. At 1S0®C. under pressure approximately equimolecular propor¬ 
tions of propene and anhydrous acetic acid (containing a small proportion of 
acetic anhydride) and zinc chloride gave a 12.5 per cent yield of propyl acetate. 

Boron fluoride has been shown by Dorris, Sowa and Nieuwland^® to be an ex¬ 
cellent catalyst for the liquid phase esterification of olefins under such mild condi¬ 
tions as 70® C. and pressures of about 25 cm. of mercury above 1 atmosphere. The 
isopropyl esters of acetic, monochloroacetic, dichloroacetic, trichloroacetic and ben¬ 
zoic acids were obtained in yields of 7, 34.2, 39.5, 48.4 and 88 per cent, respectively, 
by reacting propene with acids under conditions just given. Combination of propene 
with salicylic acid in the presence of boron trifluoride yields mainly 2-hydroxy-3- 
isopropylbenzoic acid and also the isopropyl ester. At the same time some iso- 
propyl-2-hydroxy-3,5-diisopropylbenzoate is also produced. This suggests that 
isopropyl salicylate is first formed but undergoes further rearrangement and reac¬ 
tion with propene.®^ 

Vapor-phase combination of olefins, such as propene, with aliphatic saturated 
monocarboxylic acids is effected by Strange and Kane®^ with the aid of metal 
salts of a strong mineral acid (such as the chlorides, bromides, phosphates or sul¬ 
phates of zinc, aluminum, mercury, copper, cadmium, bismuth or antimony), or of 
a non-volatile strong mineral acid (sulphuric or phosphoric) or acidic derivative 
of such acids, e.g., sodium acid sulphate or benzene sulphonic acid. For example, 
15 to 20 per cent yields of isopropyl acetate are secured by conducting approxi¬ 
mately equal parts of propene and acetic acid vapor, at 110°C. and atmospheric 
pressure over a catalyst at the rate of 2 g. per cc. of catalyst per minute. The 
latter was prepared from 500 parts of adsorbent carbon and 50 parts of 75 per cent 
phosphoric acid, and dried at 150-250®C.®* 

Butenes and Higher Aliphatic Olefins 


The higher olefins may be classified according to their behavior with sulphuric 
acid into two main groups, namely : 


(a) Tertiaiy, or isoolefins, siKh as isobutene, trimethylethylene and 2-methylbutcnc-l, 
which react vigorously with relatively dilute (about 60 per cent) sulphuric acid and 
exhibit a marked tendency to polymerize with more concentrated acids; 

(b) Secondary olefins, such as butene-1, butene-2, pentene-1, pentene-2, and hexcnc-2, 
which yield esters of secondary alcohols on sulphatiun with moderately concentrated sul¬ 
phuric acid. 


Isoolefins. The isoolefins, exemplified by isobutene, yield tertiary alcohols on 
absorption in sulphuric acid of 50-70 per cent concentration and subsequent hy¬ 
drolysis of the alkyl sulphuric esters. So far as can be ascertained the correspond¬ 
ing di-esters have not been prepared since considerable polymerization occurs 
under conditions favoring their formation (i.e., use of more concentrated acids). 
This condensation may be prevented by the presence of metal cyanides or complex 
cyanides, or soluble platinum, copper, iron, cobalt, nickel or silver salts.®* For 
changing isobutene into /er.-butyl sulphuric acid, use of acid concentrations of 
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55-65 per cent at 10-3S®C or 65 per cent at 10-15®C.®® is advocated. Under 
these conditions the isobutene is selectively absorbed and any accompanying 
straight-chain butenes are recovered unchanged. 

Secondary Olefins. For conversion of secondary olefins, such as the n- 
butenes, into their sulphuric acid esters, acid concentrations of 70-85 per cent at 
temperatures below 30® C. have been usually recommended. Under moderate pres¬ 
sures the hydrocarbon can be contacted in liquid form with the sulphuric acid. In 
this way butene-1 and butene-2 give esters of butanol-2 but pentene-1 yields esters 
of pentanol-2 exclusively. On sulphation of pentene-2 a mixture of esters derived 
from pentanol-2 (65 per cent) and pentanol-3 (35 per cent) is obtained. 

Sulphation of isopropylethylene might be expected to yield esters of 3-methyl- 
butanol-2. Actually, however, the initial product is the sulphuric ester of ter,- 
amyl alcohol, which, in the presence of acid concentrations necessary to react with 
this type of olefin, undergoes rapid polymerization.^® 

Mainly dialkyl esters derived from secondary alcohols having 4 or more carbon 
atoms are obtained by treating 90-l()0 per cent sulphuric acid with an excess of 
the corresponding olefin. The latter should be previously freed from tertiary olefins 
by treatment with 65-70 per cent sulphuric acid. Also reaction temperatures and 
pressures should be sufficiently low to maintain the olefin in liquid form.®^ Dibutyl 
sulphate is readily prepared in this way from the n-butenes.^® Dialkyl sulphates 
of this type, formed during the sulphation of olefins for the production of the 
corresponding alcohols, separate from the acid liquor as an immiscible liquid phase 
on dilution with water.®® They can be reconverted into the alkylsulphuric ester by 
heating with a 60-85 per cent aqueous solution of sulphuric acid.®® Lacy®^ reports 
the production of dialkyl esters by absorption of ethylene homologues in sulphuric 
acid of about 75 per cent concentration followed by the addition of sufficient pri¬ 
mary alcohol, such as ethanol, to satisfy the reactivity of the remaining sulphuric 
acid. 

The purification of dialkyl sulphates by a process which includes their final 
distillation in the presence of less than 10 per cent sulphuric acid has been dis¬ 
closed by Cox and Carruthers.®^ According to Brooks,®® .rrc.-diamyl sulphate, a 
substance not hitherto known, can be prepared in 70-75 per cent yields by treating 
90 per cent sulphuric acid at 15-20®C. with an excess of pentene-2. Dilution with 
water effects separation of the neutral ester and dissolved pentene-2. 

Bertsch has made alkyl esters of persulphuric acid by reaction of the acid on 
high molecular weight olefins, such as hexadecene.®^ 

Lee®® has described the production of alkyl thiocyanates by treating the sul¬ 
phuric acid ester of a secondary or tertiary alcohol with an alkali sulphocyanide. 
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For example, amylene is absorbed in 60 per cent sulphuric acid. To the resulting 
acid liquor, at 0®C., is added sodium thiocyanate. The product has a boiling 
range of 16S-170®C. 

Reactions of Tertiary Olefins. The tertiary olefins combine much more 
readily with hydrogen halides than do the isomeric secondary olefins. Leendertse, 
Tulleners and Waterman^ found that both trimethylethylene and . asymmetric 
methylethylethylene (2-methylbutenc-l) combine readily at —80®C. with hydrogen 
chloride in the absence of catalysts. Under these conditions pentene-1 and pen- 
tene-2 react much more slowly and isopropylethylene practically not at all. With¬ 
out catalysts at —80®C. the same reaction product, namely, /rr.-amyl chloride or 
2-chloro-2-methylbutane, was obtained from both of the branched chain pentenes 
while pentene-1 furnished a monochloropentane the structure of which was not 
determined. The union of these pentenes with hydrogen chloride at -^®C. was 
greatly accelerated by aluminum chloride in the presence of which pentene-2 
yielded about 40 per cent of chloropentanes (boiling at 95-97®C.) and 60 per cent 
of monochlorides derived from the trimer, (C 5 Hio) 8 * Under similar treatment, 
trimethylethylene and 2-methylbutene-l gave a mixture of 2-chloro-2-methylbutane 
and monochlorides derived from the trimers of these olefins. The reaction of hy¬ 
drogen chloride with isopropylethylene at —80®C. in the presence of aluminum 
chloride produced much 2-methyl-3-chlorobutane, together with a mixture of mono- 
chloro compounds formed by addition of hydrogen chloride to the olefins obtained 
by polymerization. On the other hand, Whitmore and Johnston®^ have found that 
the addition of hydrogen chloride to isopropylethylene in the dark at room tempera¬ 
ture gives 88 per cent of a mixture of about equal amounts of tertiary and second¬ 
ary amyl chlorides. The secondary chloride, recovered from the mixture after 
hydrolysis of the tertiary ester, boiled at 91.9®C. under 736 mm. and was stable 
when heated for 24 hours at 1(X)®C. It did not react with water at room tempera¬ 
ture. This addition reaction, according to Whitmore and Johnston, may be repre¬ 
sented as 

(CH,),CHCH=CH,- -4- {CH,),CHCHCH, (CH,),CHCHC1CH, (secondary) 


Y H: rearrangement 

(CH,),CCH,CH, -4- (CH,),CC1CH,CH« (tertiary) 


The formation of a tertiary ester from isopropylethylene and hydrogen chloride is 
therefore the result of an intramolecular rearrangement similar to that occurring 
during the sulphation of this olefin. 

From the mixture of amylenes and diolefins present in the fraction of vapor- 
phase cracked gasoline boiling at 30-42®C., the tertiary olefins, as well as the di¬ 
olefins, are removed almost quantitatively by treatment with 37 per cent aqueous 
hydrochloric acid. Moor and Katzman®* investigated this reaction and obtained 
their best results by using 2 moles of hydrochloric acid per unit of hydrocarbon 
fraction at 0-20®C. Above 20®C., polymerization is increased and reaction is much 
slower at —10®C. This treatment converted the tertiary amylenes into ^cr.-amyl 
chloride and largely polymerized the diolefins present, so that the residual un- 


J. UcBderUe. A. J. Tullenerf and H. I. Watermaa, Rec. trav. chim., 1934, SS, ;i5: Brit. 
Chem, Ahs. A. 1934, $64; them. Aht.. 1934, 2S. 539S: /. Inst. Pei. Tech., 1934. 80, 447A. 

CkJtJ’Ahe ^1934* 16S* ^®**"**®"* J.A.CS., 1933, SS, 5080; Ckem, Abe., 1934, 2S, 738; Brii. 

• V. G. ijoor a^ S. V. ^ CoekhimiekhiMdMi (Leningrai), IfSI. 

Wo . 1, 121; Chem. Abe., 1935, 8f, 2717; BHt. Ciem. Aht. B, 193S, 1031. 
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changed hydrcxrarbons consisted mainly of secondary olefins. Moor and Katzman 
effect combination of the secondary amylenes (remaining after treatment with the 
aqueous acid) with hydrogen chloride in the gas phase at 115-120®C. using bismuth 
chloride on glass wool as a catalyst. Under these conditions the yield of secondary 
chlorides was 90 per cent. This decreased to 50 per cent at 100®C. and 21 per 
cent at 170-180®C. The bismuth chloride catalyst was slowly poisoned due to the 
formation of polymerized chloro hydrocarbons. By a combination of these two 
Moor and Katzman procedures, i.e., treatment with aqueous acid followed by that 
with gaseous hydrogen chloride, the total yield of secondary and tertiary amyl 
chlorides was 74 per cent of the initial material, the theoretical yield on this basis 
being 82 per cent. 

Triisobutylene can be directly combined with hydrogen chloride at —78®C. in 
the absence of a catalyst.**® The resulting chloride, however, is not very stable. 
This instability may l^e an explanation of the low, and sometimes even negative, 
bromine values observed for polymerized hydrocarbons. 

Aromatic vinyl compounds, such as styrene, easily react in the liquid phase 
with hydrogen chloride in the presence of substances capable of forming readily 
dissociable addition compounds with the hydrogen halide."^® Examples of such are 
dimethyl aniline and other amines, acetone and methyl alcohol. Under these con¬ 
ditions styrene may be converted into a-chloroethylbenzene, C 0 H 5 CHCICH 3 , 
Water may serve as a catalyst also if it is present in an extremely finely divided 
state.*^^ 

Tuot ^2 has examined the reaction products of a number of higher monolefins 
with hydrogen bromide at 0®C. and from these has isolated a number of mono- 
bromo compounds. These together with some of their physical properties are given 
in Table 68 . The bromides were readily hydrolyzed to the corresponding alcohols 
whose boiling points were 40 to 50®C. higher than those of the present olefins. 
This investigator also points out that the olefins suspended in dilute sulphuric acid 
are converted into non-distillable bromides by a mixture of potassium bromide and 
hromate. 

Tabi.k 68 ,—Physical Properties of Some Monobromides Derived from Octenes, Nonents 

Decenes and Undecenes 

Siuface 

Tension 

Boiling 20 Molecular (Dynes/cm.) 

Compound Point, ®C. d*© D Refraction at 20®C. 

2-Bromo-3.methylhepUne. 69’’(12 mm.) 1.1235 1.4675 46.84 27.96 

4-Bromo-2,4-dimethylhexane. 67® (15 mm.) 1.1179 1.4554 46.88 27.54 

2-Bromo-2,5-dimethylhexane. 64® (15 mm.) 1.1044 1.4498 46.94 26.29 

4- Bromo-2,4-dimethylheptane. ... 80® (15 mm.) 1.0886 1.4558 51.62 27.27 

5- Bromo-2,5-dimethylheptane. . .. 83® (16 mm.) 1.0909 1.4553 51.51 27.35 

2-Bromo-2,3,5-trimethylh€xane... 79® (15 mm.) 1.1000 1.4594 51.49 28.48 

4-Bromo-2,4-dimethyloctane.93® (14 mm.) 1.0759 1.4582 56.20 28.32 

4-Bromo-2,4,6-trimethylheptane. . 83® (13 mm.) 1.0716 1.4568 56.10 27.80 

4-Bromo-2,4,7-trimethyloctane. . . 98® (11 mm.) 1.0524 1.4573 60.85 27.68 

Reactions with Organic Acids. Olefins, such as isobutene and trimethyl- 
ethylene, which give tertiary alcohols on hydration, combine with organic acids 

•• H. T. Witerituin, T. T. T..eendertae and A. J. d< Kok. Rec. trav. chim., 19.t5, 5S, 1151; /. Inst. 
Pet. Tech., 1935. 21. 1()1A; Chem. Abs^ 1935. 29. 2504; Brit. Chem. Abs. A. 1935. 192. 

w Britiah P. 410,526, 1932, to I. G. Farhenind, A.-G.; Brit. Chem. Abs. B. 1934, 617; Chem. Abs., 

1934. 2t. 6446. 

« French P. 745.533. 1933, to I. G. Farhenind. A. G.; Chem. Abs., 1933. 27. 4253. 

»M. Tuot, Compi. rend., 1935, 200, 1418; Chem. Abs., 1935. 29, 5067; Brit, Chem. Abs. A, 

1935, 844. 
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much more readily than their less branched isomers. Good yields of tertiary alkyl 
acetates may be obtained by reacting the olefin with the organic acid at room tem¬ 
perature in the presence of a small proportion of sulphuric acid as catalyst. For 
example, in the production of /^r.-amyl acetate from isoamylene and acetic acid 
(containing some acetic anhydride) only a small proportion of sulphuric acid is 
employed, thus reducing polymerization of the olefin to a minimum.'^® Combina¬ 
tion of anhydrous formic acid with the pentenes and hexenes present in the light 
fractions of cracked benzine takes place slowly without catalysts.*’^* However, 
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(H. E. Buc) 


concentrated sulphuric acid (in small proportions) greatly accelerated the reaction 
although it later caused some decomposition of the esters. Rapid ester formation 
without appreciable polymerization was attained by repeatedly recycling the hydro¬ 
carbon material through the carboxylic acid containing a limited quantity of sul¬ 
phuric acid. 

The conversion was carried out as a continuous distillation process by allowing 
the olefin-bearing vapors to react in a side-tube with anhydrous formic acid in the 
presence of a small quantity of sulphuric acid. The esters were thus returned, im¬ 
mediately on formation, to the distilling flask. Polymerization of the olefins was 
in this way avoided and decomposition of the esters by the sulphuric acid mini¬ 
mized. Secondary and tertiary amyl and hexyl formates were produced almost 
quantitatively. 

WW. M. Lee, U. S. P. 2,041.193, May 19, 1936. to Sharpies Solvent! Corp.; Ch^m. Abt., 1936. 
ZO, 4511. 

»*E. Sttcbarda and T. Maaonaki, Prttmytl Ckem., 1933, 17, 41; Ckem, Abs., 1933, 27, S954; 
Brii, Oum, Abs. B, 1933, 497. 
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Direct union of some of the more reactive monolefins with strong organic acids, 
such as the chloroacetic acids, is known to occur readily in the absence of cata¬ 
lysts. Quantitative yields of /er-amyl chloroacetates were obtained by Nernst^® at. 
30®C. although an equilibrium mixture of olefin and ester resulted at 100-150®C. 

The influence of high pressures on reactions of the above type has been studied 
by Fawcett and Gibson.*^® At 30®C. from equimolecular proportions of trimethyl- 
ethylene and trichloroacetic acid, they obtained (after 16 hours) yields of 18.6 
per cent and 33.9 per cent of tertiary esters at 1 atmosphere and 3,000 atmos¬ 
pheres, respectively. P'rom equimolecular proportions of bromethylethylene and 
acetic acid (without a catalyst) at 100®C., the ester yields in 16 hours were 1.1 
per cent at atmospheric pressure and 6.6 per cent at 3,000 atmospheres. The cor¬ 
responding figures for tests at 110°C. were 0.4 per cent and 4.5 per cent, respec¬ 
tively. A number of results by Fawcett and Gibson on the direct esterification of 
cyclohexene (2 moles) with trichloroacetic or dichloroacetic acid (1 mole) are 
summarized in Table 69. 

Table 69. — Non-Catalytic Esterification of Cyclohexene 



Acid Used 

Temp., 

®C. 

Time, 

Hrs. 

Pressure, 

Ats. 

Per Cent Acid 
Esterified 

Trichloroacetic acid. 

30 

16 

1 

Nil 


n 

30 

16 

3,000 

7.8 


^ . 

60 

40 

1 

37.9 


n 

60 

40 

2,000 

68 6 

n 

n 

60 

40 

3,000 

74.7 

n 

n 

no 

88 

1 

81.7 

n 

” ... 

. . no 

88 

3,000 

92.3 

Dichloroacetic acid 

100 

16 

1 

20.9 

n 

n 

100 

16 

3,000 

54.1 

n 

n 

100 

32 

1 

27.2 

n 

n 

.... 100 

32 

3,000 

60.3 


A process for the manufacture of alcohols and esters from olefinN has been de¬ 
scribed by Buc.*^^ The hydrocarbon is first esterified with a relatively high-boiling 
halogen-substituted fatty acid, using an aqueous sulphuric acid catalyst. The prod¬ 
uct is separated from the acid catalyst and either hydrolyzed to the alcohol or 
converted into the ester of an unsubstituted fatty acid. For instance, more than 
80 per cent of the olefin was converted into the monochloroacetic ester by agitating 
at 45®C. for 12 hours a mixture of 250 cc. of a hexene (obtained by dehydration 
of hexanol-2), 400 cc. of benzol (as diluent), 100 g. of monochloroacetic acid and 
140 cc. of 80 per cent sulphuric acid. The acid catalyst was added slowly during 
the reaction period. The product can be separated from the acid catalyst and 
hydrolyzed to furnish hexyl alcohol. 

Kffkct of Pressure on Direct Esterification 

In the direct esterification of the «-butenes and w-pentenes with organic acids, 
such as anhydrous acetic acid, it is necessary to heat the reaction mixture under 
pressure to obtain satisfactory yields. Brooks'^® reports that heating butene-2 
under pressure to 115-120®C. with an excess ot glacial acetic acid containing 10 
per cent sulphuric acid gives rise to secondary butyl acetate in yields up to 60 per 
cent of the theoretical. Before treating cracked hydrocarbon distillates for the 

WW. Ncm»t, Z. physik. Chem,. 1893, 11, 353. 

WE. W. Fawcett and R. O. Gibjwn, J.C.S., 1W4. 386; Chtm. Abs., 1934, 28. 4371; Brit, CAem. 

E.^Buc? tJ. S. P. 1,939,384, Dec. 12, 1933, to SUndard Oil Development Co.; CAem. Abs,, 
1934, 88 , 1356. 

w B. T. Brooks, Ind, Bng, Chsrn,, 1935, 27, 278. 
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production of j^c.-butyl and amyl acetates by this procedure, Brooks^* first selec¬ 
tively removes tertiary olefins and diolefins present. 

One continuous esterification process comprises contacting an olefin-bearing 
material in the gaseous state with a countercurrent liquid stream of an anhydrous 
organic acid containing an esterifying catalyst. The operating temperature is kept 
above 50*^C. but sufficiently low to permit removal of the ester in liquid form.*^ 
For example, ^-butenes were treated with glacial acetic acid and sulphuric acid in 
the relative proportions (by volume) of 1.67, 1.0 and 0.25, respectively, for 3J4 
hours at 75®C. and under a pressure of 10 atmospheres. Butyl acetate was ob¬ 
tained in a 52 per cent yield (based on the acetic acid) and tar formation amounted 
to only 3 per cent- 

If boron fluoride is utilized as the motivating agent, esters may be formed under 
normal temperature and pressure conditions.®^ Aliphatic, aromatic or cyclic acids 
may be esterified in this way, as well as acid mixtures obtained by oxidation of 
paraffin wax or liquid petroleum distillates. Gaseous or liquid olefins are adapted 
to the above combination, which may be represented by the following equation. 
R,R' or may be a hydrogen atom or a substituted group. 

R'~GH=CH—R''+ RCOOH R'~GHOOCR—CHr~R" 


One method of carrying out the process consists in preparing a solution of boron 
fluoride in the oxygenated organic compound and agitating the mixture by means 
of the olefin reactant. The secondary olefins*^ have been found especially suscep> 
tible for such dir.ect esterifications. The unsaturation point may occur in a ring 
or cyclic compound, such as cyclohexene, as well as in straight chain aliphatic 
hydrocarbons. For example, 20 parts of pcntene-2 were treated at room tempera¬ 
ture with 10 parts of an acetic acid solution of boron fluoride. Hydrolysis of the 
product gave a yield of 10.5 parts of secondary amyl acetate. In another instance, 
19 parts by weight of boron fluoride dissolved in 30 parts of acetic acid gave 36 
parts by volume of solution. On reaction of the mixture with 100 parts by volume 
of pentene-2, the resultant liquor occupied a space of 124 parts. From the latter, 
39 parts by volume^of secondary amyl acetate were recovered. More dilute sul¬ 
phuric acid is used for the higher olefins, such as amylene and hexene, and more 
concentrated acid for the lower olefins, such as propene. The pressure employed 
is somewhat lower than the vapor pressure of the particular hydrocarbon under 
treatment. The flow of material is regulated so that the time of contact is between 
2 and 4 hours. Yields of almost 100 per cent ester based on the fatty acid may be 
obtained. 

The ester is recovered from the reaction liquor by extraction, the solvent best 
adapted for the purpose being a low-boiling gasoline or pure hydrocarbon such as 
pentane or hexane. The sulphuric acid and solvent can then be returned, separately, 
to the system for re-use. 

Isham®® suggests that the olefin be reacted with a sulphonic acid, e.g., benzene 
or naphthalene sulphonic acid, and the resulting alkyl sulphonate then be converted 
into the ester by heating with a carboxylic acid. An alternate procedure comprises 
subjecting the defin to the simultaneous action of sulphonic and carboxylic acids. 
Another method involves heating a dialkyl sulphate with calcium salts of organic 


T. Brook*, U. S. P. 1,894,663, Jsa. 17, 1933, to Pctrolcuoi Cbcmkal Corp.; Brit. Cktm. 
Abi. B, 1933, 904; Oum. Aht., 1933, 37, 3439. 

— P. K. Frolicb and P. L. Voong, U. S. P. 1,877,391, Sept. 13, 1932, to Standard Oil Dtvdop- 
ment Co.; Chrm. Abt., 1933, 37, 101. Alao Britiah P. 363,315, 1931; Brit. Cktm. Abe. B, 1933, 333. 
■H. G. Schneidar, U. S. P. 3,065,540, Dee. 39, 1936, to Standard Oil Davalopnwnt Co.; tktm. 
1937. II. 1036. 

"In fact, the reaction mar be tiled for the leparation of aacondary and tertiary okSni. 

«, Jkif- Oot 10, 1933, to W, B. Pint; Brit Chm. Abt. B. 1834. 

751; Cbtm. Abt., 1934, 38, 173. 
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acids in the presence of diluents. The latter may be either carbon tetrachloride^ 
or a kerosene fraction containing substantially saturated hydrocarbons.®® 

The ‘Teroxide Effect'* in Hydrohalogen-Olefin Addition Reactions 


In trying to establish the so-called relative electronegativity of various organic 
radicals, and in an extended study of the nature of the ethylene bond, some dis¬ 
crepancies between eflfects predicted by theory and those experimentally recorded 
led Kharasch and his co-workers to repeat the work on the combination of hydro¬ 
gen bromide with allyl bromide and numerous other unsaturated compounds. Re¬ 
sults obtained in these experiments seemed to indicate a definite eflfect of peroxides 
(or oxygen) on the direction of addition of halohydrogens to double-bonded hydro¬ 
carbons. 

Allyl bromide reacts with hydrogen bromide in two different ways, namely, 

^CHiBrCHiCHjBr {1,3‘dibromopropane) 
CHr:=CHCH,Br 4- HBr--<r 

^CHaCHBrCHjBr {1,2-dibromopropane) 

An examination of this reaction, in the liquid phase and usually at room tempera¬ 
ture, was carried out by Kharasch and Mayo.®® They showed that although com¬ 
bination was very slow in the complete absence of oxygen or peroxides as well as 
in the presence of antioxidants,®^ the main product was 1,2-dibromopropane. With 
small amounts of oxygen or peroxides, a rapid reaction occurred with the almost 
exclusive formation of 1,3-dibromopropane. Factors such as presence of metallic 
salts as catalysts, use of various organic solvents and different temperatures or 
exposure to light all markedly affected the velocity of reaction hut did not appear 
to exert any directive influence on it. The composition of the products was re¬ 
ported to depend entirely on the presence, or absence, of oxygen or peroxides. 
Similar conclusions were also reached in studies of the addition of hydrogen bro¬ 
mide to vinyl bromide®® and to vinyl chloride.®'* In both cases, peroxides promoted 
formation of the 1,2-dihalogenated ethanes. On the other hand 100 per cent yields 
of the ethylidene (or 1,1-dihalogenated) compounds were obtained only in the ab¬ 
sence of oxygen or peroxides as participants in the reaction. 

Union of hydrogen bromide and allyl bromide in the presence of solvents and 
air w’as reported by Urushihara and Takebayashi®®" to give 93 per cent of the 
r,3-dibromo compound and 7 per cent of the 1,2-dibromo derivative. Some results 
obtained by the.se investigators with other catalysts are given in Table 69A. 
When reaction was effected in the absence of solvents, light and air, but employing 
reduced iron as the contact agent, yields of about 33 to 39 per cent of a mixture 
of dibromides were secured. Of the latter, 22 to 32 per cent was 1,2-dihromoallyl, 


O. Spring, U. S. P. 1.924,.S/.S. Aug. 29, 1922, to l>ohcrty Research Co,; Chetn. Abs., 1932, 27, 
5338; Brit. Ckem. Ahs. B, 1924. 524. 

“ S. R. Merley and O. Spring. l\ S. P. 1.924,615, Aug. 29, 1933, to Doherty Research Co.; 
Ckfm. Ahs., 1932, 27. 5228; Brit. Ckrm. Abs. B, 1924, 524. 

“M. S. Kharasch and F. R. Mayo. J.A.C.S., 1923, 55. 2468; Ckem. Abs., 1933, 27. 2444; Bn#. 
Ckem. Abs. A. 1933, 805. 

In this work the inveMiaators were unable to observe any difference in results between the be¬ 
havior of a reaction mixture freed beforehand from peroxides and run in vacuo, and that of one run 
in vacuo or in air in the presence of a good antioxidant. The use of the term "with antioxidant 
conditions" applies to a known absence of oxygen or peroxide (per se or in effect) from the active 
reagents, whether obuined by previous treatment or by addition to the reacting mixtures. Of the large 
number of antioxidants tested those mentioned in the cases described were found most applicable with 
the reagents under discussion. 

•M. S. Kharasch. M. C. McNab and F. R. Mayo. J.A.C.S., 1933, 55. 2521; Ckem. Abs., 1933, 


27. 3444; Brit. Ckem. Abs. A. 1933. 805. 

••M. S. Kharasch and C. W. Hannum, J.A.C.S., 1934, 56, 712; Ckem. Abs., 1934, 28, 2671; 


^*^tiS?.^ruihibara lad^ltf.^Takebayashi, BuU. Ckem. Sac. Jap^m, 1936, 11, 692; Ckem. Abs., 1937, 


•1, 1757. 
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Table 69A .—Propartum of Dihromo Derivatives from AUyl 
Bromide and Hydrogen Bromide, 


1,3-Dibromo 

Catalyst Derivative, % 

None. 7 

Air. 93 

Sulphur. 17 

Nitric oxide. 12 

Reduced iron. 71 

Reduced nickel. 68 

Platinum black. 12 

Ferrous bromide (anhydrous). 7 

Manganese sulphate (anhydrous).... 7 


1,2-Dibromo 
Derivative, % 
93 
7 
83 
88 
29 
32 
88 
93 
93 


and 68 to 78 per cent the 1,3-dibromide.®®*^ Substitution of reduced nickel for iron 
likewise resulted in a preponderance of the 1,3-dibromide being formed. On the 
other hand nickel (exposed to air for 5 weeks) or cobalt (freshly reduced or not) 
favored development of the normal product, i.e., 1,2-dibromoallyl. 

Kharasch, McNab and Mayo^ also studied the directive influence of peroxides 
on the union of liquid propene and liquid hydrogen bromide. When benzoyl per¬ 
oxide or ascaridole®^ was added, «-propyl bromide was secured almost quantita¬ 
tively.®^ The addition of antioxidants, e.g., diphenylamine or /er.-butyl isocyanide, 
to the reactants gave rise to pure isopropyl bromide.®® The latter compound was 
procured also when reaction was carried out in an atmosphere of air. 

These results were confirmed by the work of Brouwer and Wibaut®^ who 
found that oxygen had no influence on the course of the vapor-phase combination 
of propene with h^'drogen bromide. Using silica gel as catalyst, the addition reac¬ 
tion proceeded smoothly at room temperature, furnishing about 90 per cent of 
isopropyl bromide, a certain amount of a by-product (probably hexyl bromide) and 
only a little «-propyl bromide. Contact agents prepared by impregnating silica gel 
with the bromides of zinc, ferric iron, aluminum or bismuth were of less utility 
than the pure gel. The absence of substantial proportions of n-propyl bromide in 
the products of vapor-phase operations, even in the presence of oxygen, may be 
due to the non-formation of peroxides, as suggested by Kharasch. According to 
Brouwer and Wibaut, both isopropyl bromide and w-propyl bromide undergo par¬ 
tial isomerization when heated to 25()-275®C. in sealed tubes. The equilibrium 
mixture obtained after 100 hours at 250®C. consisted of 70 per cent isopropyl bro¬ 
mide and 30 per cent «-propyl bromide. After 36 hours heating at 275®C. an 
equilibrium mixture contained 67 per cent iso- and 33 per cent w-propyl bromide. 

It has been shown by Kharasch and Hannum®® that at room temperature pro¬ 
pene combines vigorously with hydrogen iodide in the liquid state to yield iso-. 


Y. Urushibara and M. Takebayasht, Butt. Chem. Soc. Japan, 1936, II. 754; Chem. Ahs., 1937, 
31. 1757. 

»M. S. Kharasch. M. C. McNab and F. R. Mayo. J.A.C.S., 1933, 55. 2531; Chem, Abe., 1933. 
27. 3444; Brit. Chem. Abe. A. 1933, 805. 

Ascandole it a peroxide of menthene. at it shown by itt structural formula: 


^CH=a«CHv^ yCHt 

CHj—C-0-0—C—CH 


It U the chief constituent of chenopodium or American wormseed oil in which it it found to the 
extent of 60 75 per cent. See T. T. Cocking and F. C. Hyamt. Anaiyst, 1930. 55, ISO; Chem. Abs., 
1930. 24. 2833. 

•> See alto M. S. Kharasch, U, S. P. 2,058.466. Oct. 27, 1936. to E. I. du Pont de Nemours & Co.; 
Chem. Abt., 1937, 31. 109. 

“See also M. S. Kharasch, U. S. P. 2,058,465. Oct. 27. 1936, to E. I. du Pont de Nemours A Co.; 
Chem. Abt., 1937, 31. 109. 

L. G. Brouwer and J. P. Wibaut, Ree. trav. chim., 1934, S3, 1001; Chem. Abt., 193S, 29, 447. 
•M. S. Kharasch and C. Hannum. J.A.C.S.. 1934, 5«. 1782; Chem. Abt., 1934, 28, oiol; Bril. 
Chem. Abt. A, 1934, 1089; /. !ntt. Pet. Tech., 1934, 20. 522A. 
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propyl iodide exclusively. Peroxides did not change the course of the reaction 
and had no apparent influence on the time factor. It was suggested that the ab¬ 
sence of the typical peroxide effect was due to rapid reduction and destruction of 
the peroxides by the halogen hydride. Similar observations were made in the 
case of butene-1 and neopentylethylene. With hydrogen iodide and allyl bromide, 
peroxides were found to exert a definite effect on reaction velocity and substantial 
conversions (68-81 per cent) of the olefin bromide into l-bromo-2-iodopropane 
were obtainable only by their use. 

Kharasch and his co-workers extended their study of the peroxide effect to the 
addition of hydrogen bromide to higher olefins. Thus, butene-1 furnished sec.- 
butyl bromide (2-bromobutane) quantitatively under antioxidant conditions. On 
the other hand, w-butyl bromide (1-bromobutane) was also formed in the presence 
of fairly large proportions of peroxides.®® Since this reaction was not very sensi¬ 
tive to traces of peroxides, it was little influenced by external factors, such as sol¬ 
vents, temperature and light, which were found to affect only peroxide-catalyzed 
reactions of this type. 

Union of hydrogen bromide and isobutene in the liquid phase has been investi¬ 
gated by Kharasch and Hinckley.®^ This reaction, which is rapid at room tem¬ 
perature, produces fer-butyl bromide exclusively under normal conditions, i.e., in 
the absence of peroxides. Other factors, such as temperature, light or solvents 
(glacial acetic acid and xylene) had little directive influence. However, with per¬ 
oxides at least 80 per cent of the main reaction product was isobutyl bromide, 
(CH 8 ) 2 CHCH 2 Br. Since isobutene does not form peroxides readily, the latter 
bromide developed only in presence of added peroxides. Further work by Kharasch 
and Potts®® indicated that under rigidly controlled antioxidant conditions, solvents 
(e.g., pentane, carbon disulphide, ethyl bromide and nitrol>enzene) have no direc¬ 
tive influence on this addition although they markedly affect its velocity. In the 
presence of peroxides such as ascaridole, isobutyl bromide constituted 75-100 per 
cent of the total yield in the case of each solvent studied. Furthermore. Kharasch 
and Potts interpreted their results as showing that the apparent directive solvent 
effect noticed under other than antioxidant conditions was, in reality, an effect of 
the solvent upon the relative rates of the normal and the peroxide-catalyzed addi¬ 
tion reactions. 

By saturating pentene-l or heptene-l, in organic solvents such as hexane, 
glacial acetic acid or carbon tetrachloride, with dry hydrogen bromide at atmos¬ 
pheric pressure and about 0°C., Sherrill, Mayer and Walter®® found that the 1- 
bromo derivatives were formed exclusively. Prior to reaction the olefins gave 
no tests for peroxides. On the other hand, the addition products resulting from 
these olefins and aqueous hydrobromic acid (very slow reaction) at room tempera¬ 
tures during about two months, were exclusively the 2-bromo compounds. Ac¬ 
cordingly, differences in the prcxlucts by the two methods were attributed pri¬ 
marily to difference in solvents and not to presence of peroxides in the olefin. 
This conclusion has been contested by Kharasch. Hinckley and Gladstone.^®® They 
report that, under antioxidant conditions, pentene-2 combines with hydrogen bro¬ 
mide. either alone or in presence of glacial acetic acid, to yield at least 84 per cent 

••M. S. Kharasch and J. A. Hinckley, Jr.. J.A.C.S,, 1934, 56. 1212; Chem. Abs., 1934, 28, 4372; 
Bnt. Chtm. Abs. A. 1934. 752. 

•"M. S. Kharasch and J. A. Hinckley, Jr.. J.A.C.S., 1934. 56. 1243; Chem. Abs., 1934. 28. 4372; 
Brit. Chem. Abs. A, 1934. 752. 

•M. S. Kharasch and W. M. Potts, J.A.C.S., 1936, 58. 57; Brit. Chem. Abs. A. 1936, 310; Chem. 
Abs., 1936, 30, 1734. 

•• M. L. Sherrill. K. K. Mayer and G. F. Walter, J.A.C.S., 1934, 56, 926; Brtt. Chem. Abs. A, 
1934. 630; Chem. Abs., 1934. 28. 3050. „ „ ^ ^ 

»«M. S. Kharasch, J. A. Hinckley. Jr., and M, M. Gladstone, J.A.C.S., 1934, 56. 1642; Brit. 
Chsm. Abs. A. 1934. 989; Chem. Abs., 1934. 28. 5037; /. Inst. Pet. Tech., 1934. 20, 488A. M. S. 
KUraach and M. C. McNab. J.A.C.S., 1934. 56, 1425; Chem. Abs., 1934, 28, 4371; Brit. Chem. Abs. 
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joI 2-bromopentane. Also, in the presence of ascaridole and no solvents, l-bromo- 
pentane is formed. According to Lauer and Stodola,^®^ a mixture of 2- and 3- 
bromopentanes in about equal proportions is formed by interaction of pentene -2 
with hydrogen bromide with or without glacial acetic acid as a solvent. 

Brooks^®^ compared the addition products of sulphuric acid and olefins of the 
type RCH = CH 2 with those obtained from the halogen acids and the same hydro¬ 
carbons. Treating pentene-1 with 85 per cent sulphuric acid differed from the 
addition of hydrogen bromide in yielding no primary derivatives for pentanol -2 
was formed exclusively. The addition of hydrogen peroxide and finely powdered 
dibenzoyl peroxide to the reactants resulted in a product entirely free of any n- 
pentanol-1. The addition of sulphuric acid to pentene-2 gave a mixture of 6S per 
cent pentanol-2 and 35 per cent pentanol-3. 

By passage of gaseous hydrogen bromide into 4,4-dimethyl pentene-1 (at 0®C.), 
Whitmore and Homeyer^®^ obtained only l-bromo-4,4-dimethyl pentene-1. They 
attributed this unusual mode of addition to the influence of the neopentyl group. 
However, Kharasch, Hannum and Gladstone^®^ report that the 1-bromo-compound 
is formed only in the presence of peroxides (e.g., ascaridole). The “normal” addi¬ 
tion compound, 2-bromo-4,4-dimethylpentane, is produced to a considerable extent 
in the presence of antioxidants (such as diphenylamine) in vacuo. 

It is interesting to note that allyl acetic acid and hydrogen bromide, in hexane, 
formed only 8 -bromovaleric acid (CH 2 BrCH 2 CH 2 CH 2 COOH) and the reaction 
was not reversed in the presence of hydrogen, diphenylamine or hydroquinone.'®® 
In the absence of a solvent either a freshly prepared sample of the unsaturated 
acid or one that gave a peroxide test yielded only y-bromovaleric acid (CH 3 - 
CHBrCH 2 CHoCOOH). However, when the diluent was not present, reversal of 
reaction (i.e., formation of {-bromo acid) could be induced by the addition of 
dibenzoyl peroxide. Ashton and Smith*^ report that undecenoic acid either alone 
or in a solvent, in the absence of air, furnished only the 10-bromo acid. However, 
air or peroxides (for example, perbenzoic acid) gave rise to 11 -bromoundecenoic 
acid. Ethyl undecenoate behaved similarly.'®^ Isoundecenoic acid, however, al¬ 
ways furnished a fhixture of bromo acids (about 43 per cent of the 10-bromo 
compound) whether oxidants or antioxidants were present.^®® This probably 
indicated that only terminal double bonds were susceptible to the peroxide efTect. 

Treatment of styrene, dissolved in ethylbenzene, at 125®C. with hydrogen bro¬ 
mide is said to yield 63 per cent of a-bromoethylbenzene and 30 per cent of the 
/9“bromo compounds.^®® If the temperature be reduced to 95®C. and benzoyl per¬ 
oxide be added to the reaction mixture, then the yield of ) 8 -bromoethylbenzenc is 
increased to 92 per cent. ^ 

A, 1934, S64. See also. M. L. Sherrill. J.A.C.S., 1934, M. 1645; Chem. Abt., 1934, 2t. 5037; Bril. 
Ckfm. Abs. A. 1934, 989; /. Inst. Pet, Tech., 1934, 20, 488A. 

*«W. M. Lauer and F, H. Stodola, J.A.C.S., 1934, S6. 1215; Brit. Chem. Abs. A. 1934, 753; 
Chem. Abs., 1934. 28, 4375; /. Inst. Pet. Tech., 1934. 20, 407A. 

T. Brooks. J.A.C.S., 1934. 56, 1998; Brit. Chem. Abs. A. 1934, 1198; Chem. Abs., 1934, 

28. 6697. 

Map. C. Whitmore and A. H. Homeyer. J.A.C.S., 1933. 55. 4555; /. Inst. Pei. Tech., 1934, 20, 
21A; Chem. Abs., 1933, 27, 5716; Brit. Chem. Abs. A, 1933, 1271. 

MM. S. Kharasch. C. Hannum and M. GUdstone. J.A.C.S., 1934, 56, 244; Brtl. Chem. Abs. A. 

1934, 277; Chem. Abs., 1934, 28. 1657. 

MR. p. Linstead and H. N. Rydon. Matnre, 1933, 132, 643; Chem. Abs., 1934, 28. 464; Brit. 
Chem. Abs. A. 1933. 1275. 

MR. Ashton and J. C. Smith, /.C.S., 1934, 435; Chem. Abs., 1934, 28. 4379J Brit. Chem. Abs. 
A, 1934, 631. 

MR. Ashton and J. C. Smith, /.C.S., 1934. 1.108; Chem. Abs., 1935, 29. 119; Brit. Chem. Abs. 
A, 1934. 1200. 

Mp. L. Harris and J. C. Smith, J.C.S.. 1935. 1108; Brit. Chem. Abs. A, 1935, 1223; Chem. Abs., 

1935. 29, 7279. Mature, 1935. 135, 187; Chem. Abs., 1935. 29. 2504; Brit. Chem. Abs. A, 1935, 324. 

P. 438.820. 1934. to Soc. do u,iiwi chimique, RhoiM-Poulenc; Brit. Cktm. Abt, 9, 
me. 139; Chtm. Abt., 1936, 80. 2993. 



Chapter 13 

Production of Ethyl Alcohol from Ethylene 

The increasing use of ethyl alcohol as a motor fuel, as a solvent and as a chemi¬ 
cal intermediate acts as an impetus for research on all phases of its production. 
Until the last few decades this important substance was manufactured on a large 
scale by the controlled fermentation of grains, molasses, potatoes and cellulose. 
However, over a long period of years efforts^ have been made to synthesize ethanol * 
from ethylene present in coke oven gas,^ oil gas, coal gas or cracking gas. Other 
promising sources of materials which have been investigated are hydrocarbons* 
obtained by catalytic conversion of the carbon monoxide in illuminating gas or 
water gas, and that made available on oxidation of lean fuels or the gas from 
oxygen generators. According to information available, only two companies^ have 
successfully commercialized the manufacture of alcohol from any of these last men¬ 
tioned carbonaceous products. 

Nevertheless, in spite of the prevailing low prices of the naturally occurring 
raw materials for fermentation, it was officially reported^ that over 14,000,000 
proof, or 7,000,000 wine, gallons of synthetic alcohol were produced from ethylene 
in the United States during the year ending June 30, 1932. 

Since large quantities of olefins are available in the cracking gases of the petro¬ 
leum industry many procedures have l>een investigated which have as their object 
the direct addition of water to the ethylene'** molecule according to the equation: 

C,H4 + H,0 « QHfcOH 


A review of recent researches on the utilization of the above reaction has al¬ 
ready been summarized (Chapter 11). The present chapter is concerned only 
with the indirect hydration of ethylene by absorption in sulphuric acid and subse¬ 
quent hydrolysis of the acid liquor. Commercially, this process for ethanol syn¬ 
thesis has given results of increasing promise. The reactions on which it is based 
are well-known and may be written as follows: 


C,H4 4- H,S04 C,H4S04H 

C,H4S04H -f H,0 —CiHsOH -K H,S04 


' For a ditcu»8ion of thr5e. w Carleton EIHs. **Thc Chemistry of Petroleum Derivatives.” The 
Chemical Catalog Co.. Inc., New York. 1934. See also. F. C. Whitmore, “Organic Chemistry,” D. 
Van Nostrand Co.. Inc.. New York. 1937. 

•For details of the earlier work by the Skinningrove Iron .and Steel Works (England), see E. 
Bury and O. Ollander, Clfxvtand Inst. Eng. Gas J.. 1919. 718; J.S.C.I., 1919, 38, 470R; 1920. 94A; 
Chem. Abs., 1920, 14, 826. C. F. Tidman, J.S.C.I., 1920, 39. 86T, 103R; Chem. Abs., 1921, 15, 
1391. 


•Economic a.spects of the synthetic alcohol industry are discussed bv: N. Parravano. Ciortt, Chim, 
Ind. Appl., 19.14, 16, 425, Brit. Chem. Abs. B. 1934, 1093; Ckim. tfr iW,. 1934 (April Special No.), 
125; Chem. Abs., 1934, 28. 5803. B. T. Brooks, Proc. World Pctroicnm Congr., 1933. 2. 840; 
Brit. Chem. Abs. B, 1934, 742; Refiner, 1933. 12. 353; Ckem. Abs. 1934. 28. 4871. Also. Chem. 
Markets (N. F,). 1933. 33. 331. A. Caille, Bull. soc. ind. Rouen, 1935, 63, 133; Chem. Abs., 1935, 
29, 6204. 

•Con^gnie de B^thune in France and the CarbMe and Carbon ChemicaKs Cor)x>ration in the 
United States. 

•J. M. Doran. Rept. Comm. Ind. Air. (1931-2); Ind. Eng. Chem., News Ed., 1932, 10, 308; 
Chem. Trade /., 1933. 92. 44. 

•* For a discuttioci of other uses of ethylene, see Chemistry and Industry, 1937, 271. 
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Early Work on Indirect Hydration Reactions 

Although the fact that ethylene can be absorbed in large quantities by concen¬ 
trated sulphuric acid was undoubtedly first observed by Faraday,® it remained for 
Hennell,^ working in the former’s laboratory, to note the possibility of forming 

"either alcohol or ether, using olefiant gas as the hydrocarbon base: for 
I have shown in my last paper® that olefiant gas by combining with sul¬ 
phuric acid forms sulphovinic acid, and the acid so produced forms ether 
or alcohol, according to circumstances which are under perfect command.” 

Berthelot has often been given full credit by many writers for this discovery. 
On the other hand, Meldola® (in 1895) gave Hennell full credit and ranked his 
discovery on a par with the synthesis of urea by Wohler at about the same time 

ri 828 ). 

Herstein'® has recently summarized the actual accomplishments of the two 
workers as follows: 

"Hennell clearly indicated the possibility of preparing ethyl alcohol from ethyl¬ 
ene by hydratio*' via ethyl sulphuric acid and supported it by partial proof: the 
credit for complete proof and the extension of this reaction to olefins generally 
belongs to Berthelot.” 

There was no important industrial development of any method based on the 
reactions made known by Hennell and Berthelot until about a decade ago, and only 
in the last few years has there been any substantial progress in its commercial 
application. 


Controlling Factors in Acid Absorption Process 

From the economic viewpoint, the great disadvantage of the sulphuric acid ab¬ 
sorption process is that relatively large amounts of diluted acid must be continu¬ 
ally reconcentrated. This difficulty, of course, disappears if there is a market for 
the dilute pro<luct. for example, in the form of ammonium sulpliate. In most cases, 
however, the problem must be handled in some other way. Hence the industrial 
success of the absorption process is entirely dependent upon the amount of alcohol 
which can be produced in one treatment from a given quantity of acid. 

According to Brooks,'^ two chief factors have changed the commercial aspect 
of ethylene as a source of synthetic ethyl alcohol, viz., 

1. The development of simple methods for separating the higher olefins from 
the ethylene-containing gases; 

2. Reduction in the acid requirement by application of elevated pressures for 
increasing the absorption of ethylene. 

Production of ethyl alcohol from ethylene by this method involves essentially 
three separate stages of operation; 

• M. Faraday. Phil. Trans. Roy. Soe. (London) 1825, 488. 

Hennell. ibid., 1828. 118. 365. 

•H. Hennell, ibid.. 1826. 240. 

* R. Mddota. Pretidenlial Addreai before the Dritiah Asiioctation (1895); Chem. News, 72, 146. 
See alao-C. F. Tidman (J..S.C.1., 1921, 40. 86T) for comment on the Hennell-Berthelot work. 

^B. Herelein, (Chemistry and Industry. 18SS. 881; Chem. Abs., 1936, 30, 336; Brit. Chem. Abs. 
A, 19.15. 881 

u B. T. Brooks. Ind. Eng. Chem., 1935, 27. 278; Brit. Chem. Abs. B. 1935, 536; Chem. Abs., 
J93S, 29, 2700. 
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1. Absorption of ethylene in concentrated acid; 

2 . Dilution, hydrolysis and distillation of the ethyl alcohol formed; 

3. Reconcentration of the dilute acid. 

Discussion of the final stage of the process would l>c out of place in this hook. 


Absorption of Ethylene in Concentrated Sulphuric Acid 


The products of the absorption of ethylene in concentrated sulphuric acid con¬ 
sist of ethylsulphuric acid, C 2 H 15 HSO 4 , and the neutral ester, diethyl sulphate, 
(CoH5)2S04, as well as of small amounts of polymeric hydrocarbons.^2 Xhe 
case of absorption depends primarily on acid concentration, temperature, partial 
pressure of the ethylene; secondarily on the type catalysts used, if any, and on the 
apparatus employed in contacting the gas with the acid absorbent. 

Concentration of Acid. As already pointed out, 98 per cent sulphuric acid 
appears to he most applicable for good yields of alcohol. Acid in 100 per cent 
concentration, besides being probably too costly, causes carbonization and renders 
temperature control difficult. Fuming sulphuric acid converts ethylene first into 
ethionic acid and then into carbyl sulphate.*The latter substance is formed 
exclusively by the action of gaseous sulphur trio.xide on the olefin. Neither of 
these products is of value in the manufacture of ethyl alcohol. 

The absorptive power of aqueous sulphuric acid towards ethylene rapidly 
diminishes with decreasing acid concentration even under high ethylene partial 
pressures. This is readily seen from Brooks* data which is discussed in Chapter 12. 

Temperature. The absorption rate is increased by operating at tempera¬ 
tures up to about 75-80°C., above which side reactions such as decomposition, 
carbonization and formation of sulphur dioxide tend to become troublesome. 

Pressure Effect. The use of high partial pressures of ethylene greatly in¬ 
creases both the speed of absorption and the quantity of the unsaturated hydro¬ 
carbon reacting with a given amount of sulphuric acid. In this connection, the 
results of experiments recorded by Brooks*^ are of inters ♦ He points out that 
reduction in pressure from 500 to 200 lbs. per sq. in. is accompanied by a decrease 
in absorption from 1.25 to 0.6 moles of olefin per mole of acid. 

By contacting ethylene with concentrated sulphuric acid (d 1.845) at 80°C. in 
a mixer rotated at 600-1000 r.p.m., Dalin and Gutuirya*'"* obtained 1 kg. of ethyl 
alcohol per 3.2 kg. of sulphuric acid when working at atmospheric pressure. The 
acid consumption was reduced to 2.4 kg. per kg. of alcoliol at 15 atmospheres 
pressure. 

Strahler and HachteP® investigated the absorption of ethylene in concentrated 
sulphuric acid at pressures up to 15 atmospheres. Their apparatus was an elec¬ 
trically-heated autoclave of V2A steel, fitted with a stirrer. The amount of sul¬ 
phuric acid required to jiroduce 1 kg. of ethanol was reduced from 5 kg. to 2 kg. 
by increasing the pressure from 1 up to 15 atmospheres. At 70°C., 15 atmos¬ 
pheres and a gas flow of 4 liters per hour per 'mole of acid, 400 g. of olefin had 
been absorbed per kg. of sulphuric acid ( 66 °Be.) after 24 hours. Of the original 
gas. 25 per cent was converted into diethyl sulphate, 3 to 5 per cent into polymers 


“ C/. Chapter 12. See aljw). Carleton Ellis. ‘The Chemistry of Petroleum Derivatives," The 
Chcmicai Cataloc Co., Inc.. New York. 1934. 

« ” Michael and N. Weiner. J.A.CS . 1936. 58. 294; Chem. Abs.. 1936, 30, 2922; Bnl. Chtm. 
Abs A 1936 453 For the reaction between olehns and sulphur dioxide, sec Carleton Ellis, “The 
CheinlilVy of Synthetic R«in.." ReinhoM Puhliihing Corp.. New York. 1935. 

D. T Brooks. Ind. Eng. Chem., 193.S, 27. 278. See also Chapter 12. 

** M A Dalin and V. S. Cutuirya. Ater. Ncft. Khos,, 1934, No. 2, 90; Chem, Abs., 1934, 28. 
7489: Abs. B. 1935. 395; 7. /axf. PW. Trek.. 1935, 21, 4IBA. 

“F Strahler and F. Hachtel, Brennsfoff Chem., 1934, 15, 166; Chrm. Abs., 1934, 28, 5805; 
Brit, Cktm. Abt. B. 1934. 616; /. Inst. Pet. Tech., 1934, 20. 456A. 
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and the remainder into ethylsulphuric acid. Total absorption was not increased 
after the 24-hour period and was greatly reduced (under similar conditions) by 
the use of less concentrated acid. 

Nevertheless it has been proposed'^ to absorb ethylene, under pressures up to 
250 atmospheres, in 60 to 75 per cent sulphuric acid at ^-150®C. The product 
is said to consist of a mixture of alcohol and ether, the proportion of the latter in¬ 
creasing with rising temperature of reaction. At 47 atmospheres pressure and 
90°C., in 75 per cent acid, operation for 4 hours followed by hydrolysis and dis¬ 
tillation furnished 119 g. of alcohol per kg. of sulphuric acid and practically no 
ether. At 140 atmospheres the yield was 166 g. of alcohol per kg. of acid. 
Brooks^® proposes to synthesize ethyl alcohol from the mixture of ethylene and 
saturated hydrocarbons left after removal of higher olefins from cracking gases. 
The olefin-bearing residue, under pressures of 300-550 lbs. per sq. in., is contacted 
with 90-100 per cent sulphuric acid at 70-100°C. The resulting acid liquor is then 
hydrolyzed. 

Catalysts for the Absorption Reaction 


It has been recognized for some time that the absorption of ethylene in strong 
sulphuric acid is quickened by certain activators.'^ Actually the reaction is auto- 
catalytic, being accelerated by ethylsulphuric acid itself. 

Brooks and Schuler-^' report that the presence of about 10 per cent ether not 
only inhibits ether formation when the sulphuric ester is hydrolyzed to alcohol 
but actually promotes ester formation. In their experiments the acid was of 50-100 
per cent concentration, and combination with ethylene was effected at 70-100°C. 
It was observed that less water was needed for the subsequent hydrolysis than was 
usually the case. On the other hand, Bailey and Calcutt^' point out that when di¬ 
ethyl ether or nitrobenzene is dissolved in sulphuric acid not only is the surface 
tension of the latter lowered but al.so the solute molecules appear to be concen¬ 
trated at the surface of the solution and thus decrease the rate of ab.sorption of the 
olefin. In the case of the ether, each molecule concentrated in the surface layer 
seemed to prevent about 4 to 5 molecules of acid from reacting. The inhibitory 
action of nitrobenzene was attributed to its power of decomposing the ethylene- 
sulphuric acid complex, C 2 H 4 H 2 SO 4 , which represented the first step in the ab¬ 
sorption phenomenon. Both inhibitors were much less effective when the acid 
layer was agitated than when it was static. 

Effect of Metallic Catalysts. Silver sulphate and cuprous chloride have 
been found by Strahler and HachteF^ to increase the initial rate of absorption 
when operating under 15 atmospheres pressure. However, the rate subsequently 
decreased and the total absorption was the same as that obtained in the absence of 
these metallic salts. In general, contact agents appear of doubtful value in large- 
.scale operation. They tend to promote polymer formation, and rapid reaction can 
be attained by operating without them under pressure at about 80°C. 

A systematic examination of a number of catalysts has been carried out by 


WW. P. Jo»bua and H. M. .Sfanlry. U. S. P. l,96n.6.U. May 29, 1934, to Distillers Co. Ltd.; 
Chem. Ahs., 1934, 2», 4430. 

T. Brooks. U. S. P. 1.919.618. July 25, 1933, to .Standard Alcohol Co.; Bril. Chtm. Ahs. 
B, 1934, 442; Chem. Abs., 1933, 27. 4818. 

^ For a general review of the early application of catalvsti, see Carleton Ellis, “The Chemistry of 
Petroleum Derivatives,” The Chemical Catalog Co., Inc., New York, 1934, 

B. T. Brooks and R. Schuler, IL S. r. 2.006,157, Tune 25, 1935, to Standard Alcohol Co.; 
Chem. Ahs., 1935, 29, 5457* Brit. Chem. Ahs. B, 1936, 823. 

» K. C. Bail^ and W. E. Calcutt. .SVi. Proc. Roy. Dublin Soc., 1936, 21, 309; Chem. Ahs., 1936. 
30, 6631; Bn#. Ckrm. A, 1936, 1075. . 

**F. Strahler and F. Hacntel, toe. cit. 
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Gutuirya and Dalin.^® They found that of a large variety of materials, only iron 
and silver were useful in the commercial production of alcohol. Some of the more 
active substances, such as cuprous chloride, seemed to lower the alcohol yield on 
prolonged contact. It was observed that satisfactory results could be obtained with 
iron at 65-70®C. This fact permits use of an iron contact apparatus, in the pres¬ 
ence of which the metallic content of the acid increases by only about 0.3 to 0.4 
per cent in 24 to 30 hours. 

In this connection, Pigulevskii^^ rcjmrts that the absorption of propene in 
sulphuric acid, although autocatalytic, is markedly less accelerated by the presence 
of silver salts than is the case with similar treatment of ethylene or any of the 
butenes. According to Dalin and Gutuirya,^® fused silica in small pieces is helpful 
when cracking gas is employed as the source of olefins. 

Catalysts suggested by van Peski^® include complex metallic cyano compounds. 
For the absorption of ethylene alone in about 96 per cent sulphuric acid, this inves- 
tigator'*^^ mentions the use of compounds of copper, iron, cobalt or nickel (exclud¬ 
ing complex organic compounds), as well as metals of the platinum group. The 
suggested catalysts included such substances as cuprous cyanide, cuprous oxide 
and cupric chloride as well as soluble complex compounds obtained by the action 
of carbon monoxide, or nitric oxide,-** on the metal salts in acid solution, such as 
Cu:,S 04 (CO), and Cu,.S 04 (N 0 ).. 

Organic Catalysts. For the manufacture of ethyl alcohol and ethyl ether 
from ethylene. Dreyfus-'* proposes to absorb this olefin in sulphuric or phosphoric 
acid containing water and at least 5 per cent of an ester of the inorganic acid. 
For example, ethylene is treated at 79®C. and 2 atmospheres pressure with 90 per 
cent sulphuric acid containing 5 per cent of glycol monosulphuric ester and 10 per 
cent of sulphoricinoleic acid. After hydrolysis the ethanol is recovered by dis¬ 
tillation. The Use of acids weaker than sulphuric, e.g., 40-80 per cent phosphoric 
or organic sulphonic acids, and high pressures (30-200 atmospheres) and tempera¬ 
tures (150-300®C'.) has also been proposed by Dreyfus.^** Catalysts may be pres¬ 
ent, such as silver, silver sulphate, cuprous oxide, as well as calcium, lead or 
ferrous sulphate. 


Tkf.vt.mkxt of Casks Prior to Absorption 


Given a mixture of olefins, it is the usual practice to remove propene and its 
homologs by preferential absorption in more dilute sulphuric acid, prior to inter¬ 
action of ethylene with more concentrated sulphuric acid. Dreyius and Groom- 
bridge,^' however, propose to extract propene from gas mixtures of this type by 


»V. S. Gutuirya .and M. A. Dalin. A-rr. .W/f. KhoT.. No. 2. 8^^; Chem. Abs., 1935, 29. 

7059; Brit. Chem. Abs. B. \9.^6. 918. 

9* V V riKulr\"kii. 7'riiii.v, 17 Mnulclrci Conor. Ttioorof. Af'f'ffod C/u'm.. 19.^2, 2, (11, 711; 
Chtm. Abs.. 19.16. 30, 27.14. 

* M. A. Dalin aiul \'. S. (lu(uiv>a. Azof. Soft. Khoz . 1933. No. 3. 66; Brit. (fu'tn. Abs. B. 
193.1, 997; Chtm. Ah.<t.. 1933. 27. 421 1. .Sec. V. (Icrr, D. Piuik and F. Mezhehov'ikaya. Rtfinor, 1933. 
12. 96; Chem. Abs , 1933. 27. 2793. Also, ('ailfton Fllis. “Tlur Chrinistry of Petroleum Derivatives." 
The (’hcinical ('atalog Co.. luc . N<*w York. 1934. 

**A. j. van Peski. 1' .S. P. 1.944,o22. .lau. 23. 1934. to .Shell Develo|»inenr Co.; Chem. Abs.. 

1934, 28, 2012. (lenuan P. .598.538. 1934. t«> Haiaal-che Petroleum Maal’^chanpij; Chem. Abs., 1934, 
28. 58.n. 

•’A J. van Prski, I*. S. P. 1,979.018. Oct. 30. 1934. to Shell Development Co.; Chem. Abs., 

1935, 29. 180. 

•German P 622 . 96 . 5 . 193.v to ^ataaf^che Petitdeuni Maat«ch.ippij; Chem. Abs., 1936. 30, 3442. 
»H. Dreyfus. V. S. P. 2.015.10,5. Sept. 24. 1935 ; Chew. Abs.. 1935. 29. 7342; /. Inst. Pet. 
Tech., 19.16, 22. 54A. Iliitish P. 409,676. 1934; Chem. Abs., 1934. 28. 6156; Brit. Chem. Abs. B. 
1934, 617; /. Ittst. Pet. Teeh.. 1934. 20, 429A. 

•®H Dreyfus, British P. 397.187. 1933; French P. 749.951, 1933; Chem. Abs., 1934, 28. 777; 
Brit. Chem. Abs. B. 1933. 904. 

•* H, Dreyfusi and W. H. (JrcxtmhridRC, British P. 403.654. 1933, to British Celancse. Ltd.; Chem. 
Abs., 1934, 28, 3415; /. Inst. Pet. Tech., 1935, 21, 383A; Brit. Chem. Abs. B. 1934, 355. 
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utilizing 80-90 per cent acid at 20-23®C. Ethylene in the residual gas is then 
treated with acid of lower concentration (75-85 per cent) at a higher tempera¬ 
ture: in this case, 90 to 130®C. 

The necessity of eliminating higher olefins from the ethylene fraction of crack¬ 
ing gas is pointed out by Gutuirya, Dalin and Shenderova.^^* They fiiid, when 
absorption of ethylene is carried out at atmospheric pressure, that an increase in 
the propene content (of the ethylene fraction) decreased the yield of ethanol by 
29 per cent. Simultaneously the proportions of polymers and isopropyl alcohol 
formed rose to 8 and 35 per cent, respectively. At higher pressures (10. to 12 
atmospheres) an increase in the propene content of the gases from 1 to 2 per cent 
resulted in a 22.5 per cent yield of polymers and 5.6 per cent of isopropanol. 

Fussteig^^ reports tests made on removing ethylene from cracking gases. The 
use of sulphuric acid of increasing strength and a copper-silver-chloride catalyst 
was abandoned due to lack of contact between gas and acid as well as formation 
of mercaptans from the butadiene in the raw material. Selective adsorption by 
active carbon was adopted as most satisfactory. Dried gases from vapor-phase 
cracking had all olefins but ethylene extracted by activated charcoal at 40®C. Sul¬ 
phuric acid of 66 ® Be. concentration served to absorb the ethylene, from which 
alcohol could be obtained by the usual methods. 

Contacting Apparatus 

The rate of reaction between ethylene and sulphuric acid under any definite set 
of circumstances apparently depends markedly upon the type of apparatus em¬ 
ployed. Conditions favoring the most intimate contact of gas with acid liquor give 
the best results. Countercurrent passage of gas and acid liquor in specially con¬ 
structed towers is often employed, although mechanical agitation is likewise prac¬ 
ticed. Dalin and Gutuirya"*^ have reported efficient conversion in a mixer equipped 
with paddles and perforated discs and rotated at 600 r.p.m. Lower or higher 
speeds of the rotor resulted in lower absorption rates. 

For ethylating sulphuric acid with a gas containing initially about 30 per cent 
ethylene and 70 per cent inert material, Stuart^^ employs a system of three towers 
in which the gas is scrubbed with the acid. The feed gas is passed in parallel 
through two of these towers containing acid of which the degree of ethylation 
increases (per mole of SO 3 present in any form) from 0 to 0.4 mole and from 0.9 
to 1.3 mole, respectively. The exit gases from these columns are then passed 
through a third tower where,ethylation of the acid increases from 0.4 to 0.9 mole 
of ethylene (per mole of SO 3 ). As soon as the upper limits of ethylation are at¬ 
tained, the path of the gas is rearranged after fresh acid has been sukstituteck for 
the fully saturated liquor. This latter contains up to 1.25 mole of ethylene per 
mole of sulphur trioxide present as sulphuric acid, ethyl sulphuric acid and diethyl 
sulphate. The proportions of the final constituents may vary within wide limits. 
The process is intended for the selective extraction of one gas from a mixture of 
gases. The procedure described was planned to afford an exceptionally efficient 
scrubbing action just prior to the exit of the mixture from the system. 

»»* V. S. Gutuirya. M. A. Dalin and R. Shcndcrova. Awer. Seft. Khoa,, 19.16, No. 5, 72; Nat. Pet. 
News, Apr. 21, 1937. 

»R. FuMteif, Ckim. & ind., 1936, 35. 1022; Cham. Aha., 1936, 30. 5934; /. ln»t. Pet. Tech., 
1936. 22, 295A. 

*»M. A. Dalin and V. S. Gutuirya, Aaer. Neft. Khoa., 1934. No. 2. 90; Chem. Aba.. 1934. It, 
7487; /. Inat. Pet. Tech., 1935, 21, 4I8A. Sw alto Coaud. Nauck. Tekh. CotnoCeol. Neft, ladat, 

1934. No. 3, 325; Chem. Aha., 1935. 29. 4564; Brit. Chan. Aba. B, 1936. 535. 

•* K. E. Stuart, V. S. P. 1.993.421, March 5. 1935, to ffookcr Electrochemical Co.; Chem. Aba., 

1935, 20, 2550; Brit. Chem. Aba. B, 1936, 53. 
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Kramer*® describes an apparatus in which olefins of the type R 2 C = CHR, 
dissolved in a mineral oil, are contacted in countercurrent with the absorbing acid 
(sulphuric) in a series of alternate agitating and settling chambers. Contiguous 
chambers only are connected. Hydrostatic heads of acid and olefin-bearing oil in 
the settling zones are in the same ratio as the amounts of these two liquid phases 
in the agitating zones. The treated material is removed from the apparatus at a 
settling compartment. Sulphation of olefins may also be effected, according to 
this same investigator,*^ in the presence of a circulating liquid medium of large 
heat capacity. Precooling below the maximum reaction temperature avoids ex¬ 
ceeding the temperature at which the product desired is stable. The circulating 
fluid may be an inert liquid or one of the reactants, or an easily separable secondary 
reaction product. 

Hydrolysis of Ethylated Sulphuric Acid Liquors 

The alkyl hydrogen sulphates, although fairly stable in the presence of w'ater 
at ordinary temperatures, are rapidly hydrolyzed on heating. The rate of hydroly¬ 
sis is greatly accelerated by hydrogen ions*^ and for this reason takes place readily 
in dilute acid solution. In alkaline solution the monoalkyl sulphates (or, rather, 
their alkali salts) are only very slowly hydrolyzed, even on boiling. In moderately 
concentrated sulphuric acid solutions, an equilibrium is set up between alkylsul- 
phuric acid, water, free sulphuric acid and alcohol, according to the equation, 

ROSOjH -f H,0 ROH + HjSOi 

Hydrolysis of Ethylsulphuric Acid. In the case of ethylsulphuric acid, 
substantial proportions of ethyl alcohol are present in the equilibrium mixture even 
with relatively concentrated sulphuric acid. However, the recovery of ethanol by 
heating the mixture is not feasible because dehydration to ethylene and also to 
ether tends to occur. In fact, the degree of dilution with water necessary in the 
industrial production of alcohols is largely controlled by the necessity of sup¬ 
pressing such undesirable or analogous side reactions. These secondary combina¬ 
tions arc in general more pronounced with the higlier olefins than with ethylene. 
In the case of ethyl or isopropyl hydrogen sulphates, hydrolysis and distillation 
may lx? carried out in solutions of 35 per cent sulphuric acid without appreciable 
breaking down of the alcohol molecule. With the higher monoalkyl sulphates, 
olefin formation, usually accompanied by polymerization, is always a controlling 
factor.** 

Hydrolysis of Dialkyl Sulphates. The dialkyl sulphates are also hy¬ 
drolyzed in the presence of hot water and the reaction is accelerated by hydrogen 
ions. In moderately concentrated sulphuric acid solution an equilibrium is set up 
as follows: 


(RO),SO, -I- H 5 O ^-=5^ ROSO,H + ROH 


However, the hydrolysis of the dialkyl sulphates is complicated by ether formation 
even in fairly dilute acid solutions, which does not happen in the case of the mono¬ 
alkyl sulphates. Thus, while ethyl alcohol may be distilled without appreciable 


»r; A Kramer. V. S. P. 1.95.L618, April 3, 1934. to Shell Development Co.; Brit. Chem. Abs. 
B. 1935. 138; Chem. Abs., 1934. 28, 3740. o. . 

••G. A. kramer, U. S. P. 1.967.410. July 24. 1934. to Shell Development Co.; Ckcm. Abs,, 1934, 
28 . 5831; Bn'#. Chem, Abs. B, 1935, 531. , . 

»^W. A. Dru^hel and (I. A. Linharl. Amcr. J. Sn.. 1911. 32, 51; Chem. Abs.. 1911. 5. 3365. See 
B. T. Brooks /wrf. I'.nfJ, Chem., 1935. 27. 278; Chem. Abs.. 1935. 29. 2700; Brit. Chem. Abs. B. 
1935, 536. 

••B. T. Brook*, hid. /:«#/. Chem.. 1935. 27. 278; Brit. Chem. Abs. B, 1935. 536; Chem, Abs., 
1935, 29 . 2700. 
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ether production from a 40 per cent sulphuric acid solution, the addition of diethyl 
sulphate to such a mixture causes as much as 30 per cent of this ester to be con¬ 
verted into ether, probably thus: 

(CiHiOiSO, + C,H,OH (C,H»),0 + C,H60S0,H 

According to Brooks,®® this reaction, discovered long since by Erlenmeyer,^® is 
mainly, or wholly, responsible for the formation of ethyl ether in the customary 
meth(^ of preparation, viz., treatment of alcohol with sulphuric acid. 

The formation of ethyl ether^^ in the hydrolysis of diethyl sulphate may be 
minimized by separating the ester from the acid reaction product, which may be 
hydrolyzed separately with water or dilute acid. An alternate method is to add 
the ester gradually to boiling water in which the alcohol concentration is kept low 
by continuous distillation. 

For the hydrolysis of an acid liquor containing mainly ethylsulphuric acid and 
unchanged sulphuric acid, Dalin and Gutuirya^^ recommend dilution with 53 parts 
by weight of water for 47 parts of acid liquor, followed by distillation and rectifica¬ 
tion. The same investigators^® have reported alcohol production by treatment of 
petroleum gases carrying 17-18 per cent ethylene. Absorption in a concentrated 
medium was carried out at 65-75®C. under 15-20 atmospheres pressure. The re¬ 
sulting liquor, after dilution with an equal weight of water, was heated to 160- 
170®C. in a tube still. The product collected was 92-04 per cent alcohol. 

Groombridge and Peek^^ recover alcohol or ether from acid liquors by hydroly¬ 
sis with an equal weight of water. The mixture passes down a copper column 
packed with pumice and indirectly heated to 125-130®C. at the base. Vapors of 
the product distil oflf from the top and the acid is said to be regenerated by the 
time it reaches the bottom of the tower. Stuart**® recommends introducing the 
acid alkyl sulphate material in regulated proportions into a stream of water at 
intervals along the line of flow. The alcohol formed may l)e collected after dis¬ 
tillation. 

When ethylene has been absorbed in sulphuric acid and the mixture contains 
flocculent carbonaceous impurities, due to polymer formation, two methotls of 
treatment are available: 

1. The esters may be first hydrolyzed by dilution with not less than two vol¬ 
umes of water, and the dialkyl sulphate^® extracted with a water-immiscible solvent, 
such as diethyl ether. 

2. Dilution by not less than 4 volumes of ethyl alcohol or ether may precede 
filtration to remove precipitated impurities. The diethyl sulphate^^ is then sep¬ 
arated after hydrolysis of the filtrate with water. 

Another process*® involves the use of 90-100 per cent sulphuric acid at 70-8P®C. 
for the absorption of ethylene. Under these conditions, with 20 atmospheres pres- 

»B. T. Brooks, JnJ, Eng. Chem., 1935. 27. 278; Brit. Chcm. Ahs. B, 1935, 53r.; Chtm. Ahs., 
1935. 2*. 2700. 

«E. Erlenmeyer. Ann. Chem. Phnrm.. 1872. 162. 373; J.CS., 1872. 25. 605. 

^ See also B. T. Brooks and R. Schuler, loc. cit. 

“ M. A. Dalin and V. S. Gutulrya, Gosud. Sauck. Trkk. GomO’Geot. Ncft. Isdat., 1934, No. 3. 
325; Ckem. Abs., 1935, 29, 4564; Brit. Ckem. Abs. B. 1936, 535. 

S. Gntuirra tokd M. A. Dalin, Awer. Neft. Kkow., 1934. No. 5. 58; Chem. Abs., 1935. 29. 
5642: Brit. Ckem. Abs. B, 1936, 484. 

H. Groonbridfe and R. J. Peek. British P. 428.792. 1933, to British CeUnese, Ltd.; Brit. 
Cksm. Abs. B. 1935. ^4; Cksm. Abs., 1935, 29. 6901. 

^K. iL Sttsart, U. S. P. 2,013,453. SeM. 3, 1935, to Hooker Electrochemical Co.; Chem. Abs., 

1935. 29, 6901; Brit. Cksm. Abs. B. 1936. 919. 

<*T. F. Camttims. U. S. P. 1,949.366, Feb. 27, 1934, to Carbide k Carbon Chemicals Corp.; 
Brit. Cksm. Abs. B, 1935, 13; Cktm. Abs., 1934, 28. 2731. 

L. Cox, U. S. P. 1,949.369. Feb. 27, 1934, to Carbide k Carbon Chemicals Corp.; Brit. 
Chtm. Abs. B, 1935, 13; Cfurn. Abs., 1934, 28. 2731. 

^British P. 446,614, 1936, to Standard Ah^ol Co.; Brit. Chem. Abs. B, 1936, 919; Cktm, Abs., 

1936, 80 , 6765. 
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sure, a high percentage of diethyl sulphate is obtained. This ester may be sep¬ 
arated by distillation above 130®C. at 20 mm. pressure. Hydrolysis with water and 
distillation produces ethyl alcohol. It is reported that no ether is formed in this 
procedure and that the dilute acid is free from carbon. 

Dreyfus^® recovers ethyl alcohol from diluted and hydrolyzed acid liquor by 
either of two methods: 

1. Use of certain selective solvents, such as chlorobenzene, hydrogenated naph¬ 
thalene or tetrachloroethane; or 

2. Azeotropic distillation in the presence of an entraining agent such as ben¬ 
zene, chloroform, trichloroethylene, n-hexane or cyclohexane. 

Sargent^® recommends that an alkyl sulphate mixture, derived from olefins of 
less than 4 carbon atoms and carrying a considerable proportion of dialkyl sulphate 
be mixed with not more than an equal weight of water. After the resultant emul¬ 
sion has been agitated at 70-80°C. for 20 minutes to 1 hour, alcohol and ether may 
be recovered by distillation. If this is continued until the density of the distillate 
is 0.999, the concentration of the sulphuric acid in the still should be about 67-72 
per cent. 

Hydrolysis of Diethyl Sulphate. Graham*''*^ effects hydrolysis of diethyl 
sulphate liquor by regulating its addition to boiling water so that the alcohol dis¬ 
tils out of the water continuously as rapidly as the sulphate liquor is added. A 
larger yield of alcohol is thought to be possible in this way than by the usual meth¬ 
ods. An analogous procedure has been described by Scott, Bovier and Matthews.®* 
Wilson®® removes acid from the zone of reaction by hydrolyzing alkylated liquors 
in the presence of bauxite, or with water alone, followed by neutralization of the 
free acid with bauxite. Alcohols and aluminum sulphate are produced. 

The effect of strong acids on the alkyl sulphates is emphasized by the follow¬ 
ing reactions reported by Kohler.The acid used in his experiments was hydro¬ 
gen chloride in the gaseous form. 

CjH^SOiK 4 - HCl - KHSO 4 + QHftCl 
(QH*S04)jBa 4 - 2 HCl = BaS04 4- H,S04 4- 2C,H»C1 

The potassium acid sulphate formation was reported as proceeding quantitatively 
at 145°C, The barium salt was completely decomposed at 65 to 80°C. 

The effect of moisture on diethyl sulphate, with consequent damage to con¬ 
tainers used for storage, has l>een investigated by Siebeneicher.®® 

Technical Procedures 


According to Sidersky,®*^ one widely discussed commercial plant®*^ for the pro¬ 
duction of synthetic alcohol separates an ethylene-rich fraction from coal gas by 

••H. Dreyfus, British P. -410.816. 19.U; them, Abs,, 19.14, 28. 644.1; Brit. Chrm. Abs. B, 1934, 
665. French P. 761.776. 19.14; them, Abs., 19,14. 28. 4067. 

•»N. A. Sargent. British P. 427.22.1, 1935; them. Abs., 19.15, 29, 6245; Brit, Chem, Abs, B. 

1935. 619. 

w R. N. Graham, Canadian P. 343.369. 1934. to Carbide and Carbon Chemicals Corp.; Chem. Abs., 
1934, 28. 6727. 

W, B. Scott. Z, S. Bovier and E. D. Matthews. 1^. S. P. 2,004,084, June 4, 1935, to Hooker 
Electrochemical Co.; CMrm. Abs,, 1935, 29. 4776. 

■W. S. Wilton. U. S. P. 1.931.014. Oct. 17. 1933. to Merrimac Chemical Co.; Chrm. Abs., 1934, 
It. 173; Brit. Chem. Abs. B. 1934. 872. 

•*H. Kohler. Ber., 1878. II. 1929; /.C..9., 1879. 36. 137. 

»K. Siebeneicher. AMone. Chem.. 1934, 47, 105; Chem. Abs., 1934, 28. 2908; Brit. Chem. Abs. 
B, 1934, 392. See alto Chapter 12. 

••D. Sidertl^. BuB. Assoc. Ckim. Sner. Dist., 1931, 48. 163; Chem. Zenir., 1931, 2, 1630. 

^ Reference it here made to the plant of the Compagnic de Bethune. A sample of their product 
was found to contain 0.05 per cent acetaldehyde. 0.3 per cent acetone, and 3.7 per cent isopropanol. 
After repeated fractional distillations 1 per cent of the latter was still present. The tests were made 
by J. Stattny and V. Vilikovsky {Vestnih Ceskoslotr. Akad. Zemiditske, 1934. 10, 526; Chem. Abs. 

1936, 10. 3402) who report convenient analytical procedures for the determination of acetone and 
ieop^pyl alcohol. 
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fractional liquefaction and distillation. The olefin is absorbed under high pressure 
by a liquor composed of sulphuric and ethylsulphuric acids. The product is then 
said to be hydrolyzed by blowing steam through the acid medium. The yield of 
alcohol is reported as 6.5-10.8 liters per ton of coal. 

A semi-commercial plant in Russia has also been described.®® In one semi- 
technical unit, the ethylene-containing material (cracking gas) was freed from 
high olefins by passage over active carbon. From the latter, the higher olefins 
could be expelled periodically by the use of superheated steam.®® 

Dehydration of Ethyl Alcohol 

Fractional distillation of aqueous ethyl alcohol in the absence of entraining 
agents is not sufficient to yield anhydrous alcohol. A constant boiling mixture 
with water is always obtained, the composition of this azeotrope depending on the 
pressure at which fractionation is carried out. Under normal conditions, the azeo¬ 
tropic mixture contains 95.57 per cent by weight of ethyl alcohol and 4.43 per cent 
of water; it boils at 78.15®C. For many industrial purposes alcohol containing 
not more than about 0.2 per cent of water is required. Several processes are 
available for preparing this so-called “absolute alcohor’ by dehydration of the alco¬ 
hol-water azeotrope that results from simple fractionation. The familiar use of 
quick lime for this purpose has been supplanted by the more economical method of 
azeotropic distillation for which benzene and similar entraining liquids are ap¬ 
plicable.®® 

Several azeotropic distillation methods are in commercial use and a large pro¬ 
portion of the total absolute alcohol produced is obtained in this manner. A mix¬ 
ture of benzene and a gasoline fraction is employed as dehydrating agent at 
atmospheric pressure in the Guinot®^ process. In another plant of the same type®* 
dehydration is effected azeotropically by means of benzene under a working pres¬ 
sure of 10 atmospheres. In a third azeotropic dehydration system, known as the 
Drawinol process,®** stabilized®® trichloroethylene functions as the entraining 
agent .®^ 

In azeotropic dehydration of ethyl alcohol, since vapors from the rectification 
stage are used for heating the dehydration stage, Renotte®® proposes to concentrate 
the alcohol in the former stage to a point considerably below Gay Lussac.®® 
Under these conditions the heat required for dehydration corresponds to that sup¬ 
plied by the alcohol vapors from the rectifiers. An economy of fuel is possible by 
this method of operation. 

•Developed by the Oil Institute of Baku. See. Sotjialist Rckonstrukziya i Nauka, 1935, Nb. 4, 
168; Chem. Ahs., 1936, 30. 1358. 

•M. A. Dalin and V. S. Gutuirya. Aser. Nejt. Khar., 1933. No. 8. 40; Brit. Chem. Abs. B. 
1935, 395; Chem. Abs., 1934, 28. 7489. 

•Review* of various dehydrating proce#«e» are given by V. Siedicr (Petroleum Z., 1934, 30, 
No. 36, 1; /, Inst. Pet. Tech., 1934, 20, 576A) and by R. Friteweiler and K. R. Dietrich (Proc. 
World Peir. Congr.. 1933. 2. 784; /. lust. Pet. Tech.. 1934, 20. 258A). 

Uainea de Melle, France. 

•* Merck ts Co. 

Develof^ by the German Government Adminiatration of Alcohol Monopoly. 

• A. h. Pitman tlabtlizes trichloroethylene by the addition of very amall amounts of hexyl resorcinol 
(0.001 per cent) or triethylamine (0.0005 per cent): U. S. P. 1,910.962, May 23. 1933. to Westvaco 
Chlorine Products Inc., and 1.925.602. Sept. 5. 1933. to E. T. dii Pont de Nemours 8t Co.; Chem. 
Ahs.. 1933. 27. 3951. 5445; Brit. Chem. Abs. B. 19.14. 86. 617. 

• E. Liihder, Z. Spiritusind., 1934. 57, 252; Brit. Chem. Abs. B. I9.M, 1030; Chem. Abs., 1935. 
29, 3453. 

•J. Renotte, Britiah P. 409.053. 1934; Brit. Chem. Abs. B. 1934. 552; Chem. Abs., 1934, 28, 
5922; /. Inst. Pet. Tech., 1934, 20. 428A. 

•According to WatCa Dictionary (1872), Gay Luttac'a determination* of ip. gr. were made at 
1S*C. The 96* alcoholometer reading referi to 96 per cent alcohol by volume. 
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Absolute ethyl alcohol obtained coniniercially by azeotropic distillation is said^^ 
to have the following physical constants: 


Density (25X.). 0.78523 

Boiling point. 78.38®C. 

Rate of change of b.p. with pressure.. 0.034®C./nim.Hg. 


Physical constants and analytical data on benzine, as used in Poland for dehy¬ 
dration of alcohol by azeotropic methods, have been made available by Sosnowski 
and Treszczanowicz.®** Compositions and boiling points of the azeotropic, or ben¬ 
zine-alcohol, and of the heteroazeotropic or benzine-alcohol-water systems have 
been determined. The benzine consisted of 69 per cent heptane. In carrying out 
an azeotropic dehydration of ethyl alcohol, the boiling points of “heteroazeotro|>e** 
(64 vol. per cent benzine, 5 per cent water and 31 per cent alcohol) and “azeo¬ 
trope” (52.6 per cent benzine and 47.4 per cent alcohol) were, on the average, 
69.7°C. and 72.5®C., respectively. 

It is to be noted that solid dehydrating agents appear to be coming into use 
again. In the Gyp process,**” wet alcohol vapors are contacted in a countercurrent 
system with a stream of hnely-divided anhydrous gypsum (dried at not less than 
160-180°C.). The anhydrite is converted into a semi-hydrate and the alcohol pro¬ 
duced is reported as about 99.8 per cent pure.*^” The used anhydrite is regen¬ 
erated by air-drying at about 175°C. Steam consumption in this process is said 
to l)e only 40 kg. per hectoliter of alcohol. The process is carried out in a very 
small space and recjuires no columns and no liquid spirit is in circulation. The 
dehydrating material is very cheap and the losses of alcohol are less than 0.5 per 
cent, conversion costs (in Cuba, 1934) for dehydrating from 94 per cent to ^.8 
per cent prcxluct were calculated as one-half cent per gallon of alcohol. 

\ process that combines the use of solid or liquid absorbents wdth fractional 
<listillation is descril)ed by Du Bois.^* The method takes advantage of the fact 
that anhydrous alcohol can l)e obtained in a single operation by distillation of aque¬ 
ous alcohol provided its concentration is above the azeotropic point (97.2 per 
cent). 'I'hus, in practice, part of the high strength alcohol (98 per cent or over) 
i> returned to the distillation tower so that the concentration of alcohol therein is 
above that of the azeotropic mixture. The vapors are then dehydrate<l with a 
solid absorbent in another vessel and again returned in part to the distilling col- 
untn. Kcononiical operation calls for maximum heat recovery. The final product 
is reported to be substantially free of water. It is further stated tliat this modified 
absorbent method can compete advantageou.sly with azeotropic distillation. 

In the Hiag process,^- ascending wet alcohol vapors are sprayed with a solu¬ 
tion, or suspension, of dehydrating salts (sodium acetate, alone or mixed with 
potassium acetate). The dried vapors, when condensed, furnish a 99.8 per cent 
alcohol. The aqueous-alcoholic solution of the salts is freed from alcohol in a 
small column. Water is removed from the hydrated salts in a regenerator by 
heating indirectly with superheated steam at 3()0®C. The dried salt is then passetl 

•^J. Birhaudy and A. Lalandc, Ann. combtistiblfs Hqttidrs, 19.t0, 5, 79S; Chrm. Zentr., 1931, 2, 
1211; Chem. Abs,. 1930. 24. 5595; Brit. Ckem. Abs. A. 19.^0. 1356. 

•»S. Soanowaki and K. Trcsicianowici. rrgemysl Chem., 1936, 20, 69; Chem. Abs., 1936, 30. 
7943. 

•P. Pu*I, lHtcrp$ 4 ttiOHaI Sttptir J., 1933, 35, 346; Chem. Abs., 1933, 27, 4341; Brit. Chem. Abs. 
B. 1934. 38. Alfo T. Wallis. Petroleum Z., 1934. 30, No. 41, 3; J. Inst. Pet. Tech., 1934. 20, 
5R4A. British P. 394.086, 193.1, to I. (I. Farbenind. A. C.; CArm. Abs.. 1934, 28, 172; Brit. Chem. 
Abs. B. 1933, 822. 

~E LOhder. Z. SpiritHsiud.. 1934. 57, 67; Chem. Abs., 1934, 28, 5919. 

tic;. Du BoU, Chim. & ind., 1933. 30, 535; Brit. Chem. Abs. B. 1933, 953; Chem. Abs., 1934. 

***« Siedler, Petroleum Z.. 1934, 30. No. 36. 1; /. Inst. Pet. Tech., 1^34, 20, 526A. Also, 
interMthtml Suffur 1933, 35, 266. Vntd hy Holtverkohlungs induatrie A,*(;. 
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into a vessel containing absolute alcohol and returned to the dehydrating tower for 
further use. 

A process in which lime is employed under pressure as a drying agent*^^ is 
also practiced commercially.'^^ Kyrides^® suggests the use of alkali alkoxides or 
phenoxides for the dehydration of aqueous alcohols. For example, absolute ethyl 
alcohol may be prepared by the action of disodium glycol ate on a water-ethanol 
mixture. 

Ethyl Alcohol as a Fuel 

The addition of certain proportions of ethyl alcohol to motor fuels has been 
made compulsory by law in many countries, nominally for the purpose of assisting 
agriculture and of furthering economic nationalism. The relative merits and de¬ 
merits of this alcohol as a constituent of motor blends have been described in 
numerous trade journals as well as scientific reports. Only a relatively brief 
summary of the salient features of the problem is possible in a book of this char¬ 
acter. Discussion of the voluminous literature on the use of ethanol in gasoline- 
alcohol mixtures will be found in Chapter 44. 

Alcohol Fuels in Paste Form. A minor use of alcohol is in the form of 
so-called “gels” where heat production is required only for short periods. For this 
purpose Fleming^® incorporates 3 parts of nitrocellulose (insoluble in alcohol) in 
a solution of 2 parts of an alcohol-soluble nitrocellulose in 95 parts of ethanol. 
Citric acid may be included (in small quantity) as an antigelating agent. 

McBain^^ disperses 3 per cent of an insoluble (under normal conditions) nitro¬ 
cellulose in ethyl alcohol at —30 to —60®C. The colloidal solution is then warmed 
to room temperature. The resultant gel may be used as “canned fuel.” 

An unusual, white, opaque, aqueous, alcoholic gel containing ethanol and having 
a tendency to crystallize has been prepared by Henstock.*^** This was done by 
adding the alcohol to an aqueous solution of potassium ethyl sulphate. The com¬ 
position was represented by the formula, 

KC,H*S04 • 6H,0 • fiCiH^OH 

It persists for 48 hours at 15°C. but crystallizes rapidly at higher temperatures. 
Its precipitation from aqueous solutions by alcohol has been recommended as a 
means of identifying potassium ions. 

Ethyl Alcohol as a Chemical Intermediate 

Ethyl alcohol is extensively used as a raw material for the production of a wide 
variety of organic chemicals, including diethyl ether, ethyl esters, acetaldehyde, 
crotonaldehyde, normal butanol, acetic acid and acetic anhydride, as well as ethyl¬ 
ated bases such as ethyl aniline. 

Ethers from Ethanol 

Diethyl ether is obtained in considerable quantities as a by-product when ethyl 
alcohol is made from ethylene by the sulphuric acid absorption method, as already 
noted. 

* R. Frhrwetler and K. R. Dietrich. Proc. Wortd Petr. Cangr., 1933, 2, 784; /. Inst. Pet. Tech,, 
1934, 20. 258A. 

^ Merck R Co. 

»L. P. Kyridet, U. S. P. 1,907,834, May 9, 1933, to Mooianto Chew. Co., Brit. Chem. Ahs. 
B. 1934, 86; Ckem. Abt., 1933, 27. 3774. 

’•J. S. B. Pleniing, British P. 394,696, 1933. to Imperial Chemical Industries Ltd.; Ckem. 
Abs^ 1934, as. 292; Brit. Ckem. Abe. B, 1933, 773. 

^ S. P. 1,934,725. Nov. 14. 1933. to S. Sterman R Co.; Ckem. Abe., 1934, 

as. 882; Brit. Ckem.'Abt. B. 1934, 745. 

««,? *« ' *>• A. 1935. 297; Cktm. AU. 
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A determination of the boiling point of specially purified diethyl ether has been 
made by the U. S. Bureau of Standardsand found to be 34.481 ± 0.003°C. The 
dt/dp ratio for ether, in degrees per mm. at 760 mm. of mercury, is given as 0.0372. 

This ether may be produced by the anhydration of ethyl alcohol by means of 
numerous catalysts. Yields up to 45 per cent were reported when ethanol was 
heated below 300°C. with anhydrous aluminum sulphate, alumina or thoria. It is 
also reported that the following materials®® were effective catalysts: copper sul¬ 
phate, tin chloride, manganous chloride, aluminum chloride, potash and chrome 
alum and cliromium sulphate. 

Similar procedures were followed by Brown and Odell®^ using alumina at pres¬ 
sures above atmospheric and heating the alcohol above its critical temperature. 
Another process®^ furnishes ethers and alcohols from olefins and liquid water by 
use of the same catalyst. Normal pressure is effective at temperatures above 
100°C., but at 250 to 365°C. more than 10 atmospheres were necessary. In the 
latter case the higher temperature was reported for alcohol formation. Operation 
at 250°C. favored ether formation as did increasing the ratio of olefin to water. 

It has been proposed®® to carry out the production of ethers from alcohols in 
two successive stages. In the first, aqueous ethanol is passed (oxidizing gases 
being excluded) over alumina, iron oxide or chromium oxide at about 300°C. 
The olefin produced is at once converted into ether by passage over a second cata¬ 
lyst. used at 50-400°C., and composed of metallic salts, such as sulphates and chlo¬ 
rides. activated by a silver salt. Both conversions take place at normal pressure. 

Kosolapov®** studied the anhydration of alcohol with mixed catalysts prepared 
by ammoniacal precipitation of nitrates of alumina (with additions of iron, cal¬ 
cium or vanadium) followed by activation at 360°C. The pyrolytic reactions re¬ 
sulted in the formation of some methane and ethane as well as aldehydes, but no 
hydrogen, in gaseous mixture along with the normally produced ethylene. Koso- 
lapov thinks breaking up of the alcohol molecule by catalysts may be as indicated 
by the following reactions: 

2C,H»OH - 2H,(1 CH3CH=€HCH, 2C,H4 

2C,Hi()H-HjO —CH,CHOHCH,CH, CH,CHO-f C,H. 

C,H,OH -y- HCHO-hCH4 

Adadurov and Krainii®® made a similar study using, at 300 to 400°C., contact 
agents of alumina deposited in varying amounts on charcoal. The rate of ethylene 
formation at 350°C. was increased by eighteen times after an 8-fold increase in 
concentration of alumina. .A similar multiplication by 45 occurred when pure cata¬ 
lyst without carrier wa^s utilized. 

The anhydration reaction may also l)e carried out in the presence of liquid acid 
catalysts such as sulphuric acid. .According to Schumann and Ufer,®® ether may 
be continuously distilled off while contacting a vaporous mixture of concentrated 


^ M. Wojciechowjiki. /. Research Nath Bur. Staudards. 1936. 17, 459 {Research Paper Xo. 922); 

350.0*10.^1930; Brit. Chrm. Ahs. B. 19.11, 917; add’n to British P. 332,756, 1929; 
Brit. Chrm. Abs. B. 19.10. 981; both to BaMafschr Petroleum Maatschappij. 

R. L. Brown and W. W. Odell. U. S. P. 1.873.536 and 1.873,537, Aug. 23, 1932; Chem. Abs., 
1932, 26. 5962. 5964; Brit. Chem. Abs. B. 1934. 617. 

••R. L. Brown and W. W. Odell. V. S. P. 1.907.317, May 3. 1933; Brit. Chem. Abs. B. 1934, 
86; Chem. Abr, 1933, 27. 3481. 

*• French P. 782.760, 1935. to Cnm.i ^oc. anon.; Chem. Abs., 1935. 29, 6902. Also British P. 
445.963, 1936; Brit. Chem. Abs. B, 1936. 823; Chem. Abs., 19.16, W. 6760. 

•*Z. E. Kosolapov, /. Cen. Chem. Russ., 1935. 5, 307; Bnf. Chem. Abs. A. 1935, 1104; Chem. 

as Adadurov and P. Y. Krainii, j. Phys. Chem. Russ., 1934, S, 136; Chem. Abs., 1935. 


•• (i, Schumann and H. Ufer, U. S. P. 1,961,987, June 5, 1934, to I. G. Farbenind. A.>G.; 
Chem. Abs., 1934, 29, 4748. 
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sodium aluminate with nitric acid was found by Kagan and his co-workers*** to be 
much superior to alumina prepared by Willstatter's method as regards activity in 
promoting the hydration of diethyl ether. Passage of a mixture of ether with 
2.5 parts of water vapor over this alumina catalyst at 32S®C. furnished 22.5 per 
cent of ethyl alcohol, 6 per cent of ethylene, and a residue of unchanged ether. 

Since the production of ethyl ether as a by-product has accompanied the devel¬ 
opment of synthetic metho<ls for the manufacture of ethanol from olefins, it has 
become desirable to convert ether to alcohol. As has been noted above, this can be 
done by contacting the ether with mineral acids under certain conditions of tem¬ 
perature and pressure. Lewis*® suggests use of pressure greater than 225 lb. per 
sq. in. and a temperature of about 270°C. in order to supply alcohol of high purity in 
good yields. As a catalyst, 10 per cent sulphuric acid is recommended. Other 
acids, e.g., Iiydrochloric (5 to 6 per cent), and phosphoric (15 to 20 per cent), or 
salts such as chlorides of aluminum or zinc (whicli are acidic in dilute aqueous 



Fig. 100.—Flow Diagram for Conversion of Ethers to Alcohols. (\V. K. Lewis) 


solutions), may function as contact materials. Two or more catalysts may l)c 
present and promoters may be added, such as metallic silver or oily substances 
(mineral or fatty oils or 'J'urkey-red oil). 

The best operating temperature is between 240 and 260®C. since higher tem¬ 
peratures result in formation of olefin instead of alcohol. 

A major requirement of the process is the application of sufficient pressure to 
prevent evaporation of water from the aqueous catalyst. The lower limit seemetl 
to be about 225 lbs. per sq. in. at 200®C., but from 500 to over 1000 lbs. per sq. in. 
may be used. With a fairly high pressure, the alcohol may be retained in the liquid 
phase and recovered from the dilute liquid catalyst by distillation, after reduction 
of pre.ssure. For example, at 250°C. with a pressure of 2000 lbs. per sq. in., using 
a 10 per cent sulphuric acid catalyst, the acid liquor withdrawn contained 20 to 22 
per cent alcohol and practically no alcohol was found in the vapor discharged at 
the time. 

In another instance, ether was vaporized and passed into a reaction vessel con¬ 
taining 10 per cent sulphuric acid heated to a temperature of 272°C. Ether vapor 
was then continuously supplied to maintain a pressure of 2000 lbs. per sq. in. 


M. Y. Kagan, I. M. Roftsinnkaya and S. M. Cherntaov, /. Cen. Ckem. Russ., 1933. J. 337; 
Chem. Abi.. 1934. 28. 2323; Brit. Chem. Abs. A, 1933, 1252. 

W. K Lewi«. U. S. P. 2 045 785. June 30, 1936, to Standard Oil Development Co.; Chtm. Abs 
1936, SO, 5589. Britiah P. 456,547, 1936; Brit. Chem. Abs. B, 1937, 31; Chem. Abs., 1937, SI. 2229. 
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during a contact period of 25 minutes. The acid liquor withdrawn at the end of 
this time contained 22 per cent ethyl alcohol. The latter was recovered from the 
acid by distillation at normal pressure and represented a conversion of over 90 
per cent of the ether fed into the system. On increasing the time of reaction to 
100 minutes, alcohol concentration fell to 16 per cent and an equivalent amount of 
ethylene was found in the exit gases. It was shown that the time of contact re¬ 
quired for reaction could be greatly reduced by increasing the agitation or degree 
of contact between the acid and the ethers. See Fig. 100. 

On the other hand, high pressures (1000-5000 lbs. per sq. in.) and a tempera¬ 
ture of 250-350®C. have been proposed®® for the conversion of ethanol into diethyl 
ether.®^ A non-oxidizing inorganic acid, e.g., phosphoric acid, is added to the alco¬ 
hol which circulates in a flow system, both alcohol and acid being maintained in 
the liquid phase. 

A number of other catalysts for the hydrolysis of diethyl ether to ethanol have 
been investigated.®^ In each instance, vapors of ether and water were generated 
separately and then passed jointly over the contact agents at 280-350°C. Ferric 
oxide was not effective, but oxides of zinc, magnesium and aluminum were in¬ 
creasingly active in the order named. Mixtures of oxides were even better, those 
of aluminum and iron being most efficient-and those of aluminum and magnesium 
and of aluminum and zinc being less so. In the absence of water, ether decom¬ 
posed to ethylene, aluminum oxide being the most active catalyst in this case. 

Thermal Decomposition. An apparatus has been described®'^ for studying 
the kinetics of homogeneous gas reactions at high temperatures and at t)ressures 
of several hundred atmospheres. The rate of decomposition of diethyl ether at 
426°C. was found to increase rapidly with pressures up to 10,(XX) cm., and then 
more slowly. At 14.500 cm. the value attained was approximately 50 times that 
assumed for infinite pressure. These results seemed to indicate that the number of 
degrees of freedom varies with the time between molecular collisions. A more 
accurate investigation®** of the kinetics of the ether decomposition at pressures up 
to 260 atmospheres confirmed the previous results®^ and showed that they cannot 
be brought about by a simple unimolecular change. At the highest pressures used 
the rate of reaction was still increasing. On the basis of the Rice-Herzfeld free 
radical mechanism,®® a qualitative explanation of the data was thought possible, 
but the reaction was considered too complicated to allow any quantitative compari¬ 
son with theoretical values. 

The formation of olefin and water by the decomposition of diethyl ether vapor 
on bauxite at 150-300°C. has been investigated by Marx.®"^ He used a close4 
apparatus with continuous circulation of gas. With high ether pressure at the 
beginning of an experiment and a relatively small volume of catalyst, the activating 
material adsorbed ether to such an extent that the reaction was retarded by the 
water formed. This effect was eliminated by circulating the gases over barium 

» M. R. Fenske, U. S. P. 2,045,560, June 23, 1936; Chem. Ahs., 1936, 30, 5589. 

V. A. Kireev and E. M. Khachadurova have reported the boiling points of various mixtures 
of ethyl alcohol and diethyl ether at atmospheric pressure, also the compositions of the aicoh(k*ether 
mixtures in vapor phase. /. Applied Chem. (U.S.S.R.), 1934, 7, 495; them. Abs., 1935, 29. 2061: 
Brit. Chem. Abs. A, 1934, 1301. 

••N. Kozlov and N. Golubovskaya, /. Cen. Chem. (U.S.S.R.), 1936, 6, 1506; Chem. Abs., 1937, 
31. 2166: Brit. Chem. Abs. A, 1937, 1. 144. 

•E. W. R. Steacie and E. Solomon, /. Chem. Physics, 1934, 2, 503; Brit. Chem. Abs. A. 1934, 
1179; Chem. Abs., 1934, 2S. 6614. 

•♦E. W. R. Steacie. W. H. Hatcher and S. Rosenberg, /. Chem. Physics, 1936, 4, 220; Brit. 
Chem. Abs. A. 1936. 568; Chem. Abs., 1936, 30. 2830. 

** E. W. R. Steacie and E. Solomon, he. cit. 

•^See P. O. Rice and K. K. Rice, ‘The Aliphatic Free Radicals,’* The Johns Hopkins Press. 
Baltimore. 1935. 

ww. Marx. Z. physik. Chem., 1933, B2I, 33; Brit. Chem. Abs. A, 1933, 1252; Chem. Abs., 1934. 
28, 2322. 
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oxide. The initial absorption was then followed by a decomposition in two stages: 
the principal reaction (of the order 0.35)®® during which ether in the vapor phase 
was continuously supplied to the bauxite as the action progressed, and a second 
interval (of the order 3) when the decomposition of the material adsorbed at the 
active centers took place. 

When the experimental conditions were reversed so that a large amount of 
catalyst was present and the initial vapor pressure quite low, the concentration of 
the reactant on the activating material was small. Two intermediate steps were 
then evident: one of zero order®® corresponding with diffusion from the gas phase 
and another (of order 1 to 2) during which ether is supplied by the inactive surface. 

Both normal and retarded reactions had the same heat of activation, calculated 
as 31 kg. cal. per mole of diethyl ether. The number of active centers was esti¬ 
mated to be between 2 x 10^® and 10-®. 

Jaeger^®® reports anhydration of ethanol at 340-v380°C. by a sodium-aluminum- 
borotitanate containing thoria. Other base-exchange materials that have been 
acid-leached so that the active components are in nonexchangeable form may also 
be used as catalysts in similar dehydrating reactions. 

Deterioration of Anesthetic Ether. In the presence of air, diethyl ether 
rapidly forms peroxides'®®* and their decomposition products. These substances 
may be removed from ether, according to Christiansen and Van Winkle.'®' by 
means of active charcoal (in the absence of oxygen). The addition of a small 
quantity of a cuprous compound such as cu|)rous oxide has been recommended for 
avoiding deterioration during storage.'®- The conversion of diethyl ether into 
acetaldehyde and a <;mall proportion of acetic acid and its anhydride has been re¬ 
ported by Dreyfus.'®'' Tlie reaction took place on heating in the presence of an 
oxidation or of a dehydrogenation catalyst to 300 or 450®C. By working in the 
liquid pha'^e, the reaction products could be oxidized to acetic acid. 

A study of the deterioration of anesthetic ether has been made by Manikov 
and Larionov'®"* for the purpose of discovering stabilizers and testing their value. 
They found the commonly used solid potassium hydroxide to be effective against 
formation of aldehydes and peroxide compounds for 9 months with ether stored 
in opaque containers but for only 19 days if the liquid was exposed to daylight. 
In the dark, iron shavings retarded peroxide production and increased slightly 
the aldehyde content of the .sainples. In diffused light, ether broke down consid¬ 
erably more rapidly in i)rescncc of re<luced iron than of the ordinary metal. Pre¬ 
liminary tests indicated storage over solid potassium hydroxide in bottles covered 
with black paper as the best {tractical method of {treservation. Further work by 
Goryainova'®® disclosed that any stabilizing effect of iron is possible only when 
the ether is free from the products of peroxide reduction that are present after the 
usual purification process. It was found that the ane.sthetic could be kept without 
change for 8 to 9 months without use of a stabilizer, if it had been freed from 

VN'hcn the decomposition of only one ‘«\il»stance i*> concernH; A reaction of the order « is one 
in which the rate of dectuniKi^ition of the orifiinal reactant at any time is propoitional to the nth 
j)Ower of its concentration at that time. 

A reaction of *ero order is one in which the rate of reaction is independent of the concentra 
tionfn) of the reacting stthstancefs). 

A. O. Jaeger, T. S. P. 1,‘^14,722, June 20, 19.^3, to Selden Co.; Brit. Chem. Abs. B, 1934. 
136; Chem. Abs., 193.1. 27. 4338. 

H. King. 1929. 738; Brit. Chem. Abs. B. 1929, 971; C/trm, Abs.. 1939. 23. 36rSl. 

W. G. Christiansen and R. Van Winkle. U. S. P. 1,971.930. Aug. 28. 1934, to K. R. Squibb 

& Sons; Brit. Chem. Abs. B, 193.S, 715; C/icm. Abs., 1934. 28. i»532. 

»®*W. G. Christiansen and R. Van Winkle. T. S. P. 1,813.664. July 14. 1931, to E. R. Squibb 

& Sons; Brif. Chem. Abs. B. 1932. 414; Chem. Abs., 1931. 25, 5176 

»“• H. Dreyfus, French P. 753,168, 1933; Chem. Abs., 1934. 28. 776. Briti«ih P. 401.369. 19.13; 
Brit. Chem. Abs. B. 1934. 136. 

A. Manikov and Z. Larionov, Org. Chem. /wd. (U.S.S.R.), 1936, 1, 161; Chem. Abs., 1936. 
30, 5361. 
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aldehydes and peroxides by partial oxidation with alkaline permanganate followed 
by treatment with alkaline potassium manganate. Following such purification, 
iron turnings served to prolong the preservation period considerably. 

Lott^^ suggests purification of commercial ether by dephlegmation to remove 
alcohol. He recommends further treatment at 40-S0®C. with mercuric oxide by 
using the latter in aqueous suspension in order to obtain better contact between 
the ether and the metallic oxide. Cox and Greer^'*'' advocate that after treatment 
with sulphuric acid or chlorine and with a bisulphite solution (or oxide of mer¬ 
cury), for aldehyde removal, the ether fraction be subjected to the action of a 
strong alkali, for example, sodium hydroxide. 

In this connection Arup^®* obtained 0.9 per cent residue after active distillation 
(on a water bath) of a sample of ether which had been kept in dark storage for 
over 3 years. Another test showed the liquid material to contain available oxygen 
equivalent to 0.4 per cent hydrogen peroxide. The residue mentioned above ex¬ 
ploded violently at 124®C. Similar residues were non-explosive if the ether had 
been treated with silver hydroxide,dry silver oxide, or if butter fat (0.1 per 
cent) had been added prior to the evaporation. 

Degering^*” notes the tendency to stress the fire-hazard of ether while neglect¬ 
ing the explosive properties of the substance when peroxides are present. He 
found ethyl, isopropyl and butyl ethers full of peroxides. For testing he uses a 
.slightly acid solution of potassium iodide, shaking e(|ual volumes of it and the 
ether together (1 cc. of each). If any iodine is liberated, the ether should be 
purified. He recommends for purification, the addition of 1 volume of 20 per cent 
sodium hydroxide to 200 volumes of ether, followed by steam distillation of the 
ether layer. 

Williams^^^ reports all ethers studied by his organization*^- to have developed 
I>eroxides on storage and that, with practically all, explosions have been experi¬ 
enced. He considers the dry distillation of any ether hazardous unless peroxides 
have been proved absent. Even a small amount becomes concentrated toward the 
end of a distillation. Any mechanical shock increases the likelihood of explosion. 
Distillation of ^‘suspected” ethers with steam and maintaining an excess of water 
with the still residues is recommended for rendering the peroxides harmless. 

The use of inhibitors is discussed by Williams, though he does not consider 
them infallible. He recommends that distillations of any ether should be carried 
out to dryness only from the safe side of a shatter-proof screen, as the peroxide 
explosions are usually extremely violent. 

The danger attendant on making extractions in the laboratory with peroxide- 
containing ethers is emphasized by MacCuIIoch,**"* of the Government Medical 
Store Depot at Madras, India. It is .stated that consignments of several cwt. of 
ether in 4-oz. bottles would arrive entirely unfit for anesthetic use due to its readi¬ 
ness to develop complex decomposition compounds. Many tests developed the fact 
that a coppv wire (guage #20) placed in an amber storage bottle up to the height 
of the contents is a preventive for such deterioration. MacCulloch notes that ether 
protected thus in 1931 had as yet (1936) developed no peroxides. 

'"W. A. U. S. P. 2,056,972, Oct. 13, 1936, to E. R. Squibb A Soni; Ckem. Abt„ 1936, 

30. 8241. 

H. L. Co* and P. S- Greer. U. S. P. 2.050.600, Aug. 11, 1936, to Union Carbide and Carbon 
Corp.; Ckem. Ab*., 1936, 30, 6766. 

P. S. Amp, Ckem, & !nd., 1936, 546; Ckem. Abe., 19.^6, 30, 6563; Brit. Ckem. Abe. A, 
1936. 963. 

>»E. A. Werner, Anelyet, 1933. 58, 335; Brit. Ckem. Abe. A, 1933, 809; Ckem. Abe., 1933. 
27, 3912. 

’»•]£. P. Deeering. /. Ckem. Ed., 1936. 13, 494. 

C. WiUiama. Ckem. dr Ind., 1936, 580. 

”*The Shell Development Company I.4iboratorics at Emeryville, California. 
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In 1934, the ^‘Stores*’ method of anesthetic preservation was altered to the addi¬ 
tion of 1 in 5000 of hydroquinone. This renders the ether unsuitable for use in 
analytical laboratories, however. The presence of copper wire introduces no weijjh- 
able matter into the substance and avoids the purification necessary before peroxi- 
dized ethers can be utilized safely. 

In this connection, steel wire, iron filings or precipitated metallic iron have 
been recommended to inhibit ether decomposition in tin-plated containers used for 
storage and shipment of the compound.^ 

In the recovery of volatile solvents by adsorbing their vapors in active carlx)n, 
it has been noted that traces of peroxides were found only after extended exposure 
of the saturated adsorbent to atmospheric oxygen.'Formation of ethyl peroxides 
did not occur when alcohol-ether vapor was adsorbed by, or desorbed from, active 
carbon, regardless of whether iron or oxygen was present. 

Hir.HKR Alcohols and Esters (or Acids) from Ethanol 

It has long been known that ethyl alcohol can be readily dehydrogenated cata- 
lytically to acetaldehyde in the presence of metals (e.g.. copper) at temperatures of 
200-300°C. It has been shown that, in addition to acetaldehyde, such substances 
as D-butanol and ethyl acetate may be obtained directly by the decomposition of 
ethyl alcohol by means of certain specific catalysts. Dolgov and Voinov"® investi¬ 
gated the decomposition of ethyl alcohol vapor at 450°C. by means of a mixture of 
the oxides of iron and aluminum precipitated on powdered animal charcoal. A fair 
yield of ;i-butanol was secured together with various other products, including 
mixed gases, formaldehyde, acetone, olefins, acetaldehyde, diamvl ether and dibutyl 
ether. The formation of butanol was interpreted as proceeding according to the 
equations: 

QH»OH -> CjH* + HjO 

and Q!H»OH-fC,H4 —> C 4 H,OH 

Secondary reactions, viz., 

QH*OH —K CO + CH4-I-H2 
2 QH 4 OH —CO,+ 3 CH 4 

were considerably checked by activation of the catalyst with lanthanum oxide. 
With this promoter 22 per cent yields of butanol were possible at 450°C. Lower 
temperatures decrea.sed the yield of butanol. 

Direct Conversion of Alcohol to Esters 


Relatively large conversions of ethyl alcohol into alkyl acetate have been 
achieved by passage of the former as vapor over copper oxide containing small 
proportions of difficultly reducible metallic oxides. Thus. Ivannikov and Gavri¬ 
lova'*^ obtained 24 per cent of ethyl acetate when using copper oxide impregnated 
with 0.1-0.2 per cent of thoria as the contact agent and a temperature of 350°C. 
The formation of this ester, which reaction could be inhibited by the addition of 
acetic acid, was regarded as occurring through the condensation of acetaldehyde 


IMF. W. Nitardy, U. S. P. 2,058,250, Oct. 20, 1936, to E. R. Squibb & Sons; Ckcm. Abs.. 1937, 

E. V. Alekseevftkti and G. M. Moskvin, /. Appi. Chem. {U.SS.R.), 1936, 9, 1010; Brit. Chem. 

**• B. N. Dolgov and J. N. Voinov, J. Gen. Chem. Russ., 1933, 3, 313; Brit. Chem. Abs. B, 
1933, 953: Chem. Abs., 1934, 38. 2322. 

P. Y. Ivannikov and E. Y. Gavrilova. /. Cftrwi. hid. (Moscow), 1935, 12, 1256; Chem. Abs., 
1936, 30, 2171; Brit. Chem. Abs. A, 1936. 571. 
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initially formed. By conducting ethyl alcohol vapor over a copper catalyst, pre¬ 
pared from cupric acetate and containing 0.2 per cent of ceria,'^® Dolgov and his 
collaborators'^® obtained a 33 per cent yield of ethyl acetate at 275®C, and atmos¬ 
pheric pressure. After returning the gas mixture four times over the catalyst at 
250®C., analysis showed the presence of 40 per cent ethyl acetate, 20 per cent 
acetic acid and 15.5 per cent acetaldehyde. The most active catalyst was one 
deposited on granular carbon. In further experiments by the same workers,'®® 
repeated recirculation of the reaction products effected yields of 45 per cent ethyl 
acetate, 24 per cent acetic acid and 11 per cent acetaldehyde. These results were 
considered exceptional on comparison with those of 20 per cent ester formation 
reported by others for similar conversions. 

In a detailed study'®' of the factors influencing direct esterification of alcohols 
the probable mechanism of the reactions involved is discussed by these same 
investigators. 

The catalyst was prepared by slowly introducing cupric acetate solution (con¬ 
taining 0.2 per cent ceric nitrate) into hot concentrated sodium hydroxide solu¬ 
tion: the precipitate was washed, dried at 105®C. and reduced with hydrogen at 
180-200®C. The material loses one-third of its activity in 18 days and more than 
half in 28 days. However, it is completely restored by oxidation in dry air at 
180-200®C., followed by re-treatment which hydrogen. Substitution of pulverulent 
for granular carbon as a base for the catalyst decreased ester formation. 

Dilution of the ethanol used, beginning with 10 per cent of water, cut down the 
yields of both ester and acid. Ninety-five per cent ethyl alcohol seemed industrially 
practical as a raw material. 

The effect of each reactant on the catalyst was tested by use of standard reagents 
treated under esterification conditions. Only the aldehyde had a destructive action. 

Distillation of the condensate from treatment of ethanol resulted in the formation 
of several azeotropic mixtures. At 68-72®C., there was collected a solvent con¬ 
taining 72 per cent acetate and 25 per cent alcohol, but no acid or aldehyde. Ninety- 
five per cent acetaldehyde had been completely removed by distillation at 20-22®C. 
A small amount of higher esters (mostly butyl acetate) passed over at 85-90®C. 
The final fraction, boiling point 110-118®C., consisted of 100 per cent acetic acid; 
no residue was left in the flask. 

Dolgov and his co-workers consider the reaction for ester formation to be that 
reported by Tishchenko:'®® 

(1) QH.OH —> CH,CHO-fH, 

(2) 2CH,CHO CH,CO,C,H, 


Attendant small amounts of acetal appearing after single runs could be accounted 
for by the equation suggested by Geuther:'®® 

CHiCHO + 2C,H*OH CH,CH(OC,H*)t-f H,0 

Technological problems of large scale procedure according to the method dc- 
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veloped by Dolgov and his collaborators are discussed by Beizel, Herms and 
Lerchuk.12^ 

It was found impractical to recirculate the reaction products on account of 
poisoning the catalyst by the aldehyde. The latter is to be distilled off at 20-22®C. 
so that the unchanged alcohol, 40 per cent of the original, can be re-used. On the 
basis of this recovery, 1 ton (metric) of 95 per cent ethyl alcohol is expected to 
produce, in a single run, 550 to 600 kg. of solvent ester, 350 kg. acetic acid, 40 to 
50 kg. acetal and 25 kg. of gas (97 per cent hydrogen). 

Contact decomposition of ethyl alcohol to form hydrogen and acetaldehyde with 
subsequent condensation of the latter to produce ethyl acetate has been accomplished 
by Bukreeva-Prozorovskaya and Yanuisheva.^^s 250®C., the condensate was 

composed of 60-64 per cent ethyl acetate, 3-6 per cent acetic acid and 3-6 per cent 
acetaldehyde. 

A variation of the above general method of forming organic esters has been 
found by Guinot^^® to result in reduced yields of acetaldehyde in the final product. 
Vapors of the primary aliphatic alcohol are passed over a dehydrogenation catalyst 
maintained at 200-260®C. After a partial condensation of the vapors leaving the 
reaction chamber, the remaining gases, rich in hydrogen, are continuously recircu¬ 
lated, with additions of fresh alcohol, as needed, through the catalyzing furnace. 
Reduced copper, carrying titania, thoria or urania as a promoter, functioned as the 
activator in the production of ethyl acetate from ethanol. 

A synthesis of propionic acid from ethanol was attempted by Hardy.^^i Using 
200 atmospheres pressure he passed alcohol, carbon monoxide and steam through 87 
per cent phosphoric acid containing 2 per cent copper phosphate. Between tem¬ 
peratures of 250 and 370®C., he obtained a product consisting of high-boiling 
isomers of ethylene, water, ethanol, small amounts of propionic acid and ethyl pro¬ 
pionate together with traces of acetaldehyde and volatile hydrocarbons. The 
polymers of ethylene were formed two or three times as rapidly as the propionic 
acid. It was thought that pressures of 5(X) to 1(X)0 atmospheres might give more 
favorable results. 

It may be noted that Ivannikov and Gavrilova^^s ^ copper-uranium catalyst 
suitable for obtaining 50 per cent yields of esters from propanol and butanol. The 
contact material functions at 220®C. and slowly loses its activity. The reactions 
arc analagous to the above described production of ethyl acetate and hydrogen 
from ethanol by use of copper catalysts with small additions of ceria or thoria. 

The production of butanol from ethanol is effected by Fuchs and Querfurth^^a 
by passage of ethanol vapor, admixed with hydrogen, over a catalyst containing 
magnesia and a smaller proportion of copper. Butanol and also higher alcohols 
are obtained^^ by passage of a similar mixture of ethyl alcohol and hydrogen at 
200-350®C. over a catalyst of magnesia containing a smaller amount of another 
metal or metallic oxide, such as chromic oxide. For example, hexyl, octyl and 


N. M. Beuel. I. E. Hcl’ms and S. L. LcVchuk, Org. Chem. Ind. (U.S.S.R.), 1936, 1. 102; 
Ckem. Abt.. 1936, 30, 5178. 

L. M. Bukreeva-Proaorovskaya and Z. S. Yanuisheva, Sintet Kauchuk, 1936, No. 3, 13; 
Chtm. Abs., 1936. 30. 7539. 

H. M. Guinot, French P. 798,842, 1936, to Usinea de Melle (Soc. anon.); Chem, Abs., 1936, 
30. 7584. 

«TD. V. N. Hardy, 1936, 358; Chem. Abs., 1936, 30. 3776; Bn#. Chem. Abs. A. 1936. 590. 

«P. Y. Ivannikov and E. Y. Gavrilova, J. Apfdied Chem, iUS.S.R.), 1936. 490; Chem, Abs., 
1936, 30, 7539. 

^O. Fuchs and W. Querfurth, U, S. P. 1,992,480, Feb. 26, 1935, to Deutsche Gold- und Silber- 
Scheideanstalt vorm, Roessler; Chem. Abs., 1935, 29, 2550. British P. 364,134, 1930; Brit. Chem. 
Abs B 1932 459. 

^d. Fuchs and W. Querfurth, German P. 594,672, 1934, to Deutsche Gold* und Silber- 
Scheideanstalt vorm. Roessler: Ckem. Abs., 1934, 26. 4430. British P. 381,185, 1932; Chem. Abs,, 
1933, 27. 3943. French P. 42,154, 1933; Chem. Abs., 1933, 27. 4813; add’n to 722.052; Chem. Abe/, 
1932. 26. 4062. 
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higher alcohols and ethers were produced by passage of ethanol, butanol and hydro¬ 
gen in mixture over a catalyst composed of metallic copper, alumina and magnesia. 
The temperature of the treatment was 350®C. and the pressure maintained was 30 
atmospheres. In another case, acetaldehyde and hydrogen, contacted with alumina, 
calcium oxide and copper at 260®C., gave a mixture of butanol, butyl propionate, 
butyl acetate and higher alcohols. 

Higher alcohols and esters are obtained by passage of certain oxygenated de¬ 
rivatives of paraffins (esters, aldehydes and alcohols other than ethanol or its 
mixture with methanol) and hydrogen at ordinary or increased pressures over 
mixed catalysts.^-"*' The latter consisted of one or more feebly basic oxides. A 
number of substances were effective for this purpose, viz., alumina, uranium oxide 
and thoria, in admixture with not more than 10 per cent of copper, silver, nickel 
or chromium. In some cases the addition of a basic oxide, such as lime, barium 
oxide, magnesia or lithia, is helpful. Pressures of 1 to 50 atmospheres and tem¬ 
peratures ranging from ISO to 4(X)®C. may be employed. Herrmann'*^^ describes 
the conversion of ethyl alcohol into a mixture of acetaldehyde, butanol, acetone, 
ethyl acetate, ethylene and hydrogen. The ethanol is passed in vapor form at 
atmospheric pressure over a catalyst consisting of a compound of manganese, mag¬ 
nesium, zinc, iron, barium, .strontium, calcium, sodium or copper. The tempera¬ 
ture necessary, 420-460° C., is above that best suited to the pro<luction of 
acetaldehyde. 

The action of a specially treated dehydrogenating catalyst in combination with 
a condensing agent has been described by Scott'-’*'* for the conversion in one stage 
of alcohols either to those of higher molecular weight or to esters of the original 
reactant. One catalyst'-*^ found effective for making butanol or ethyl acetate from 
ethanol consisted of a copper compound supported on alumina gel and reduced in 
hydrogen; at 200 to 240°C., if to be used for ester formation, or at 400 to 550°C. 
for the production of higher alcohols. In the latter case, the condensing agent, 
e.g., carbonate of potassium or cesium, is added in a ratio of 1 part to 2 parts 
catalyst for combination of only 2 molecules of the starting material (alcohol). 
Higher proportions are necessary for the formation of higher alcohols. 

A reaction temperature of 2(X)-230®C. favored longer life of the catalyst and 
hence its control of the desired end product. The conversions reported were carried 
out in the liquid phase in a steel bomb, agitated for periods varying from 4 to 22 
hours. The pressures used ranged from 150 to 1000 lbs. per sq. in., dependent upon 
the boiling points of the liquids present and the temperatures employed. Higher 
alcohol formation was favored by about 100 lbs. per sq. in. added hydrogen. Esttr 
production with hydrogen as a by-product required venting the gas as formed. 

Anhydrous alcohols were employed, but supplementary experiments showed that 
the presence of up to 10 per cent of water did not prevent formation of satisfactory 
quantities of the end products. 

Thus, by heating 450 cc. of dry ethyl alcohol with 35 g. of a reduced catalyst to 
220®C. for 22 hours, under pressure, 97 per cent of the alcohol decomposed was 
transformed into ethyl acetate. A similar treatment at 200°C. was carried out in 


*** W, P. Joshua. H. M. .Stanley and J. B. Dymock. Britiah P. 393,267. 1933, to Britiah Induttrial 
Solventt, Ltd.; Chem. Abs., 1933, 27. 5754; Brit. Chem. Abt. B. 1933, 777. 

»*W. O. Herrmann. German P. 615.073. 1935. to Chemltche Forichungaget.m.b.H. * Ckrm 
Abs., 1935. 29. 6252. 

«N. D. Scott, U. S. P. 2,004.350. June 11, 1935. to E. I. du Pont de Nemoura and Co • CkrsH 
29%38?^5. P- 424,284. 1935; Brit. Chem. Abs. B. 1935. 442?Chem AbJ., IW. 

Another mterial for thii purpoM was prefMred by hydrogen gaa reduction of a copper chromite 
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the presence of the same catalyst after addition of 20 g. of potassium carbonate as 
condensing agent. Under a hydrogen partial pressure of 100 lbs. per sq. in., 65 per 
cent of the ethyl alcohol was converted into butanol, 17 per cent into hexanol, 14 
per cent into higher alcohols and small amounts of ethyl acetate. Primary or sec¬ 
ondary alcohols as well as mixtures were found to respond to this one-stage treat¬ 
ment. It was necessary, however, always to have present two hydrogen atoms on 
the carbon atom next to the one combined with the hydroxyl group. The following 
condensations were recorded: 


Alcohols Used as 
Starting Materials 
.Normal propanol . 

Normal butanol 

Ethanol and w-propaivd 

Isopropyl alcohol . . 
Cyclohcxanol 
Normal propanol 


Condensation Products 
2 - M ethyl-pen tanol -1 
plus water 
2-Ethyl-hexanol-1 
plus water 

n-and “active” amyl alcohols 
plus the usual condensates 
from the separate alcohols 
2 - M ethyl -pen tanol-4 
plus water 

Cyclohexyl-cyclohexanol 
plus water 

Propyl propionate plus 
hydrogen 


Pyrolysis of Estkrs 


That the simple ethers are not readily dehydrated to produce olefins is common 
knowledge A study of the pyrolysis of esters and acetals and certain related sub¬ 
stances by Bilger and Hibbert'^*’ has established some important facts which have 
a fearing on the chemistry of alcohols and their derivatives: 

1. “Ester pyrolysis and reverse reactions are best explained by the ‘radical 
theory* as developed and extended from Nef*s dissociation theory.” 

2. According to experimental evidence “ester pyrolysis does not progress 
through ether intermediates” and “the olefin derivative comes solely from the 
alkoxy portion of the ester.” 

3. “The stability of isomeric esters toward beat is greater for those derived 
from primary than from secondary alcohols.** 

4. “Methyl esters, or substituted methyl esters, are much more stable towards 
heat than cither ethyl esters, ^-substituted ethyl esters, or the higher alkyl esters.** 

Results on pvrolvsis of ethvl acetate and the isomer ethvlene acetal appear in 
Table 70. ' ' * 


Tamlf. 70.-- Data on Pyrolysis of Ethyl Acetatf and an Isomeric Acetal. 


Material pyrolyzed 
Temperature 
Total time 

Contact period in hot zone . 

Products obtained: 

Ethylene (moles) 

Acid (moles) 

Percentage dec-omposition: 

into Ethylene. 

into Acid. 


Ethyl Acetate 
485®C. 

65 min. 
1.2 min. 

0 174 
0.176 


76.6 

77.8 


Ethylene Acetal 
485‘*C. 

65 min. 

1.2 min. 

0.02^ 

0.005 


10.2 

2.3 


M. Bilger and H. Hil»l)cr!, J.A.C.S.. 19.<6. 58, 82.^; Brit. Chvm. Abs, A, 1926, H21; Ckem, 
Ahjt., 1926. SO, 4816. 
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Other Reactions of Ethyl Alcohol 

The conversion of ethyl alcohol into liquid hydrocarbons and other products by 
the action of heat and pressure has been investigated by Smolenski.^^® Whereas 
gases were chiefly obtained at 350°C. under pressure, upwards of 80 per cent of 
liquid products were produced at 400°C. but these consisted mainly of oxygenated 
compounds. Treatment at 450°C. resulted in a 40 per cent yield of liquids con¬ 
taining a substantial proportion of cyclic hydrocarbons. In the presence of alumina 
at this temperature, 20-25 per cent of the alcohol was transformed into hydro¬ 
carbons, mainly aromatic, though admixed with some naphthenes. 

Alkali metal ethylates are obtained by treatment of ethyl alcohol with the alkali 
metals, hydrogen being evolved. It has been shown by Williams and Bost^^^ that, 
in the absence of water, the reaction between ethyl alcohol and sodium hydroxide 
was 75-100 per cent complete according to the equation, 

QHftOH-hNaOH C,H»ONa-f H,0, 

after the alcohol-hydroxide mixture had been boiled for 1 hour. Alkali metal 
alcoholates prepared, for example, by the reaction between dry ethyl alcohol and 
sodium hydroxide, may be precipitated from the reaction mixture by the use of 
anhydrous acetone.^^® The mixture is either refluxed or held at room temperature 
until crystals are formed. The latter may be washed with kerosene and dried in 
air free from moisture and carbon dioxide. 

At high temperatures ethyl alcohol reacts with caustic alkalies with elimination 
of hydrogen to yield alkali metal acetates. One procedure^®® for making sodium 
acetate is that of passing ethyl alcohol vapor, at 250-300° C., into a fused equi- 
molecular mixture of alkali hydroxides and acetates. The alkali used is a mixture 
of sodium and potassium hydroxides in molecular ratios varying from 1:2 to 3:1. 
After dissolving the reaction mass in water, sodium acetate trihydrate is recovered 
by crystallization. The mother liquor is evaporated to dryness and the residue 
fused with more sodtum hydroxide for further use. 

Aluminum ethylate, and alcoholates generally, are finding important indu.strial 
applications, particularly as catalysts in certain organic reactions. A review of 
the preparation and properties of these interesting compounds has been contributed 
by Zappi and Restelli,^^® who prepared aluminum alcoholates by the method of 
Henle.^^^ They found that well-cleaned aluminum filings begin to react with anhy¬ 
drous alcohols at room temperature if mercuric chloride is present. Solubilities 
in the corresponding ajcohols were determined for the alcoholates prepared from 
the following: methanol, ethanol, propanol (a- and butanol (a- and /?-), phenyf 
methanol and )fl-propenol. With the exception of the first and last given, the solu¬ 
bilities ranged from 12 to 47 per cent. 

Another procedure for the production of aluminum ethoxide, or ethylate, con¬ 
sists in the action of metallic aluminum on ethanol, used slightly in excess.'^2 

“•K. Smolensk!. Intcrnat, Congr. Pure and Applied Chem., Madrid, Apr. 5-11. 1934; Brennstoff- 
Chem., 1934. 15, 212. See also, K. Smolensk! and S. Kowalewski. Bull. Acad. Polonaise, 1934, A. 
304; Brit. Chem. Abs. A. 1935, 193; Chem. Abs., 1935, 29, 1060. 

^ D. Williams and R. W. Bost, /. Chem. Physics, 1936, 4, 251; Chem. Abs., 1936, 30, 3402; 
Brit. Chem. Abs. A. 1936, 703. 

T. Olson and R. H. Twining, U. S. P. 1.978.647, Oct. 30, 1934. to Cleveland Cliffs Iron 
Co.; Chem. Abs., 1935, 29, 179; Brit. Chem, Abs. B, 1936. 273. 

C. J. Strosacker. C. C. Kennedy and E. L. Pelton, U. S. P. 1,961,625, June 5. 1934, to Dow 
Chemical Co.; Brit. Chem. Abs. B, 1935, 899; Chem. Abs., 1934, 28, 4844. 

E. V. Zappi and E. Restelli, Andes asoc. quim. Argentina, 1934, 22, 87; Chem. Abs., 1935, 29, 
1383; Brit. Chem. Abs. A, 1935. 325. 

>«F. Henie, Ber., 1920, 53, 719: Chem. Abs.. 1920, 14, 2601; J.S.C.I., 1920, 39. 501 A. 

Consortium fur elektrochemisctie Industrie G.m.b.H., British P. 454,480, 1936; Brit. Chem. Abs. 
B. 1936, 1193; Chem. Abs., 1937, 31, 1043. 
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reaction is carried out at 120®C. in an autoclave. The product may be recovered by 
vacuum distillation. A yield of 95 per cent is reported as being obtained without 
the aid of catalysts. According to Seib,^^® the same compound may be made by 
starting the interaction between metal and alcohol in the presence of a small amount 
of the alcoholate to be produced. In this instance, the addition should be less than 
one-fifth of the yield of aluminum ethoxide to be expected from the alcohol treated. 

Alcohols and Sulphuric Acid* With sulphuric acid, or pyrosulphuric acid, 
ethyl alcohol combines to form ethylsulphuric acid, the amount of the latter sub¬ 
stance produced being controlled by the equilibrium, 

C,H,OH-h H2SO4 ;F==i C^HsO-SOiH + H*0 

This reaction was studied by Suter and Oberg^^* who determined the equilibrium 
constants for ethanol and 96.7 per cent acid at 25 and 35°C.; these values for the 
lower temi^rature as well as the extent of esterification for a molar ratio of one 
are given in Table 71. The value of K (equilibrium constant) for ethyl alcohol 
and 96.7 per cent sulphuric acid at 35°C. was 1.84. 

Table 71. — Reaction of Ethyl Alcohol with Sulphuric Acid at 25^C. 


Acid 

Per Cent of 
C,H,S 04 H 

K 

96 7% H 2 SO 4 . 

. 52.6 

1.76 

H,S 04 ''+ S. 2 % so,. 

. 59.8 

2.02 

H,S04 + 22.6%S0,. 

. 65.1 

2.08 

H,S04 + 31.98% SO,. 

. 67.7 

1.98 


The activities of ethylene in concentrated sulphuric acid and of ethanol in dilute 
sulphuric acid are known from the work of Gallagher and Keyes. 


Fig. 101. 

Partial Pressures of Ethylene in 
Equilibrium with Concentrated Sul¬ 
phuric Acid. (M. Gallagher and 
D. B. Keyes) 


Courtesy Journal of Amertran Chemical So¬ 
ciety 



0.08 0.16 0.24 
N, Mole fraction of CjHi 


The results obtained in a series of carefully checked experiments on specially 
purified materials are shown in Tables 72 and 73. They are plotted graphically in 
Fig. 101 and 102. In each case the figures in the first column are the mole frac¬ 
tions of the solutions, given as moles of solute per mole of solution. The partial 
pressures of the olefin (or alcohol) appear in the second column. Under the con- 

'••J. Seib, German P. 602,376, 1934 to Deutsche Gold- und SiU)er-ScheideanstaU vorm. Rocsslcr* 
Chem. Abs., 1935, 29, 478. 

M. Suter and E. Obertr, J.A.C.S., 1934, 55, 677; Brit. Chem. Abs. A. 1934. 509; Ckcm. 
Abs., 1934, 28. 2672. 

M. Gallagher and D. B. Keye.s, J.A.C.S., 1934, 56, 2221; Brit. Chem. Abs. A, 1935, 34: 
Chem. Abs., 1935, 29, 664. 
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Table 72.— The Activity of Ethylene in Concentrated Sulphuric Acid 
(Add of 95,4 Per Cent Concentration), 


N 

P 

Henry’s Law Constants 

Partial Pressure 


a 

Mole Fraction 

of Ethylene 

K 

Activity 

of Ethylene 

mm. 

(P/N) 

of Ethylene 

0.3122 

9.541 

30.56 

0.7376 

0.2674 

6.037 

22.57 

0.4662 

0.2307 

4.294 

18.61 

0.3318 

0.2039 

3.339 

16.38 

0.2578 

0.1561 

2.160 

13.84 

0.1668 

0.1280 

1.658 

12.95 

0.1280 

Table 73.- 

—The Activity of Ethanol in Diluted Sulphuric Acid. 

(Acid of 62.81 Per Cent Concentration). 


P 

Henry’s 

Law Constants 

iV 

Partial Pressure 

a 

Mole Fraction 

of Ethanol 

K 

Activity 

of Ethanol 

mm. 

(P/N) 

of Ethanol 

0.2400 

60.85 

254 

0.2953 

0.1685 

41.77 

248 

0.2027 

0.1274 

27.65 

217 

0.1342 

0.0805 

16.76 

208 

0.0814 

0.0584 

12.11 

207 

0.0588 

0 0382 

7 84 

205 

0.0381 


(litions of experimentation, the investijjators considered that the activities of the 
solute could l>e determined from the partial pressures above the solution, as shown 
by Lewis and Randall,or in this case 

a « p/K » pN^/p' 

when A' and />' are the mole fraction and the partial pressure at infinite dilution. 
Henry’s law constant was taken as the value for the most dilute solution, i.e., the 



u.oo U.l2 0.18 0.24 

N, Mole fraction of CjHjOH 


Fm. 102. 

Partial Pressures of Ethanol 
in Equilibrium with Diluted 
Sulphuric Acid. (M. Gal¬ 
lagher and D. B. Keyes) 


Courtesy Journal oj American Chem¬ 
ical Society 


last value in the third column in the case of ethylene and as the average of the 
last two corresponding values for ethanol. 


1923. 


A' - fZ/N’ - [ 


12.95 (for ethylene) 
,or 206 (for ethanol) 


N. LewiM and M. Kamlall. “Thermcxlynamtc}*,*' McGraw-Hill Book Company, New York, 
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Alcohol and Hydrogen Halides. The preparation of alkyl chlorides by 
vapor-phase combination of alcohols with hydrogen chloride in the presence of cer¬ 
tain catalysts is discussed by Ernst.^^^ For example, vaporized ethanol and hydro¬ 
gen chloride formed ethyl chloride at 240-300°C. when passed over activated carbon 
which had been impregnated with phosphoric acid. 

According to Brooks,ethyl chloride is formed when dry hydrogen chloride 
reacts with diethyl ether in the presence of anhydrous metallic halide catalysts, such 
as the chloride of zinc, aluminum or ferric iron. The method of procedure recom¬ 
mended is the passage of the reactants in vapor form over the catalysts. The 
latter require periodic renewal since they are so chosen as to absorb the water 
formed in the reaction. Another method for accomplishing the same result is to 
treat a suspension of the metallic chloride (in ether) with the hydrogen halide gas 
at a temperature below the boiling point of the ethyl chloride. The temperature 
used in either case must be below that required to expel water from the catalyst 
chosen. 

An “autothermal” method of reacting ethyl alcohol with a hydrogen halide to 
produce ethyl chloride has been described by Holt and Daudt.^^^ For example, al¬ 
cohol and hydrogen chloride are passed under definite conditions into a solution of 
zinc chloride which has its concentration below the equilibrium value at the oj)erat- 
ing temperature. At 138-14()°C. (the equilibrium concentration being 80 per cent) 
a 70 per cent solution is held constant by allowing the required amount of water 
vapor to return to the catalytic liquor from the evolved reaction vapors. 

By means of a halide of bismuth as catalyst, yields of over 90 per cent ethyl 
chloride are reported from ethanol and hydrogen chloride.^^^ The activator may 
be used in solution or supported on pumice. Bismuthyl chloride, or the tribromidc 
of bismuth, has been used, e.g., in 70 to 90 per cent acjueous solution. The tem¬ 
perature is held above 110°C., to remove water continuously in vapor form. 

In the preparation of ethyl bromide by reaction of ethyl alcohol, sulphuric acid 
and sodium bromide, the addition of small proportions of metallic copper is said^^' 
to increase the yield from 57 per cent to 80 per cent. The function of the copper 
appears to be associated with its reducing action which serves to limit the bromine 
to its ionic state. No free bromine appeared when the copper was used. 

Another process for production of alkyl halides from ethers consists in treating 
the latter with certain organic halides,^’*- viz, those having no hydrogen attached 
to a carbon next to that combined with the halogen. A small percentage of the 
corresponding alcohol may be included in the ether. Alumina in granular form 
or as a gel may serve as the cataly.st. Phosphates of cerium, iron, cadmium or 
aluminum are also mentioned fof this purpose. The temperature of reaction is 
between 270 and 340°C". C^hloroform, carbon tetrachloride, di-iodomelhane, di- 
chlorophenyl methane or trichloroacetic acid arc among the organic halides adapted 
for furnishing the necessary halogen atoms in the above conversion. 

Diethyl thiosulphite, (C2H.-,)2S202, has been prepared by Meuwsen'-’^^ by the 

P. Ernst, Cicrman P. 583,477. 1933. to Alexander Wackcr Os fur elektrochcmisclic Industrie 
G.m.b.H.; C/irm. Abs., 1934, 28. 1052. V. S. P. 1.937,2(.9. Nov. 28. 1933; Chem. Abs.. 1934. 28. 
1052; Brit. Chem. Abs. B, 1934. 824. 

>«B. T. Brooks, U. S. P. 2.015.700. Oct. 1. l'>35. to Standard Alcohol Co.; Brit. Cbrm. Abs. B, 
1936. 1140; Chem. Abs., 1935. 29. 8004. 

C. Holt and H. W. Oaudt. 1*. S. P. 1.983.542. Dec. 11. 1934, to E. I. du Pont de 
Nemours A Co.; Chem. Abs.. 1935. 29. 817; Brtt. Chem. Abs. B, 1935. 1085. 

H. W. i^audt, U. .S. P. 2.0i(>.075. Oct. 1, 1935, to E. 1. du Pont dc Nemours & Co.; Chem. 
Abs., 1935. 29, 8004; Brit. Chem. Abs. B. 193(>. 1140. British P. 450.843, 1936; Chem. Abs., 1937, 
31. 114; Brit. Chem. Abs. B. 1936. 971. 

P. Hendrixson. Proc. Icnva Acad. Sci., 1934, 41, 165; Chem. Abs., 1935, 29, 3650; Brit. Chem. 
Abs. A. 1936. 52. 

«*Britiih P. 452.934. 1935 to I. C,. Farbcnind, A. G.; Brif. Chem. Abs. B. 1936, 1140. 

“•A. Meuwsen, Ber., 1935. 68, 121; Chem. Abs., 1935, 29, 2506; Brif. Chem. Abs. A, 1935, 326. 
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action of sulphur monochloride on sodium ethylate according to the following 
metathesis: 


SjCl, + 2NaOC,H| - (C,H*),S,0, + 2NaCl 

The alcoholate used was free from alcohol. The reaction was carried out in a 
medium of well cooled low-boiling petroleum ether (b.p. 30-40®C.). The ester 
formed, a greenish-yellow liquid boiling at 62.0-62.7°C. at 16 mm. pressure, was 
stable to air and moisture. A colorless liquid, considered an isomer and boiling 
at 67-68°C. at 16 mm. pressure, was obtained by vacuum distillation of the colored 
product. 

Ethyl chlorosulphinate, SOCI OC 2 H 5 , was also prepared. It boiled at 45°C. 
with 38 mm. pressure and at 171 °C. under normal conditions. No isomer was 
obtained. 

Ethyl hypochlorite^'”'^ has l)een recognized by Suknevich and Chilingaryan^®® as 
the first product of the action of calcium hypochlorite on ethyl alcohol. The subse¬ 
quent formation of chloral in this reaction is regarded by these investigators as 
proceeding according to the following sequence of changes: 

CtHiOCl 

CtHsOCl —HCl 4 -CH,CHO CH^HOH - 

CH,aCH(OH)OQH* —>• CHCl,CHO -> CCl,CHO 

Deanesly^*® describes the formation of the hypohalites of primary, secondary 
or tertiary alcohols by introducing a halogen into a mixture of alcohol and aqueous 
alkali in equivalent proportions, the reaction proceeding as follows: 

KOH + ROH-f-Cl, —> ROCl + KCl + H 2 O 

Ethyl Alcohol and Amines. Ethyl alcohol may be combined with pri¬ 
mary and secondary amines under the influence of certain catalysts with the forma¬ 
tion of ethylated bases and elimination of water. Catalysts, consisting of alumina, 
or alumina admixed with other metallic oxides, have been tried for the ethylation 
of ammonia in the vapor phase.^®^ The same results were obtained at 300-400°C. 
and at atmospheric pressure in the presence of alumina alone or alumina plus 10 per 
cent ferric oxide. The latter iron catalyst, however, yielded less gaseous by¬ 
products. In the direct ethylation of aniline by ethyl alcohol in the vapor phase at 
350-400°C. and atmospheric pressure, both mono- and diethylanilines are formed. 
The results of a series of experiments'®® using a mixture of 1 mole of aniline and 
1.45 moles of alcohol are summarized in Table 74. 

Adkins and Cramer'®® recommend a catalyst of reduced nickel for the interac¬ 
tion of ethyl alcohol and tertiary heterocyclic amines. For example, ethanol (I 
mole) and piperidine (0.5 mole), at a temperature of 200°C. and pressure of 100 
atmospheres in the presence of this contact agent, furnished an 80 per cent yield of 
N-ethyl piperidine. Under similar conditions o-methyl piperidine and the alcohol 
gave an 84 per cent yield of N-ethyl-a-methyl piperidine. 

As catalysts for the direct combination of alcohols with ammonia, or a primary 

For discussion of the properties and uses of these hypochlorites see Chapter 25. 

“•I. P. Suknevich and A. A. Chtlingaryan, Ber., 1935, 68, 1210; Chem. Abs., 1935, 29, 5808; 
BHt. Chem. Abs. A. 1935, 958. 

“•R. M. Deanesly, U. S. P. 1,938,175. Sept. 26, 1932, to Shell Development Co.; Chem. Zenir., 
1934, 1. 1709, Brit. Chem. Abs. B. 1934, 824. 

N. I. Shuikin, A. A. Balandin and Z. I. Plotkin. J. Gen. Chem. (U.S.S.R.), 1934, 4, 1444; 
Chem. Abs., 1935, 29, 3584; Brit. Chem. Abs. A. 1935, 742; 1936, 169. 

“• N. I. Shuikin, A. A. Balandin and F. T. Duimov, J. Gen. Chem. (U.S.S.R.), 1934, 4, 1451; 
Chem. Abs., 1935, 29. 3585. /. Phys. Chem. (U.S.S.R.), 1935, 1207; Brit. Chem. Abs. A, 1936, 169. 

^ H. Adkins and H. I. Cramer, U. S. P. 2,058,547, Oct. 27, 1936; Chem. Abs., 1937, II, 110. 
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Table 74. — Direct Combination of Ethyl Alcohol and Aniline 


Yield 


Additions to 

Optimum Conversion 

Per Cent 

Monoethyl 

Diethyl 

Alumina Catalyst 

Temperature 

Aniline Reacted 

Aniline 

Aniline 

None. 

350°C. 

67.5 

64.3 

3.2 

FejOf (10 per cent).. 

375‘»C. 

52.9 

52.2 

0.7 

SnO (10 per cent)... 

37S°C. 

50.2 

48.7 

1.5 

CrjOj (20 per cent).. 

sn'-c. 

43.2 

43.2 

Trace 

NiO (5 per cent).... 

350“C. 

38.5 

38.4 

O.l 

ZnO (10 per cent)... 

350°C. 

31.6 

31.6 

Trace 


or secondary amine, phosphoric acid or a phosphate dispersed on a carrier has been 
suggested.^®^ Reaction was effected at 250-500°C. in the vapor phase. The use of 
oxides, chlorides or sulphates of copper and iron, in the presence of acids or 
alkaline salts, has also been described for the same purpose.^^^ 

Other Reactions. Catalytic hydrogenation of toluene by means of ethanol 
has been accomplished by Shuikin and Feder.^^^ When mixed vapors of toluene 
and ethyl alcohol were led over a nickel-alumina catalyst at 170-210°C., the former 
substance was hydrogenated and the latter dehydrogenated in accordance with the 
following reaction: 

C«H*CH, -I- 3C2H4OH ^ CfiH.iCHa -I- 3CH3CHO 
toluene ethanol methyl acetaldehyde 

cyclohexane 

The workers considered the most favorable temperature for this metathesis to be 
190°C. The best yield was 26 per cent of the theoretical based on an aldehyde- 
toluene ratio of 9:1. Similar results were possible at 180-190°C. with a catalyst 
formed by precipitation of platinum on asbestos. 

The effect of the electric arc or spark on ethanol vapor has been reported by 
Petrik.^®^ Using zinc electrodes he obtained a mixture of highly calorific gases. 
The compositions of the yields varied considerably as may be seen from the follow¬ 
ing figures: hydrogen, 30 to 58 per cent; methane, 6.7 to 29 per cent; carbon 
monoxide, 22 to 29 per cent; olefins, 9 to 12 per cent. 

In the catalytic production of bivinyl (butadiene) directly from ethyl alcohol by 
the method of Lebedev,o-ethylphenol has been identified^®® in the hydrocarbon 
condensate along with other homologous phenols. Among the by-products of the 
same conversion further work^®® has disclosed normal primary saturated alcohols 
of the pentane and hexane series. 

Thermal Deco.mposition op' Ethyl Alcohol 


The catalytic decomposition of ethanol has been studied by Boomer and Mor¬ 
ris.'®^ Equimolecular proportions of the alcohol and water were passed in vapor 

'•British P. 399,201, 1932, to Rohm and Haas Co.; Brit. Chcm. Abs. B. 1933, 998; Chem. Ahs.. 

1934, 28, 1715. French P. 734,404, 19.12; Chem. Abs.. 1933. 27, 995. 

'•French P. 767,771, 1934, to I. G. Farbenind. A.-G.; Chem. Abs., 1935, 29, 474. 

'•N. I. Shuikin and E. A. Feder, J. Applied Chem. (U.S.S.R.), 1934, 7, 1192; Chem. Abs.. 

1935. 29. 5819; Brit. Chem. Abs. A. 1935. 334. 

F. Petrik, Chem. Obror., 1934, 9, 43; Chem. Zentr., 1935, 1, 181; Brit. Chem. Abs. B, 1935, 
660; Chem, Abs., 1934, 28, 5341. 

>•8. V. Lebedev, British P. 331,482, 1929; Chem. Abs., 1931, 25, 115; Brit. Chem. Abs. B, 1930, 
939. See also Chapter 4. 

M. V. Likhosherstov, A. A. Petrov and S. V. Alekseev, J. Gen. Chem. (U.S.S.R.), 1934, 4. 
1274; Chem. Abs., 1935, 29. 3298; Brit. Chem. Abs. B, 1935, 442. 

S. V. Lebedev, G. G. Koblyanskii, N. Z. Andreev. 1. K. Corn, I. A. Livshits, G. N. Sibiryakova 
and Ya. M, Slobodin, Trudui Gosudarst. Opuit. Zavoda Sintet, Kauchuka, Litera B. III. Synthetic 
Rubber, 1934, 41; Chem. Abs., 1936, 30, 4810. 

'•E. H. Boomer and H. E, Morris, Can. J. Research, 1930, 2, 384; Chem. Abs., 1930, 24, 4451; 
Brit. Chem. Abs. A, 1930, 1268. 
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form through a vertical autoclave containing the catalyst. The temperatures used 
were 350, 400, 450 and 500® C. The contact agent was prepared by impregnating 
silica geP®® with a concentrated solution of cupric and chromic chlorides (in equi¬ 
molar proportions) and then drying at 100®C. Afterwards the mass was trans¬ 
ferred to a pyrex glass tube and treated with hydrogen for 5 hours at 300® C. 

The workers were interested mainly in the appearance of ethane in the gases 
resulting from the pyrolysis of alcohol. They made no analysis of the small 
amounts of oily, acidic, aqueous products, which were collected in a water-cooled 
receiver followed by a condenser maintained at the temperature of a solid-carbon- 
dioxide-ether mixture. While water vapor exerted a retarding effect on the speed 
of reaction, it passed through the catalyst unchanged. The gaseous products were 
analyzed for hydrogen and carbon monoxide (by burning with copper oxide), for 
methane and ethane (by slow combustion with oxygen) and for carbon dioxide. 
The results appear in Table 75. 

Table 75.— Gaseous Products from Alcohol Pyrolysis Over 
a Copper-Chromium-Silica Gel Catalyst, 

-Percentage Composition of Gases- 


Temp, in Carbon Carbon 

®C. Hydrogen Monoxide Ethylene Dioxide Methane Ethane 

350. 6.0 0.7 90.3 0.5 0.7 1.8 

400. 23.5 0.9 70.0 2.7 0.9 2.1 

450. 29.4 0.9 53.0 8.6 4.9 3.2 

500. 40.5 0.9 30.4 10.2 11.2 6.4 


Although the catalyst obviously changed from a promoter of dehydration at 
350®C, to one possessing dehydrogenation powers at 500®C., the yield of ethane, 
hydrogen and carbon dioxide increased while that of ethylene decreased. This did 
not seem to favor a conclusion that the ethane was formed by hydrogenation of 
ethylene. Carbon was not deposited on the catalyst and the source of the carbon 
dioxide was not thought to be carbon monoxide. The results appeared to call for 
further investigation. A series of twenty catalysts, mostly binary, containing nickel 
and chromium or copper, were prepared and tested for their action on ethyl alcohol 
solutions in water.The two main types of reaction involved were dehydrogena¬ 
tion and dehydration'‘of the etharud molecule as indicated in the equations: 

C,H*OH - CH,CHO -I- H, 

CjHiOH » C,H4 + H,0 

Comparison of a large number of runs, carried out as in the previously reported 
work, indicated that with nickel and chromium mixtures, the combinations behave 
as two chemical individuals, each having its characteristics dependent upon relative 
concentrations and mode of preparation. Mixture effects, as such, were confined 
to secondary reactions and any jiromoter-effect of one metal on the other in the 
initial decompositions was either absent entirely or very slight. The apparent 
order of resistance of the catalysts to deactivation was copper, chromium, nickel. 
The dehydrating action of the chromium was always apparent. Reactivity and 
nature of the resultant reactions depended, in general, on the method of preparation 
of the contact material, chromium requiring severe treatment for activation at all 
times. The type of reducing agent used had a decisive effect on the secondary 
reactions in some cases. The most active catalysts for the primary decompositions 
usually were also effective for the formation of by-products. The action of the 

**For the preparation of the »ilica gel. *ee H. N. Holmes and J. A. Anderson, /«</. Enff. Chem., 
1925, 17. 280; J.S.C.l., 1925. 44. 399B; Chem. Abt., 1925, 19. 1217. 

E. H. Boomer and H. E. Morris, Can. J. ftnearrh, 19.12, 6 , 471; Chem. Ah.i., 19.12, 20. 45.12; 
Brit. Chem. Ahs. A. 19.12, H19. 
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nickel always predominated. Subsidiary changes, resulting in the production of 
carbon, carbon dioxide and complex organic liquids (not analyzed), occurred in 
practically all cases. 

Boomer and Morris^*^^ have also described experiments in which the tempera¬ 
ture was carried up to 500°C. and addition of water or carbon dioxide to the 
ethanol vapor was practiced to reduce the space velocity of the gaseous alcohol. 
This was possible since carbon dioxide has been shown to have practically no 
effect and water vapor a repressing action, if any, upon, the primary reactions. 

Formation of Methane. A catalyst prepared by the ignition of nickel ni¬ 
trate on asbestos promoted the aldehydic decomposition reaction. The aldehyde in 
turn was converted (by thermal decomposition) into methane and carbon monoxide, 
the latter giving free carbon and carbon dioxide (sec Table 76). Similar results 
were attained with a nickel chromate contact mass. 

Table 76.— Thermal Decomposition of Eqnimolecular Solution 
of Alcohol and Water with a Nickel Catalyst. 

Composition of Gaseous Products 
Per Cent by Volume 


Temp., 

°C. 

O 

p 

CO 

d'otal 
as CO 

CH 4 

H, 

C,He 

CjH, 

300. 

0.8 

25.7 

27.3 

28.6 

40 9 

4.0 

Nil 

375. 

.. 19.5 

5.5 

44.5 

42.5 

30.0 

2.5 

Nil 

400 . 

.. 21.8 

3.4 

47 0 

50.0 

24.7 

Nil 

Nil 

450. 

. 23.4 

4.A 

51.0 

48.6 

23.6 

Nil 

Nil 

500. 

. 20.6 

2.0 

43.2 

45.2 

32.2 

Nil 

Nil 


It was believed that the methane came directly from decomposed aldehyde and 
that hydrogenation of carbon monoxide or dioxide was inappreciable. 

However, the hydrogenation reaction was promoted by other catalysts prepared 
as follows: 

A. Four moles chromic oxide, 1 mole zinc oxide, 0.5 mole alumina with traces 
of copper powder and sodium carbonate. After mixing, grinding to a paste 
and drying, the very hard material was treated with hydrogen at 300-350°C. 

B. One mole zinc oxide, 1 mole chromic oxide, 0.5 mole cupric oxide with a 
trace of copper powder, treated as above. 

C. An equimolar mixture of potassium chromate, nickel nitrate and ferric ni¬ 
trate were co-precipitated in slightly alkaline solution, the liquor decanted, 
the precipitate washed, dried at 110°C., and reduced at 300-350°C. 

The results secured with these activators appear in Table 77. The liquid pr(xl- 


Table 77.— Thermal Decomposition of Equimoleadar Solutions 
of Alcohol and Water with Hydrogenation Catalysts. 


Composition of Gaseous Products 
Per Cent by Volume 


Catalyst 

Used 

Temp., 

°C. 

CO, 

H, 

CH 4 

CO 

C,H4 

A 

400 

10 0 

85.5 

2.3 

Nil 

2.1 


500 

14.4 

78.0 

2.3 

Nil 

5.3 

B 

400 

9.5 

86.2 

1.6 

Nil 

2.7 

500 

10.4 

84.2 

1.6 

Nil 

3.8 

C 

350 

7.3 

91.2 

Nil 

Nil 

1.5 


450 

18.8 

77.8 

Nil 

Nil 

3.4 


E. H. Boomer and H. E. Morris, Can. J. Research, 1934, 10, 743; Chem. .4bs., 1934, 28, 4972; 
Brit. Chem. Abs. A. 1934. 1199. 
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ucts contained a high-boiling oily fraction. The absence of free carbon formation 
was considered to render the ethylene an unlikely source of methane and the most 
reasonable mechanism for its presence was held to involve hydrogenation of carbon 
dioxide. Both these gases (hydrogen and carbon dioxide) were present in large 
proportions and their interaction is not inhibited by water. Results with catalyst 
C (when any aldehyde formed was obviously not decomposed and the ethylene not 
polymerized) seemed to verify the above conclusions especially as this catalyst did 
not even hydrogenate the carbon dioxide to produce methane. 

Formation of Ethane. The two reactions considered as possible explana¬ 
tions for the presence of ethane (during pyrolysis of alcohol) were both found by 
Boomer and Morris to occur in proportions controlled by experimental conditions; 

1. Hydrogenation of the primary product, ethylene, by nascent hydrogen. 

2. Autoxidation and reduction of the alcohol, giving ethane directly.^^^ 

2C,H60H - CHsCHO -h H,0 -f C2He 

A comparison of results obtained in treatment of absolute alcohol with those 
secured when water vapor or carbon dioxide gas were present is given in Table 78. 
The same catalyst was used in each case, viz., 75 per cent nickel and 25 per cent 
zinc, precipitated by sodium hydroxide from a solution of the corresponding ni¬ 
trates. The effect of oxidation and reduction of the activator between experiments 
is likewise shown. 

Table 78 .—Thermal Decomposition of Alcohol Vapor 
Using a NickeUZinc Catalyst. 




Composition of Gaseous Products 




Per Cent by V'' 

olume 

Rate of 

Alcohol Vapors 

Temp., 



Flow 

Diluted with 

X. 

C,H4 H, 

C,H« 

cc./min. 

— 

300 

1.2 59.8 

11.2 

0.23 


Catalyst Oxidized and Reduced 




375 

3.2 50.7 

13.6 

0,24 


450 

3.4 53.0 

17.1 

0.31 

CO, 

350 

Nil 12.6 

Nil 

0.04 


450 

Nil 17.9 

10.7 

0.04 


Catalyst Oxidized and Reduced 




275 

Nil 27.8 

Nil 

0.05 


300 

Nil 29.0 

6.3 

0.05 

H,0 

300 

0.4 65.0 

6.7 

0.35 


500 

Nil 44.6 

5.9 

0.33 


Catalyst Oxidized and Reduced 




275 

0.2 56.5 

1.9 

0.37 


The primary formation of ethane with the nickel-zinc catalyst is indicated by 
the data in Table 79. The diluents were used to reduce the space velocity of the 
gases and at the same time decrease the volume of alcohol decomposed. With car¬ 
bon dioxide present the actual relative yield of ethane was much above that shown 
by the analyses owing to inclusion of the neutral gas. Any water vapor tends to 
cut down the quantity of alcohol contacting the catalyst so that the degree of re¬ 
activity is lessened. Both of these effects were absent in the case of absolute 
alcohol. 

J. Engelder, /. Phys. Chem., 1917, 21. 676; Chem. Abs., 1918, 12. 13; J.S.C.L, 1918, 37. 

19A. 

Bitchoff and H. Adkina, J.A.C.S., 1925, 47. 807; J.S.C.l., 1925, 44, 377B; Chtm. Abs., 
1925. 19. 1246. 
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Taiblb 79 .—Thermal Decomposition of Alcohol Vapors Diluted with Carbon Dioxide. 


Catalyst 

Temp., 

Composition of Gaseous Products 

Per Cent by Volume 

Space 

Velocity 

Used 

®C. 

C,H, 

H, 

C,H. 

D 

450 

2.5 

35.6 

4.3 

50 


450 

2.9 

35.3 

2.7 

25 

E 

350 

0.6 

14.6 

5.5 

50 


450 

1.8 

36.5 

9.1 

30 


450 

2.6 

33.3 

2.3 

50 

F 

350 

0.2 

2.3 

3.0 

25 


450 

1.6 

27.4 

8.7 

25 

G 

450 

1.0 

36.1 

8.6 

25 


450 

0.4 

11.0 

2.4 

100 

H 

450 

0.6 

25.6 

7.7 

25 


CaUlyits: 

(D), an equimolecuUr mixture of zinc oxide and chromic oxide triturated in water and dried at 110*^C. 

(B). copper and chromium with the addition of nickel were precipitated on silica gel. 

(P). 10 moles of magnesium to 1 of chromium were precipitated from a solution of their nitrates by the use 
of ammonium hydroxide. 

(G) , 1 mole of cupric hydroxide was precipitated from cupric chloride solution by sodium hydroxide. One- 
tenth mole of mansanese dioxide was added as a promoter. 

(H) . cupric hydroxide, made as above, with incorporation of one-twentieth mole each of titanic acid and 
molybdic acid as promoters. 

The investigators consider the above results as definitely pointing to ethane 
formation by hydrogenation of ethylene. The temperature effect is noticeable on 
comparison of data for catalysts (E) and (F). Influence of space velocity may 
be seen by comparing the data obtained with catalysts (E) and (G), viz., the 
higher the velocity, the lower the ethane content because of the shorter time the 
gases are in contact with the catalyst. 

Formation of Carbon Dioxide. This took place several times under condi¬ 
tions considered to preclude the decomposition of carbon monoxide as a secondary 
reaction product. Sometimes gases made up largely of hydrogen and carbon di¬ 
oxide were obtained accompanied by an oily condensate; at other times the same 
gaseous mixture occurred without oily condensates. 

Lazier and Adkins^^® have suggested formation of ketene, as a secondary re¬ 
action, from the aldehyde primary decomposition of ethanol when a dehydrogenat¬ 
ing catalyst is employed. Combination of ketene with aldehyde would give carbon 
dioxide, leaving an unsaturated hydrocarbon. The latter, on polymerizing, could 
furnish the resin obtained in certain pyrolyses of ethyl alcohol. These possibilities 
are evident from the reactions, 

CH,CHO H, + CH,==CO 

CH,CO + CH,CHO CO,-h CH,=CHCH, 

Boomer and Morris have identified two types of oils from their condensates. 
One, a pure hydrocarbon of high molecular weight and empirical formula, C 2 H 4 , 
was considered as a possible result by way of ketene formation or by ethylene 
polymerization. Catalyst (F) produced this type of polymer (see Table 80). 

The other oil identified in these pyrolysis experiments had an empirical formula, 
CgHgO, and appeared to be a polymer. This oil, when tested for its molecular 
weight by the cryoscopic method with benzene as solvent, yielded a value of 240, 
corresponding to a trimer, i.e., (CbH« 0)8. It was secured after*pyrolyzing alcohol 
and water mixtures, whereas the hydrocarbon oil resulted from treatment of abso¬ 
lute alcohol. 

A. l.aiier «n<J H. Adkinz. /. Phys. Ckrm.. 1920, SO, 895; Chem. Abs., 1926, 20 , 2975; 
Brit. Chem. Abs. A, 1926, 918. 
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Table 80. —Composition of Gases from Thermal Decomposition of Alcohol 
When Oily Condensates Were Formed. 


Catalyst 

No. 

Temp., 

X. 

CO, 

Composition of Gaseous Products 
Per Cent by Volume 

C,H 4 H, CO 

CH 4 

A 

400 

9.2 

2.3 

88.6 

Nil 

Nil 


450 

8.7 

4.9 

85.5 

Nil 

l.O 


500 

14.7 

3.8 

77.8 

Nil 

3.6 

E 

450 

8.3 

3.5 

89.2 

Nil 

Nil 


500 

10.6 

3.5 

86.0 

Nil 

Nil 

C 

350 

7.3 

1.6 

91.0 

Nil 

Nil 


400 

18.5 

2.8 

78.5 

Nil 

Nil 


450 

18.9 

3.1 

76.8 

0.7 

0.7 


500 

18.9 

4.3 

76.7 

Nil 

Nil 

F 

450 

4.8 

14.0 

80.9 

Nil 

Nil 


500 

10.4 

12.7 

71.3 

2 6 

2.9 


Catalysts: 

(A) and (C) were those employed in experiments Kiven in Table 77. 

(E) and (F) were described in Table 79. 

In the analyses of the gaseous products in these cases (.see Table 81), the 
relatively low yields of carbon monoxide and methane were considered the result 
of slight secondary decomposition by the primary acetaldehyde product. The high 
percentages of hydrogen, indicating excessive dehydrogenation, have led Boomer 
and Morris to explain formation of these oils as resulting from decomposition of 
ketene into carbon dioxide and allene, i.e., 

2H,C=CO CO, + H 2 C==<>==CH, 

The latter is known to be very reactive chemically, so that condensations might 
he expected: for example. 


H,C==C==CH, -f H,0 » (CH,),CO 

The resultant compound, acetone, is known to condense when certain catalysts are 
used. Similarly, the investigators point out that an addition reaction between allene 
and acetaldehyde could lead to a product of formula (CsHgO)^. 

Tabi.r 81. —Composition of Gases from Thermal Decomposition of Absolute 
Alcohol When No Oily Condensates Were Formed. 

Composition of Gaseous Products 


Catalyst 

Temp., 

®C. 

CO, 

Per Cent by Volume 

C,H4 H, CO 

CH 4 

J 

350 

5.6 

6.7 

76.3 

3.3 

8.1 

450 

17.3 

2.4 

77.7 

1.3 

1.1 

K 

350 

5.3 

4.0 

88.6 

Nil 

2.1 


450 

12.9 

6.4 

79.6 

Nil 

1.1 

L 

350 

7.3 

1.4 

83.3 

Nil 

8.0 


450 

18.1 

2.5 

77.7 

Nil 

1.6 

M 

350 

6.8 

3.0 

88.1 

0.2 

1.9 


450 

18.1 

3.0 

78.6 

Nil 

Nil 


Caulytts: 

nj. normal xinc chromate, precipitated from zinc nitrate solution by potassium dichromate. 

(K) . 5 moles of zinc hydroxide and 1 mole of chromic hydroxide precipitated from the nitrates by potassium 
hydroxide. 

(L) , contained iron, copper, manganese, phosphorus and potassium. 

(M) , was composed of iron, copper, manganese, boron and potassium. Both L and M were prepared by the 
metnod of Audibert and Raineau.»< 

E. Audibert and A. Raineau, ind. min., 1928, No. 182, 286; Ind. Eng. Chem., 1929. 21. 
880; Brit. Chem. Ahs. B, 1929. 840; them. ^h».. 1929, 2S, 2094. 5091. 
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A third type of reaction took place on use of catalysts (J), (K), (L) and (M) 
with absolute alcohol vapor. Here the liquid products contained no high-boiling 
fractions and carbon was not deposited in appreciable amounts on the catalysts. 
This absence of carbon and the small yields of methane and carbon monoxide com¬ 
pared with the production of carbon dioxide led the workers to suggest the follow¬ 
ing successive hydration reactions to account for carbon dioxide and hydrogen 
formation: 


QHfcOH + H,0 * 2CH,OH 
CH,OH -h HjO * CO, + 3H, 

It was noted, however, that (1) no methyl alcohol was found among the reaction 
products: (2/ the first reaction has not been shown to occur, although methyl 
ether (isomeric with ethanol) has been thus hydrated; (3) the second reaction 
may take place in two stages, with intermediate formation of carbon monoxide, 
although this oxide was found in such small amounts as to render the occurrence 
of any such action somewhat improbable. 

Alcohol as Solvent 

New uses for ethyl alcohol as a solvent are being found constantlv. Hubert and 
Lambert^^® add ethyl alcohol or gasoline-alcohol mixtures to bituminous coatings, 
such as asphalt, bitumen, petroleum or coal distillates. It is reported that the 
covering materials are thus rendered more adherent to dry or wet surfaces. 

Klein'extracts oil and coloring substances from wax by a composite solvent 
made by mixing a formate of a lower aliphatic alcohol and another organic mate¬ 
rial in which asphaltic substances are more soluble than in the formate. 

In a method for refining montan wax,'^^ after the crude material has been 
saponified, alcohol, or an alcohol-acetone mixture, is used to dissolve higher alcohols 
and soaps from the saponified product. The asphaltic constituents are unaffected 
by the ethanol solvent. 

Ethyl esters having a boiling point between 85 and 158°C., such as ethyl iso¬ 
valerate, propionate and butyrate, serve as diluents'^* when lubricating oils are de¬ 
waxed by chilling processes. 

Analytical Reactions for Ethyl Alcohol 

Binary mixtures of ethyl alcohol and water are readily estimated by density 
determinations, or, in very dilute aqueous solution, by chromic acid oxidation. 

Estimation of ethanol in dilute aqueous solution is carried out by Vansheidt and 
Eremeeva'^® in the following manner. The alcohol is converted into ethyl nitrite 
by treatment with sodium nitrite solution and phosphoric acid. A stream of carbon 
dioxide-free air, passed through the solution at 35®C., serves to propel the alkyl 
nitrite fumes through a heated copper spiral in a combustion tube where they are 
partly burned. Any unburned fumes are oxidized at 135-140®C. in successive con¬ 
centrated sulphuric acid solutions of silver dichromate and potassium dichromate, 
so that the original nitrite is entirely converted into carbon dioxide. The latter is 

O. A. Hubert and P. Lambert, French P. 782,876, 1935; Chem. Abs., 1935, 29, 7068. 

H. Klein. II. S. P. 1.936.453. Nov. 21. 1933; /. Inst. Pet. Tech., 1934, 20. 41A. 

M. Jahrstorfer and E. Wait, German P. 587,450. 1933, to I. G. Farbenind. A.-G.; Ckcm. Abs., 
1934. 28, 1510. 

Bntifih P. 437.486. 1934. to Sinclair Refining Co.; Brit. Chem. Abt. B, 1936, 86; Chem. Abs., 
1936. 30. 2365. Also E. C. Herthel, U. S. P. 2,056,723, Oct. 6, 1936, to Sinclair Refining Co., 

iri A. Vansheidt and O. Eremeeva, /. Gen. Chem. (C/.S.S.R.), 1932, 2, 800; Brtt, Chem. Abs. A, 
1933, 372; Chem. Abs., 1933, 27, 2651. 
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absorbed in 50 per cent caustic potash solution, the gain in weight representing the 
carbon dioxide equivalent of the alcohol in the sample. Although small amounts 
of acetaldehyde are reported unobjectionable, it is stated that any ether present in 
the sample should be removed by aeration before the analysis is attempted. 

Most of the analytical reagents employed in the examination of technical ethyl 
alcohol are specifically designed for the detection, or estimation, of small amounts 
of various impurities, including benzene, methyl alcohol and acetaldehyde. 

For detecting traces of benzene (1 vol. in 10,000) in alcohol, Lansing'*® rec¬ 
ommends dilution with aqueous sodium sulphate and extraction with carbon tetra¬ 
chloride. The extract is treated with nitrating acid, the carbon tetrachloride is 
subsequently evaporated, and caustic soda solution and acetone are added to the 
residue. A red color (with purple tinge) in the top layer indicates benzene. 
Similarly, toluene gives a slightly brownish yellow and xylene a definite, but not 
intense, green. 

Differences in density and oxidation behavior serve as the basis of a method, 
reported by Maricq,'*' for estimating mixtures of ethyl and methyl alcohols. 

Brown'*2 has described a color reaction with vanillin for the detection and ap¬ 
proximate estimation of methyl, isopropyl and amyl alcohols in ethyl alcohol. 

A method for the identification and estimation of ethyl alcohol in a mixture of 
organic materials containing higher alcohols has been elaborated by Nicloux.'** 

For the estimation of alcohol in small quantities of biological fluids, Webb**'* 
reports a modification of Agulhon's'*® reaction. The accuracy of the determination 
is said to be within 2 per cent of the actual amount present. 

A method applicable to the determination of the alcohol content of physiological 
fluids and tissues as well as biological culture media has been developed by Fried¬ 
mann and Klaas.'** 

A procedure for analyzing hydrocarbon-containing alcohols, as employed by the 
Customs Laboratory of Ottawa, is described by Hoff.'**^ For the same purpose 
Bonnier and Jugc-Boirard'** employ a physical method of analysis based on water- 
tolerance determinations at different temperatures. 

Recovery of alcohol used in the estimation of acidity in dark and bright pe¬ 
troleum distillates Kas been carried out by Ter-Akopova.'*® A system of rectifica¬ 
tion rendered the alcohol fraction boiling at 78.3® C. and the alcohol-benzene frac¬ 
tion collected at 68-78®C. available as solvents in making further tests; the former 
for acidity in dark petroleum, the latter for the same determination in bright pe¬ 
troleum products. 

Tests of Absolute Alcohol. Absolute alcohol produced by azeotropic 
methods frequently contains traces of benzene as well as water. For the estima¬ 
tion of these small amounts of impurities, Swietoslaw.ski and Szmigielska*®® haye 
developed a method based on the following facts: (1) the boiling point of the 

’•A. C. Lansing, Ind. Eng. Chem., Anal. Ed., 1935, 7, 184; Brit. Chem. Abs. B, 1935, 617; 
Chem. Abs.j 1935, 29, 4696. 

>»L. Maricq. Ann. brass, distill., 1931. 29. 362; Chem. Abs., 1931, 2S. 5642; Bnt. Chem. Abs. 
B. 1931. 874. 

"•C. L. M. Brown, Pharm. J., 1934, 133. 560; Chem. Abs., 1935, 29. 2111; Brit. Chem. Abs. B, 
1935. 137. 

Nicloux, Compt. rend., 1936, 203. 16; Brit. Chem. Abs. A, 1936, 1229; Chem. Abs., 19,16, 

SO. 6308. 

D. A. Webb, Sci. Proc. Roy. Dublin Sac., 1936, 21. 281; Brit. Chem. Abs. A, 1936, 1091. 

M»H. Agnlbon, Bull. sac. chim., 1911, (4) 9. 881; J.C.S., 1911, 100 (2), 1140. 

“•T. E. Friedmann and R. Klaat. 7, Biol. Chem., 1936, IIS, 47; Chem. Abs., 1936, 30. 7136; 
Brii. Chem. Abs. A. 1936. 1229. 

»»R. W. Hoff, Analyst, 1934, 59. 687; Chem. Abs.. 1935. 29, 287; Brit. Chem. Abs. B, 1935. 12. 

^C. Bonnier and M. G. Juge-Boirard, Ann. combustibles liquides, 1932, 7, 799; Brit. Chem. 
Abs. B. 1933, 659; Chem. Abs., 1933, 27. 1135. 

’••M. A. Ter-Akopova, Novosti, Neft., 1936. 3. No. 13, 6; Chem. Abs., 1936. 30. 6927. 

i**W. Swietoslawfwi and J. Szmigieldui. Bull, intern. Acad, poloniase Sci., 1932, 7, 80; Chem. 
Zentr., 1933, 1, 814; Chem. Abs., 1933, 27. 3683; BHt. Chem. Abs. B. 19.12. 94. 
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binary alcohol-benzene azeotrope is appreciably lowered by small amounts of water; 
(2) benzene in small amounts also changes the boiling point of the alcohol-water 
azeotrope. 

When treated with pulverized potassium hydroxide and carbon disulphide, ethyl 
alcohol yields potassium ethyl xanthate, mp. 215.3®C., which can be quantitatively 
titrated with iodine. Other alcohols give analogous xanthates.^®^ 

The direct titration of xanthate solutions with iodine is based upon the reaction, 

I, -f 2C,H50 CS S- - 21“ 4- (C,HftO CS S)t 

i.e., 2 moles of xanthate are equivalent to 1 mole of iodine. The general formula 
for a xanthate is 


RO 

\ 

CS 

/ 

MS 

where R represents an alkyl radical and M an alkali metal. It is obvious that 
in the quantitative estimation of a xanthate, the amount of standardized reagent 
used per gram of xanthate depends upon the molecular weight of R. Hence, 
the investigators were able to assign to each alcohol an ^‘alkali reagent num¬ 
ber,” which sharply characterizes the alcohol. This number for ethyl alcohol is 
793 (calculated). 

Isomeric alcohols have the same xanthate iodine equivalent, in which case a 
comparison of the melting points becomes necessary. 

The alkali xanthates form in the presence of water so that the alcohol to be 
tested need not be anhydrous. The method may also be applied directly to a 
solvent mixture, provided only one alcohol is present. 

W. F. Whitmore and E. Liebcr, Ind. Eng. Chem., Anal. Ed., 1935, 7, 127; Brit. Chem, Abs. 
B. 1935, 486; Chem. Abs., 1935, 29. 2878. 



Chapter 14 

Reaction between Sulphuric Acid and Propene. 
Production of Isopropyl Alcohol 

The commercial manufacture of isopropyl alcohol from propene in cracking gas 
was initiated in 1919-192(H employing the process of Ellis and his associates.- 
Later, this alcohol was produced on a small scale^ at Okmulgee, Oklahoma. In 
1925-1926 isopropyl and other secondary alcohols were made for a short time^ at 
Tiverton, Rhode Island, and afterwards at Barnsdall, Oklahoma. These plants con¬ 
tinued in operation until 1932, when the manufacturing interests were merged. 
Isopropyl alcohol (as well as other secondary and tertiary alcohols) is being pre¬ 
pared in large quantities at Bay way. New Jersey.® Propene employed for this 
purpose should be free from higher olefins and also sulphur compounds, although 
paraffin hydrocarbons do not interfere except as diluents. Originally, gases con¬ 
taining both ethylene and propene were employed, the latter being selectively ab¬ 
sorbed in diluted sulphuric acid of controlled concentration. At the present time, 
however, a propene-propane fraction (substantially free from butenes) is employed. 
This mixture is obtained as an overhead gas in stabilizer operation. 

Reaction between Sulphuric Acid and Propene 

When propene is contacted with 90 per cent sulphuric acid at room tempera¬ 
ture, or with more concentrated acid at lower temperatures, the main reaction 
products are the mono- and di-isopropyl esters of the acid: viz. (CH 3 )oCHS 04 H 
and [(CH 3 ) 2 CH] 2 S 04 , respectively.® It has been shown’’' that the corresponding 
n-propyl derivatives are not formed even in the presence of peroxides. Since the 
latter had been reported to have a directive effect on the addition of hydrobromic 
acid to certain unsaturated hydrocarbons* it was considered probable that at least 
partial conversion to if-propyl sulphates might take place when peroxides were in¬ 
cluded in sulphuric acid treatment of the olefin. 

The alcohol prepared from the above isopropyl esters, by hydrolysis and subse¬ 
quent distillation, is accompanied by a small proportion (less than 0.2 per cent) 
of 4-methylpentanol-2, (CH 8 ) 2 CHCH 2 CHOHCH 8 . The latter compound evidently 
results from the hydration of 4-mcthylpcntene-2, (CH 8 ) 2 CHCH 2 CH==CH 2 , pro¬ 
duced by dimerization of propene. Such polymerization should be avoided, as it 

^ By the Standard Oil Co. of N. J. 

* See. Carleton Ellit, **The Chemistry of Petroleum Derivatives,” The Chemical Catalog Co., Inc., 
New York. 1934. 

* By the Doherty Reaearch Co. at the plant of the Empire Refineries. 

< By the Petroleum Chemical Corp. 

* By the Standard Alcohol Co. 

* Earlier work on thia reaction and ita induatrial applications are discussed by Carleton Ellis, 
**The Chemistry of Petroleum Derivatives.” The Chemical CaUlog Co., Inc., 1934. 

f B. T. Brooks, J,A.CS., 1934, 56, 1998; Brit. Chem. Abs. A, 1934, 1198; Chem. Abs., 1934, 28, 
6697. 

* For the effect of peroxides on the addition of halogen acids to olefins, see Chapter 12. 
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not only leads to loss of raw material, but often necessitates separation and disposal 
of undesirable oily substances. 

Since the rate of propene absorption in dilute sulphuric acid does not fall off 
rapidly with increasing reaction,® Brooks^® suggests the following interactions as 
taking place in the acid liquor: 

(a) monoalkyl esters are first formed as monohydrates of sulphuric acid; 

(b) dialkyl esters result from the elimination of water when one mole of hy¬ 
drate further combines with one mole of olefin. 

Production of isopropyl esters, according to this view, is indicated by the equations: 

CaH« 4- H 2 SO 4 • HjO - > C 3 H 7 SO 4 H • H 2 O 
C,H7S04H •H 2 O -f CjH* —(C3H7)2S04 + H 2 O 

The preparation of isopropyl alcohol from propene involves two separate opera¬ 
tions: (1) absorption of the olefin in diluted acid to yield an acid liquor containing 
isopropyl sulphates, and (2) dilution of the latter with water to effect hydrolysis 
of the esters, followed by distillation to recover the alcohol. 

Absorption of Propene in Sulphuric Acid. The velocity of gaseous 
propene absorption at 15°(\ in sulphuric acid of concentrations varying from 75 
to 88 per cent has been studied by Pigulevskii and Rudakova.^^ They found com¬ 
bination to proceed in accordance with the law of unimolecular reactions. The 
quantity of olefin taken up by unit surface in unit time was proportional to its 
partial pressure and independent of its concentration, as was also true with 
ethylene. Furthermore, absorption of propene was found to be autocatalytic. It 
was also noted that the rate of solution was increased by the presence of silver salts, 
but much less so by those of vanadium, uranium and tungsten. All of these in¬ 
organic compounds exerted less catalytic effect with propene than with ethylene 
or the butenes. Remiz^*'^ also reports that a small proportion (3 per cent) of ar¬ 
gentic compounds are helpful. However, he employs higher temperatures (110°C.) 
and more dilute acid (54 per cent). The yield of alcohol is said to be 21 per cent. 

The influence of a number of inorganic substances, as well as organic diluents, 
on the velocity at which unsaturated hydrocarbons are dissolved in sulphuric acid 
has been investigated by Markovich, Moor and Dement’eva.'^ They likewise ob¬ 
served that salts of silver were the most effective catalysts, and in some instances 
other compounds exerted an inhibitory action. The organic liquids which were 
soluble in the acid were practically ineffective except acetone and propionic acid. 
The presence of acid-insoluble liquids greatly accelerated solution of the gaseous 
olefins, but chemical interaction took place only when emulsions were formed. 

In the commercial production of isopropyl alcohol, sulphation may be accom¬ 
plished by contacting the olefinic gases with relatively concentrated acid or by 
treating propene (or propene fractions) under sufficient pressure to maintain 
liquid-phase conditions. In carrying out gas-phase reaction at low working pres¬ 
sures, the use of an absorbent mineral oil, as proposed by Lebo,^'"^ greatly increases 


• Considered an indication that there is no increase in the proi ortion of water to uncombined acid. 
T. Brooks, hid. Eng. Chem.. 19.1S 27. 278; /. hist. Pet. Tech., 1935. 21, 226A; Chem. 
Abs., 1935. 29, 2700; Brit. Chem. Abs. B, 1935. 536. Proc. World Petroleum Congr,, 1933, 2, 
840; Brit. Chem. Abs. B, 1934, 742; Chem. Abs., 1934 28. 4871. 

" V. Piffulevikii and N. Rudakova, Materials on Craeking Goskhimtekhigdat (Leningrad), 1933. 
No. 1. 67; Chem. Abs., 1935. 29, 2059; Brit. Chem. Abs. A, 1935. 1082; ^ Inst. Pet. Teeh., 1935, 
21, 452A, Sec also. V. PiKuIe^'skii, Trans. VI Mendeleev Congr. Theoret. Applied Chem. 1932, 1935, 
2. Pt. 1, 711; Chem. Abs., 1936, 30, 2734. 

w E^K^*Remi*. Chem. (U..^.S.R.), 1936, 9. 703; Chem. Abs., 1936, 30, 7536; Brit. Chem. 

M’ BL^Markovich, V. Ci. Moor and M. T. Dement’eva. Materials on Crackina, Goskhimtekkiedat 
(Lemnorad), 1933, No. 1, 77; Chem. Abs., 1935, 29, 2059; Brit. Chem. Abs. A. 1935, 1085. 

«R. B I^bo. U. S. P. 1.865,024. June 28 1932. to Standard 0»l Development Co.; Chem. Abs., 
1932, 28, 4344; Brif. Chem. Abs. B, 1933, 371. See also M. D. Mann, Jr., and R. R. Williams, 
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the capacity of the operating system. In a typical process of this kind, a gas con 
taining 16 to 18 per cent of propene is treated with sulphuric acid and an absorbent 
oil in a steel tower provided with cooling coils. Interaction is normally prolonged 
until the liquor contains a substantial proportion of diisopropyl sulphate.^® 

Effect of Catalysts. It is stated by van Peski^^ that combination of pro¬ 
pene with acid, e,g., 90 per cent sulphuric, may be effected without polymer forma¬ 
tion. This he seeks to accomplish by having present in the liquid medium cuprous 
cyanide or complex copper salts, for example those formed by reaction of cuprous 
oxide and carbon monoxide or nitric oxide. Catalysts, such as platinum deposited 
on carbon black or sulphuric acid-soluble salts of iron, nickel, cobalt or silver, are 
also mentioned for the same purpose and as stabilizers of acid liquors containing 
isopropyl sulphates.'® They are reported, too, of assistance in the absorption of 
propene.'® Cyanides of iron, nickel or cobalt are likewise suggested for catalyzing 
the production of olefin sulphates.^^ 

According to Dreyfus,^' propene is absorbed by 90 per cent sulphuric acid which 
contains 5 per cent of a sulphonic acid or an organic ester of an inorganic acid.*^- 
Addition of. contact agents such as metallic silver or copper was found beneficial; 
sulphates of calcium, lead, silver, iron or mercury were also used. Among the or¬ 
ganic esters recommended were the monosulphuric acid ester of glycol, sulphuric 
esters of glycerol, hydroxystearo-sulphuric acid, sulphoricinoleic acid, sulpho- 
aromatic stearic acids, and phosphoric esters of glycol or glycerol. Sulphuric acid, 
he reports, may be substituted by phosphoric acid. 

Effect of Rapid Agitation. A special mixer equipped with paddles and 
rotated at 600 to 1000 r.p.m. was constructed by Dakin and Gutuirya-® for atomiz¬ 
ing acid employed in the extraction of olefins from cracking gases. Working at 
atmospheric pressure with 90 per cent acid (which selectively removed only pro¬ 
pene) 4 to 4.2 kilograms were used for each kilogram of isopropyl alcohol pro¬ 
duced. In tests with ethylene, the application of pressures up to 15 atmospheres 
was found to lower acid consumption by one-third per unit of alcohol obtained. 

Effect of Pressure. By utilizing acids weaker than sulphuric, e.g., phos¬ 
phoric or organic striphonic acids, Dreyfus^^ prepared isopropyl alcohol (and ether) 
from propene at high temperatures and pressures. Contact substances, such as 
metallic silver, silver sulphate, cuprous oxide, and the sulphates of calcium, iron, 
lead or mercury were found active. Pres.sures of 30 to 200 atmospheres and tem¬ 
peratures of 150® to 300®C. were required when the concentration of the absorb¬ 
ing liquid was 40 to 75 per cent. Moisture for hydrolyzing the resultant esters 
was introduced in vapor form. 

U. S. P. 1,365,043, Jan. 11, 1921, to Standard Oil Development Co.; Carleton Ellis, "The Chemistry 
of Petroleum Derivatives," Chemical Catalog Co.. Inc., New York. 1934, 351. 

T. Brooks. Jnd. Eng. Chem., 1935. 27. 278; Chem. Abs.. 1935, 29. 2700; Brit. Chem. Ab$. 
B, 1935. 536; /. Insl. Pet. Tech., 1935, 21, 226A. 

'•A. J. van Peski, U. S. P. 1.995.908, Mar. 26, 1935, to Shell Development Co.; Chem. Abs., 
1935, 29, 3349. German P. 599,151, 1934 to Bataafsche Petroleum Maatschappij; Chem. Abs., 1934, 

28. 5831. 

'•A. J. van Peski, U. S. P. 2.010,337, Aug. 6, 1935, to Shell Development Co.; Chem. Abs., 
1935, 29. 6245; Brit. Chem. Abs. B, 1936. 919. 

A. J. van Peski, U. S. P. 1,999,621, Apr. 30, 1935, to Shell Dcvelo|>ment Co.; Chem. Abs., 
1935, 29. 4021. 

^German P. 598,538, 1934. to Bataafsche Petroleum Maatschappij; Chem. Abs., 1934, 28, 5831. 
See also, A. J. van Peski, U. S. P. 1,944,622, Jan. 23, 1934, to Shell Develo|)ment Co,; Chem. Abs., 
1934, 28, 2012. 

«H. Dreyfus, British P. 409.676, 1934; Chem. Abs., 1934, 28. 6156; Brit. Chem. Abs. B, 1934, 
617; J. Inst. Pet. Tech., 1934, 20, 429A. U. S. P. 2,015.105, Sept. 4, 1934; Chem. Abs., 1935, 

29, 7342. 

** Excluding alkyl hydrogen sulphates, 

*• M. A. Dakin and V. S. Gutuirya, Aser. Meft. Khos., 1934, No. 2, 90; Chem. Abs., 1934, 28, 
7489; /. Inst. Pet. Tech., 1935, 21, 4ISA. 

“ H. Dreyfus, British P. 397,187, 1933; Chem. Abs., 1934, 28, 777; Brit. Chem. Abs. B. 1933. 
904. French P. 749,951, 1933; Chem. Abs., 1934, 28, 777. 
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Acid AusoRmoN of Mixed Olefins 

In treating a mixture of unsaturated hydrocarbons for the production of both 
ethyl and isopropyl alcohols, Dreyfus and Groombridge^® propose combination of 
propene selectively with about 87 per cent sulphuric acid at 20° to 23°C. They 
then esterify the residual olefin (ethylene) with acid of 75 to 85 per cent concen¬ 
tration at 90° to 130°C. According to Groombridge,-® only the higher olefin is 
extracted by employing 70 to 90 per cent acid at 15° to 25°C. and a gas pressure 
of 10 to 30 atmospheres. Addition of water to the acid liquor as esterification 
proceeds may be utilized to maintain a constant concentration of the acid phase.^^ 
In a process disclosed by Merley,^® cracking gases are passed into concentrated 
sulphuric acid (d 1.84) at —15°C. until the density falls to less than 1.263. The 
solution thus obtained is further treated, at the same low temperature, with the 
liquid hydrocarbons produced by cracking. The resultant liquor contains chiefly 
isopropyl acid sulphate and is free of organic sulphonic acids. After hydrolysis, 
the recovered acid may be concentrated and reused. A mixture of equal volumes of 
glacial acetic acid and hydrogen sulphate containing a few per cent of water has 
been proposed by Woolcock-® for selective reaction with propene at 40°C. The 
liquid medium is afterwards heated to secure isopropanol. Some isopropyl acetate 
is formed simultaneously. 

Lacy^® treats olefinic gases by countercurrent washing with 60 to 87 per cent 
sulphuric acid at 35° to 6S°C. The liquid at the base of the scrubbing tower may 
be separated from polymers (if present) and recirculated until its effective alcohol 
concentration is about 40 per cent. 

Another procedure,"*^ especially applicable for the treatment of cracking gases 
containing butenes and lower olefins, is as follows: the gases are first subjected 
to the action of cuprous chloride, dissolved in aqueous ammonium chloride, to elimi¬ 
nate any diolefin (butadiene) without polymerizing it.^^ Tertiary olefins are next 
removed by 60 to 65 per cent sulphuric acid at 2S°C. or lower. Following this, the 
;i-butenes are reacted with slightly more concentrated acid (65 to 70 per cent) at 
somewhat higher temperatures (35° to 60°C.). Residual propene is thereafter 
absorbed in acid of 80 to 85 per cent strength, but at 20° to 40°C. 

Continuous Methods for Hydrating Propene 


An interesting procedure for the preparation of isopropyl alcohol comprises 
contacting the corresponding olefin, under slight pressure, with relatively dilute 
sulphuric acid.-'**'* From time to time, the condition of the reacting liquor was 
measured (after cooling with ice water) by direct titration, using bromthyniol 
blue as an indicator. At first the acidity diminished, but later (on continued treat¬ 
ment with the olefin) increased, until finally, practically all the acid originally 

*■' H. Dreyfus and W. H. Groombridge. British P. 403,654, 1933. to British Cclanese Ltd.; Brit. 
Chem. Abs. B. 1934, 355; J. Inst. Hct. Tech., 1935, 21, 383A; Chem. Abs., 1934, 28, 3415. 

VV. H. Groombridge, British P. 415.766. 1933. to British Cclanese Ltd.; Brit. Chem. Abs. B, 
1934. 952; Chem. Abs.. 1935. 29, 811. 

arScc also. H. Dreyfus. French P. 782.487. 1935; Chem. Abs.. 1935. 29, 6901. 

S R. Merley, lU S. P. 1.897,812, Feb. 14, 1933, to Doherty Research Co.; Brit. Chem. Abs. 
B, 19,V3, 955; Chem. Abs., 1933. 27, 2696, 

a»j w Woolcock, U. S. P. 1.938,162, Dec. 5, 1933, to Inii>erial Chemical Industries. Ltd.; 
Chem. Abs., 1934, 28. 1058. 

K B. Lacy, U. S. P. 1.991.948. Feb. 19, 1935, to Van Schaack Bros. Chem, Works, Inc.: 
Brit. Chem. Abs. B, 1936, 88; Chem. Abs., 1935. 29. 2174. 

« B. T. Brooks, U. S. P. 2,058,851, Oct. 27, 1936, to Standard Alcohol Co.; Chem. Abs., 1937, 
31, 109. 

•• TTie removal of diolefins from gaseous mixtures is discussed in Chapter 4. 

•■French P. 799,704, 1936, to Usines de Melle (Soc. anon.); Ckcm. Abs., 1936, 30, 8240. 
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present reappeared in the free state. This phenomenon seemed to indicate direct 
hydration of the olefin to alcohol as an overall effect. In a process utilizing such 
conditions, the free alcohol may be extracted with an acid-resistant solvent such as 
phenol, cresol, anisole or phenetole. The acid solution is then available for reuse 
after addition of sufficient water to adjust its concentration. The necessity for 
reconcentrating the absorbing medium is thus eliminated. 

Production of isopropyl alcohol by the above method may be carried out under 
3 atmospheres pressure. Sulphuric acid, of 75 per cent concentration, containing 
0.5 per cent of cuprous oxide, or of lead, bismuth, silver or gold as catalyst, is 
employed. After absorption is complete, the liquid product is transferred to another 
vessel for extraction with 3 times its volume of butylcresol. When the latter opera¬ 
tion is complete and stratification has occurred, the aqueous layer is withdrawn 

OirCAmcScLvtHT 



Fig. 103. —Continuous Method for Hydration of Propene to Isopropyl Alcohol. (Usincs 

de Melle, Soc. anon.) 

and returned to the absorption unit of the system. The cresol layer, containing 
about 50 grams of isopropyl alcohol per liter of solution and a small proportion of 
acid, is subjected to washing with a small quantity of water. It is then fractionated 
to furnish a distillate consisting of the binary isopropanol-water azeotrope and a 
residue of butylcresol. The latter, after cooling and removing any water which 
separates, is reverted to the extraction unit. This process is illustrated diagrammati- 
cally in Fig. 103. 


Isopropyl Ether 

As previously mentioned, isopropyl ether is sometimes obtained as a by-product 
in the preparation of isopropyl alcohol. Under appropriate conditions, however, 
this ether may be the principal substance resulting from the interaction of sul¬ 
phuric acid and propene. For example, the olefin (under 3 to 7 atmospheres pres¬ 
sure) may be treated in a countercurrent manner in a packed tower with 75 per 
cent sulphuric acid at 75® to 125®C.®^ Unreacted gaseous paraffins (if present) 
escape at the top of the tower while at the base is withdrawn the acid solution 
containing absorbed propene. The liquid medium, after passing through heat 
exchangers (for preheating fresh acid), is subjected to distillation. 

«French P. 793,482, 1936, to Standard Alcohol Co.; Chem. Abs.» 1936, 30. 4516. 
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The latter operation yields vapors of isopropyl ether admixed with some propene 
and isopropanol. These are conducted through a scrubbing tower containing alkali 
(e.g., sodium carbonate) and thence to a rectifying column, which effects separation 
into olefin, ether and alcohol. The olefin is returned to the absorption unit, while 
the alcohol is either withdrawn from the system or is mixed with acid liquor and 
redistilled. Recovered acid from the last-named step is employed again in the 
treatment of olefinic gases. A diagrammatic sketch of this process is shown in 
Fig. 104. 


Diisopropyl Sulphate 

When propene, under a pressure of several atmospheres, is contacted with sul¬ 
phuric acid of about 85 per cent strength at 15® to 20°C., the main reaction product 
is diisopropyl sulphate.^*'' Thus, Brooks and Cardarelli*"*® accomplish practically 
complete sulphation of the olefin by treating it under a pressure of 100 lb. per sq. in. 



Fig. 104.—Diagrammatic Sketch of Process for Production of Isopropyl Ether. (Standard 

Alcohol Co.) 


with 80 per cent acid at 25°C. The advantage of carrying the reaction to the 
di-ester stage is that acid consumption per unit of isopropanol produced is thereby 
reduced and reconcentration costs correspondingly diminish. Moreover, by op¬ 
erating under sufficient pressure, liquid propene (or propene-propane mixtures) 
may be utilized and interaction prolonged for a considerable period of time in 
relatively simple equipment. 

Another process comprises combination of the unsaturated hydrocarbon, under 


“B. T. Brooks. Ind, Enp. Chem., 1935, 27. 278; Brit. Chem. Abs. B, 1935, 536; Chem. Abs., 
1935, 29. 2700; /. Inst. Pet. Tech., 1935, 21. 226A. 

J 1'919,617, Julv 25, 1933, to Standard Alcohol 

Co.; Bnt, Chem. Abe. B, 1934, 442; Chem. Abs., 1933, 27. 4818. 
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20 atmospheres pressure, with 90 to 100 per cent acid at 70® to 80®C.®^ The re¬ 
sulting ester may then be separated by distillation under reduced pressures, e.g., not 
over 20 mm. of mercury. This material is afterwards hydrolyzed and isopropyl 
alcohol recovered by fractionation. The dilute acid obtained by these steps is de¬ 
scribed as free from carbonaceous bodies and ready for reconcentration. It is re¬ 
ported that the above procedure avoids ether formation during hydrolysis. 

Liquid-Phase Absorption 

An apparatus for effecting liquid-phase reaction has been described by Young 
He suggests forcing a mixture of liquid propene and 80 to 100 per cent acid 


PaOP£N£ 



Fig. 105. — Flow Diagram for Liquid-phase Reaction of Propene with Sulphuric Acid. 
(W. H.'-Shiffler, M. M. Holm and W. P. Anderson) 


through an extended flow-path of constricted cross-section. The operating tem¬ 
perature is kept below 40®C. For example, 93 per cent sulphuric acid and liquid 
hydrocarbons (containing 95 per cent propene) are conducted through a 35-foot 
coil of steel tubing inch bore and ^ inch external diameter) under a pressure 
of 200-400 lb. per sq. in. The temperature in this instance was maintained between 
0® and 5®C. The hourly rates of flow of acid and hydrocarbons were 671 grams 
and 312 grams, respectively. The products consisted of a gas containing 50 per 
cent propene and a clear acid liquor containing 28.6 per cent of isopropyl sul¬ 
phates. Hydrolysis of the latter was accomplished by addition of ice. Distillation 
yielded over 90 per cent of the reacted olefin in the form of isopropanol. 

Shifller, Holm and Anderson*® recommend the use of 50-85 per cent sulphuric 
acid and temperatures of less than 50® C. The most favorable concentration is 70 
per cent by weight. Conversion of the olefin to alcohol may be effected by circu¬ 
lating the liquid reactants under pressure through a lead-lined vessel. For pro- 

British P. 446,614, 1936, to Standard Alcohol Co.; Brii. Chem. Abs. B, 1936, 919; Chem. Abs.. 
1936, 30, 6765; J. Inst. Pet. Tech., 1936, 22, 322A. 

H. S, Yountr. U. S. P. 2,047,606, July 14, 1936, to E. I. dti Pont de Nemours & Co.; Chem. 
Abs., 1936, 30, 6010. British P. 448,457, 1936; Chem. Abs., 1936, 30, 7126; J. Inst. Pet. Tech. 
1936, 22, 411 A. 

»W. H. Shiffler, M. M. Holm and W. P. Anderson, U. S. P. 1.988,611, Jan. 22, 1935. to 
Standard Oil Co. of Calif.; Brit. Chem. Abs. B, 1936, 54; Chem. Abs., 1935, 29, 1431. 
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pcnc-propane mixtures a gage pressure of 125 lb. is sufficient. One type of ap¬ 
paratus which may be employed is illustrated in Fig. 105. The effect of various 
concentrations of acid on the absorption of the unsaturated hydrocarbon is shown 
in Table 82. 

Table 82.— Effect of Acid Concentration on Propene Absorption from Liquefied Propene- 
Propane Mixtures, Gage Pressure^ 125 lb. 

Liquid Hydrocarbon 
Sulphuric Mixture 


Acid Used 

Gals. Cone. 

Gals. 

Propene 

Content 

Period of 
Reaction 

Propene 

Absorbed 

61 

73% 

77 

52.8% 

2 hrs. 

91% 

80 

67.8% 

100.5 

55% 

4.5 hrs. 

84% 

80 

65.5% 

100.5 

55% 

5 hrs. 

52% 


Since the temperature rises somewhat during interaction, provision is made to hold 
the contact vessel below 50*^0. Under these conditions no oily polymers are formed. 

After absorption is completed, the acid liquor is withdrawn, diluted with water 
to about 50 per cent acidity and subjected to steam distillation to recover the alco¬ 
hol. Reconcentration of the acid to the requisite 70 per cent was effected in the 
still after removal of isopropanol. In addition to the latter product, some propene 
(resulting from dehydration of alcohol) and isopropyl ether were obtained. The 
relative proportions of alcohol and ether depend upon the acid concentration in 
the distillation unit, stronger acid being conducive to ether formation. 

Hydrolysis of Isopropyl Sulphates 

As in the case of ethyl esters of sulphuric acid, isopropyl sulphates, although 
fairly stable in water at ordinary temperatures, are readily hydrolyzed on heating. 
The rate of hydrolysis is greatly accelerated by the presence of sulphuric, or other, 
acid. With moderate concentrations the following equilibria are probably set up; 

C,H 7 S 04 H 4 - HjO CjHyOH -h H,S 04 

(C3H7)2S04 -f HjU C3H7SO4H -t-C3H7OH 

However, on dilution with the quantity of water usually employed in industrial 
practice, approximately complete conversion of the esters to the corresponding 
alcohol is attained. From diisopropyl sulphate, which is generally present in sub¬ 
stantial amounts in the liquor from absorption operations, a certain proportion of 
diisopropyl ether may be produced, according to the equation: 

(C,H7)tS04-f C3H7OH —(C3H7),0-H C,H7S04H 

Formation of ether may be minimized by removing the dialkyl sulphate and 
hydrolyzing it separately. In such instances, the concentration of the resultant 
alcohol should be maintained as low as possible, e.g., by distilling it off as fast as it 
is formed.**® 

Another by-product of the hydrolysis of isopropyl sulphates in acid solution is 
propene, probably from dehydration of isopropanol. This side-reaction is almost 
eliminated by the use of 35 per cent sulphuric acid. An analogous reversion to 
olefin is more likely to occur in the recovery of higher secondary and tertiary alco¬ 
hols. It is sometimes found advantageous to carry out hydrolysis for a considerable 
period prior to distillation,^* but this does not appear to be the usual practice. 

The general procedure employed in the manufacture of isopropyl alcohol, after 
absorption of the olefin in acid, is as follows: (1) dilution of the reaction mixture 

T. Brooks. Ind. Ena. Chem., 19.LS. 27. 278; Brit. Chem. ^bs. B. 1935. 536; Chem. Ahs.. 
1935. 29, 2700. Proc. World Pctrolenm Congr., 19.33, 2. 840; /. Inst. Pet. Tech.. 1934, 20. 105A. 

** W. H, Grootnhridge and R. J. Peek, British P. 428.792, 1935, to British Cclanese I.td.; 
Chem. Ahs., 1935, 29, 6901; Brit. Chem. Abe. B. 1935, 664. 
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with sufficient water to reduce its acidity below 50 per cent (in most instances to 
about 35 per cent) and (2) immediate distillation to secure a constant-boiling 
mixture of alcohol and water as an overhead product. Residual acid may then be 
reconcentrated and employed in the absorption stage. 

Groombridge and Peek^* propose to dilute acid liquor with about 5 moles of 
water to each mole of isopropanol virtually present. The solution is then fed into 
the top of a copper column packed with pumice and provided with a dephlegmator. 
The base of the column is heated to 130®C. In this manner the temperature at the 
top is maintained sufficiently high to effect hydrolysis of the esters and immediate 
distillation of the resulting alcohol (or ether). Concentration of the acid is said 
to be effected as it flows downward through the column. Wilson^® recommends 
admixing bauxite during interaction of isopropyl sulphates and water, thus forming 
aluminum sulphate as a by-product. Alternatively, the metallic oxide may be 
added after hydrolysis and distillation have occurred. In the latter instance if any 
tarry material is present it should first be removed by heating at 175® to 200® C., 
so as to avoid contamination of the aluminum salt. 

Another method comprises emulsifying acid solutions of dialkyl sulphates, at 70® 
to 80®C., with an equal weight of water and then distilling^^ the mixture. Higher 
temperatures may be employed in the first operation provided it is carried out 
under refluxing conditions. 

Dehydration of Isopropyl Alcohol 

The azeotrope of isopropyl alcohol and water (obtained by fractional distilla¬ 
tion at atmospheric pressure) boils at 80.35®C. and contains 12.3 per cent (by 
weight) of water. Practically anhydrous alcohol can be recovered from this binary 
mixture by distilling in the presence of water-entraining agents, such as toluene, 
xylene, ethylene dichloride or benzine fractions.^® As a method for extracting 
water from aqueous isopropyl alcohol, van Peski and Smithuysen^® first carry out 
an azeotropic distillation of the solution, with benzene, benzine or ethyl chloride as 
entraining agent. The azeotropic mixture obtained is then extracted with a non- 
aqueous liquid: for-this purpose kerosene, paraffinum liquidum or Edeleanu extract 
of spindle oil are available. 

In other instances, solid drying agents, for example, anhydrous copper sulphate 
or calcium oxide, may be employed. Brooks*^ recommends contacting the liquid 
with a concentrated aqueous solution of sodium or potassium hydroxide or of cal¬ 
cium or zinc chloride. 

Dehydration by any of these methods is said to be advantageous when followed 
by a final rectification which effectively separates the alcohol from ill-smelling 
polymers.^® Incidentally, the latter compounds may be extracted from acid liquor 
(before or after hydrolysis) by the same solvents which arc applicable in the 
azeotropic dehydration of isopropanol. 

^ W. H. Groombridge and R. J. Peek, British P. 428,792, 1935, to British Celanese Ltd.; 
Chtm. Ahs., 1935, 29, 6901; Brit. Chem. Abt. B, 1935. 664. 

«*W. S. Wilson, U. S. P. 1,931,014, Oct. 17, 1933 to Merrimac Chemical Co.; Chem. Abt., 
1934, 28, 173; Brit. Chem. Abt. B, 1934, 872. 

^N. A. Sargent. U. S. P. 2,045,616, June 30. 1936, to Merrimac Chemical Co.: Chem. Abt., 
1936, SO, 5591. British P. 427,233, 1935; BHt. Chem. Abs. B, 1935, 619; Chem. Abt., 1935, 29. 
6245. 

^For a reriew of such methods, see Carleton Ellis, **The Chemistr/ of Petroleum Derivatives," 
The Chemical Caul^ Co., Inc., New York, 1984. 

J. van Peski and W. C. Smithursen, U. S. P. 2,050,513, Aug. 11, 1936, to Shell Development 
Co.; Chem. Abt., 1936, SO, 6759. 

«’B. T. Brooks, U. S. P. 2,022,274, Nov. 25, 1935, to Standard Alcohol Co.; Chem. Abt., 
1936, SO, 731; BrU. Chem. Abt. B. 1936, 1192. 

^British P. 395,202, 1933. to Bataafs^e Petroleum Maatschappij; Chem. Abt., 1934, 28, 172; 
Brit. Chem. Abt. B, 1933, 855. 

^British P. 411,303, 1933, to Bataafsebe Petrolenm Maatschappij; Brit. Chem. Abt. B, 1934, 709. 
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Anhydrous gypsum, prepared by heating plaster of Paris or gypsum to 160- 
180®C. has been found effective for the vapor-phase dehydration of aqueous alco¬ 
hol.®® The inorganic salt is changed into a hemihydrate which can be subsequently 
reheated and reused.®^ 


Refining of Isopropanol 

Tertiary butanol is often found as an impurity in isopropyl alcohol made from 
cracking gases. Its presence, even in relatively minute proportions, can be readily 
detected by heating the specimen (under examination) with a sulphuric acid solu¬ 
tion of mercuric sulphate for 20 to 30 minutes on a water bath. The formation of 
a yellow precipitate (or discoloration) is characteristic of tertiary alcohols.®^ 

For the removal of tertiary butanol (and other analogous alcohols) from sec¬ 
ondary alcohols, advantage may be taken of the ease of anhydration of the former 
under the influence of dilute acids. Thus, Buc®® suggests heating crude isopropyl 
alcohol with concentrated sulphuric acid (sp. gr. 1.84) that has been diluted with 
an equal volume of water. For example. 2(K) cc. of diluted acid are added to 1000 
cc. of alcohol and the mixture heated to boiling temperature, under reflux on a 
water bath, for about 48 hours. The product will be found to contain only traces 
of tertiary impurities, say about 0.05 per cent, in a material carrying 3 per cent 
originally. For a higher degree of purity the heating may be continued 24 hours 
longer. 

During the purification, some isopropanol, up to 10 per cent, may be lost by 
conversion to propene. It is recommended that the concentration of the acid be 
reduced by the addition of more water, before separating the refined product by 
fractional distillation of the acid liquor. The treatment may be carried out more 
rapidly with acid of higher concentration, but the losses of isopropanol will be 
greater and a certain amount of polymerization may be expected. A similar puri¬ 
fication, recommended by Lebo,®'^ comprises warming the alcoholic mixture (at 
temperatures not above 40°C.) with 20 per cent sulphuric acid and a compound of 
vanadium, aluminum or copper. Olefinic hydrocarbons produced during this opera¬ 
tion are continuously recovered. They may be converted again into tertiary alco¬ 
hols by absorption in sulphuric acid followed by hydrolysis and distillation. 

Merley®® suggests passing alcohol vapors, at 95° to 97°C., countercurrent to a 
stream of dilute sulphuric acid (about 25 per cent concentration) to effect elimina¬ 
tion of easily decomposable alcohols and also of sulphur compounds. Another pro¬ 
cedure for removal of the latter comprises treatment with an aqueous solution of 
sodium plumbite.®® Afterwards the alcohol is subjected to rectification and frac¬ 
tionation. 

Technical isopropanol may sometimes contain a small proportion of oily poly¬ 
mers which cause a turbidity on dilution with water. The cloudiness is first 
noticeable with 0.6 per cent of the latter liquid. Refining may be accomplished, 
according to Rudakova,®"^ by treating with petroleum ether, calcium hydroxide, and 
sodium chloride, followed by filtration through charcoal. 

See Chapter 13 for a discussion of the Gyp process for dehydrating alcohols. 

British P. 394,086, 1933, to I. G. Farbenind, A. G.; Chem. /lbs., 1934, 28, 172; Brit. Ckem. 
Abs. B, 1933, 822. 

“G. D^nigis, Compt. rend., 1898, 126. 1147, 1277; J.S.C.I., 1898, 17, 693, 697; 1898, 

74 (1), 546, 618. 

“ H. E. Buc, U, S. P. 1,911,798, May 30, 1933, to Standard Oil Development Co.; Brit. Ckem. 
Abs. B, 1934, 186; Chem. Abs., 1933, 27, 3943. 

“R. B. Lebo, U. S, P. 1,949.211, Feb. 27, 1934, to Standard Alcohol Co.; Brit. Ckem. Abs. 
B, 1935, 13; Ckem. Abs., 1934. 28. 2724. 

“S. k. Merley. U. S. P. 1.933.50' v.ct, 31, 1933, to Doherty Research Co.; Ckem. Abs., 
1934, 28, 493; Brtt. Ckem. Abs. B. 1934, 872. 

“F. M. Archibald and C. M. Beamer, U. S. P. 1,995,597, Mar. 26, 1935, to Standard Alcohol 
Co.; Ckem. Abs., 1935, 29, 2973. 

N. V. Rudakova. Materials on Cracking. Kkimteoret (Leningrad), 1935, No. 2, 192; Ckem. 
Abs., 1935, 29, 6033; Brit. Chem. Abs. B. 1936, 631. 



Chapter 15 

Properties and Uses of Isopropyl Alcohol and 
Its Derivatives 


Details of the preparation of isopropyl alcohol from propene by the sulphation 
process have been given in the previous chapter. Separation of the resulting alco¬ 
hol from impurities, such as tertiary butyl alcohol and oily polymers, was also dis¬ 
cussed. The following account of the properties of pure isopropyl alcohol and of 
its numerous applications in industrial and scientific work is intended to supplement 
that already provided in the previous volume.^ 

Physical Properties of Isopropyl Alcohol 


Some data relating to various physical constants of pure anhydrous isopropyl 
alcohol are summarized in Table 83. 


Table 83. —Physical Properties and Constants of Isopropyl Alcohol} 


Melting point. 

Boiling point. 

Vapor pressure. 

Density. 

Plash point (closed cup). 

Refractive index (no). 

Critical temperature. 

Critical pressure. 

Latent heat of vaporization (at 82,4®C.) 

Heat of combustion. 

Sheafer heat (cal. per gm. per ®C.)- 

Surface tension. 

Dielectric constant. 

Electrical conductivity. 

Heat of fusion. 

Vapor density. 

Heat conductivity. 


-8S.8®C. 

82.4®C. at 760 mm.; dt/dp * 0.033®C. per mm. 

32.4 mm. of Hg. at 20®C. 

dj® * 0.7887 (0.7283 at boiling point) 

11.7®C. or 53®F. 

1.37925 at 15®C.; 1.37757 at 20‘’C., 1.3749 at 25®C. 
234.9«C. 

53 atmospheres. 

160 cal. per gm. 

7970 cal. per gm.; 474.8 kg.-cal. per mole 
0.563 at O^^C.; 0.677 at 30°C.; 0.740 at 50®C. 

21.7 dynes per cm. at 20®C. 

26 at 20X. 

35xl0~^ reciprocal ohms at 25®C. 

21.08 cal. per gm. at melting point. 

2.127 at lOO^^C. 

3.683x10"^ c.g.s. units at 0°C. 


The variation of surface tension 
with air) is shown in Table 84.^* 


of isopropyl alcohol against its vapor (mixed 


Table 84. —Surface Tension of Isopropyl Alcohol 
Against Its Vapor, 


Temp., ®C. Surface Tensions (dynes per cm.) 


5 

20 

50 

80 


22.8 

21.7 

19.3 

17.0 


^ Carleton Ellis, **Tlie Cbemistry of Petroleum Derivatives," The Chemical Catalog Co.. Inc.. 
New York, IM4. 

*B. T. Brooks, Chem. Indusiriei, 1933, S9, 331; Chem. Abs., 1934. 28, 4871. World Petroienm 
Conor., London, 1933, Proc. 2, 840; Chem. Abs., 1934, 28« 4871; Br%t. Chrm. Abs. B, 1934, 742. 
w **Intcriiational Critical Tables," McGraw-Hill Book Co., New York, 1929, Vol. 4, p. 4S0. 
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The following properties of the pure alcohol have also been determined, namely: 
electric absorption,* ** absorption coefficients for homogeneous X-rays,^ anomalous 
dispersion and absorption of electric waves,® infra-red absorption,® magnetic sus¬ 
ceptibilities,^ thermal conductivity under high pressure,® and magneto-optical dis¬ 
persion in the ultraviolet region.® The dielectric constant and molecular polariza¬ 
tion of isopropyl alcohol vapor at —80®C. have been measured by Kubo.^® Data 
for the scattering of light by the vapor of this alcohol are available from the work 
of Rao.^^ 


Table 85. —Freezing Points of Isopropyl Alcohol-Water Mixtures}^ 

Freezing Point 


Per Cent by Volume of Isopropyl Alcohol ®C. ®F. 

10. - 2 28 

20. ~ 5 23 

30. - 8 17 

40. -14 -1-7 

50. -22 - 8 

60. -32 -26 

thick syrup at . -50 

91 ‘ cloudy at. -53 

mush at. —56 

Table 86.— Surface Tension of Isopropyl Alcohol-Water Mixtures 

at 

Moles of Isopropyl Alcohol per Liter Dynes per cm. 

1.0. 46.58 

0.5. 53.66 

0.25. 60.37 

0.125. 65.21 

0.625. 68.56 

0.0313. 70.77 


Table 87. —Specific Heats and Densities of Some Isopropyl Alcohol-Water 

Mixtures}^ 


Isopropyl Alcohol 


Specific Heat (18®-100*C.), 

Per Cent by Weight 


cal. per gm. 

100.00. 

.. 0.78982 

0.7233 

89.66. 

.. 0.81770 

0.7749 

80.01. 

.. 0.84050 

0.8184 

70.08. 

.. 0.86402 

0.8695 

59.94. 

.. 0.88782 

0.9189 

49.97. 

0.91130 

0.9594 

39.95. 

.. 0.93426 

0.9996 

30.00. 

.. 0.95576 

1.0278 

19.99. 

,. 0.97244 

1.0525 (max.) 

10.00. 

.. 0.98448 

1.0325 


• P. Beaulard, Compt. rend., 1910, 151, 55; Chem. Abs., 1910, 4, .1161; J.C.S. 1910. 96 (2). 680. 
♦E. G. Taylor, Phys. Rev. 1922, 20. 709; J.C.S., 192,1, 124 (2). 365; Chem. Abs., 1923, 17. 684. 

• S. Mizushima, Bull. Soc. Chem. Japan, 1926, 1, 83, 115; Chem. Abs., 1926, 20, 294; Brit. 

Chem. Abs. A. 1926. 778, 886. 

• E. K. Plyler and T. Burdine, Pltys. Ret'., 1930, 35, 605; Brit. Chem. Abs. A. 1930, 662; 

Chem. Abs., 1930, 24, 3437. 

^ S. S. Bhatnagar, R. N. Mathur and R. S. Mai, Phil. May., 1930, (7) 10, 101; Brit. Chem. 
Abs. A, 1930, 1096; Chem. Abs. 1930, 24, 5550. 

• P. VV. Bridgman, Proc. Amer. Acad. Arts Sci., 1923, 59 (7), 141; Chem. Abs., 1924, 18. 1227. 

• C. C. Evans and E. I. Evans, Phil. Mag., 1929 (7), 8, 131; Brit. Chem. Abs. A, 1929, 1365; 

Chem. Abs., 1930, 24. 3441. 

M. Kubo, Sci. Papers Inst. Phys. Chem. Research (Tokyo), 1935, 27, 65; Chem. Abs., 1935. 
29. 6481; Brit. Chem. Abs. A. 1935, 916. 

»S. R. Rao, Indian J. Physics, 1927, 2. 61; Chem. Abs., 1928, 22. 1091; Brit. Chem. Abs. A. 
1927, 1127. 

»R. B. Lebo, J.A.C.S., 1921, 43, 1005; Chem. Abs., 1921, 15. 2576; J.C.S., 1921, 120 (1). 493. 
^ R. B. Lel^. Loc. cit. 

** A. G. Doroshevskii. J. Russ. Phys. Chem. Soc., 1909, 41, 958; J.C.S., 1909, 96 (2). 967* 
Chem. Abe., 1910, 4, 1404; J.S.C.I., 1910. 29, 174. 
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Physical data for binary mixtures of isopropyl alcohol and water are of con¬ 
siderable industrial importance. Results reported for such combinations appear 
in Tables 85 to 88. 

Table 88. —Refractive Indices and Densities of Isopropyl 
AlcohoLWater Mixtures}^ 


Isopropyl Alcohol 


Per Cent by Weight 


d20 

«90 

2.85. 

.. 1.3335 

0.9962 

3.56. 

.. 1.3340 

0.9952 

4.95. 

.. 1.3375 

0.9888 

10.08. 

.. 1.3392 

0.9866 

20.08. 

.. 1.3478 

0.9755 

29.83. 

.. 1.3542 

0.9654 

40.00. 

.. 1.3590 

0.9520 

50.15. 

.. 1.3632 

0.9345 

60.10. 

.. 1.3678 

0.9137 

69.99. 

.. 1.3712 

0.8900 

80.00. 

.. 1.3745 

0.8640 

90.01. 

.. 1.3769 

0.8338 

94.97. 

.. 1.3770 

0.8160 

99.50. 

.. 1.3775 

0.7953 


Isopropyl alcohol forms a constant-boiling mixture with water, containing 91.1 
per cent by volume of the alcohol (87,7 per cent by weight) and boiling at 80.4®C. 
under 760 mm. pressure. This binary azeotrope has the following physical con¬ 
stants: d*®, 0.8158; dJJIJ 0.8190; 1.3765 ; viscosity, 0.02106 poise at 25®C.; 

closed flash point, 64°F.; and coefficient of expansion, 0.001062 per ®C. 

The free energy of hydration of a number of alcohols, including isopropyl alco¬ 
hol, has been calculated by Butler, Ranichandani and Thomson^® from their experi- 


Table 89 .—Binary Azeotropic Mixtures of Isopropyl Alcohol with Other 
Organic Compounds. 



% by Weight of 

Boiling Point, 

Other Component 

Isopropyl Alcohol 

X./760 mm. 

Methyl iodide. 

3.1 

42.3 

Carbon bisulphide. 

0.8 

44.6 

»-Propyl chloride. 

3.9 

45.8 

Chloroform. 

4.2 

60.8 

n-Hexane. 

22. 

61. 

Isobutyl chloride. 

17. 

63.8 

Isopropyl ether. 

10. 

64.9 

n-Propyl bromide. 

16. 

65.2 

Carbon tetrachloride. 

18. 

67.0 

Cyclohexane. 

33. 

68.6 

Cyclohexene. 

36. 

71.0 

Benzene. 

33.3 

71.9 

Ethylene dichloride. 

45. 

74.0 

Trichlorcthylene. 

28. 

74. 

Ethyl acetate. 

23. 

74.8 

Acetonitrile. 

55. 

75. 

Isobutyl bromide. 

33. 

75.5 

Methyl propionate. 

28. 

77. 

Methyl ethyl ketone. 

30. 

77.3 

EHchlorobromomethane. 

27.6 

78. 

Isopropyl acetate. 

Toluene. 

52.3 

69. 

80.1 

80.6 

Tctrachlorethylene. 

80.6 

81.7 

Isobutyl iodiae. 

77. 

81.6 

Chloropicrin. 

66.5 

82.0 


**C. T. Bennett and D. C. Garratt, Perjum. and Ettentiat Oil Rev., 1925, 16, 18; Cham. Abs., 
1925. 19, 1125; Brit. Chem. Abe. B, 1925, 264. 

"T. A. V. BuUer, C. N. Ramchandani and D. W. Thornton, 19S5, 280; Chem. Abs„ 

1955, 29, 3217; Brit. Chem. Abe. A, 1935, 441. 
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mental measurements of the vapor pressures of these alcohols in dilute aqueous 
solutions at 25®C. 

Isopropyl alcohol forms a large number of constant-boiling binary mixtures 
with other organic compounds, some of which are listed in Table 89.^^ 

Several ternary constant-boiling mixtures containing isopropyl alcohol are 
known. Thus water, benzene and the alcohol form a composition boiling at 66.5®C. 
and containing 18.6 per cent moles of alcohol and 56.5 per cent moles of benzene. 
A combination of 52.7 per cent moles of cyclohexane, 21.8 per cent moles of alco¬ 
hol and 25.5 per cent moles of water has a boiling point of 66.1 ®C. Another fluid 
containing 54.8 per cent moles of cyclohexane, 19.2 per cent moles of isopropyl 
alcohol and 26.0 per cent moles of water, has a constant boiling point, at normal 
pressure, of 64.3°C. 

The physical characteristics of a number of binary mixtures containing iso¬ 
propyl alcohol as one component have been recorded. These include mixtures of 
the alcohol with acetone,ethyl alcohol,'^ acetaldehyde or heptaldehyde,^^ and 
benzene.20 Olsen and Washburn^i have determined freezing point data for solu¬ 
tions of isopropyl alcohol in benzene and also the equilibrium concentrations of 
the ternary system, isopropyl alcohol-water-benzene, at 25®C., as well as the vis¬ 
cosities of equilibrium mixtures of these three components. See Table 90. 

Table 90.— Solubility and Physical Data of the Ternary System Isopropyl Alcohol-Water- 

Benzene. 

Weight Percentages of 


Components in Equilibrium 

Benzene Alcohol Water 

Refractive 

Index 

Density 

Relative 

Viscosity 

99.93 

0 00 

0.07 

1.49750 

0.8733 

0.674 

87.74 

13.20 

0.06 

1.47588 

.8594 

0.671 

82.06 

17.22 

0.72 

1.47295 

— 

— 

68.63 

28.54 

2.83 

1 45493 

.8467 

0.813 

57.81 

37.95 

4.24 

1.44027 

.8392 

0.935 

44.55 

46.00 

9.46 

1.42445 

.8405 

1.247 

35.30 

50.28 

14.42 

1.41317 

.8442 

1.552 

29.40 

51.00 

19.59 

1.40620 

.8516 

1.893 

27.17 

51.36 

21.47 

1.40347 

.8543 

2.024 

23.63 

50.42 

25.95 

1.39865 

.8619 

2.302 

17.59 

48.16 

34.25 

1.39022 

.8771 

2.830 

8.71 

41.79 

49.50 

1.37397 

.9084 

3.419 

6.25 

39.11 

54.64 

1.37041 

.9165 

3.328 

2.21 

32.51 

65.28 

1.36189 

.9386 

3.061 

0.80 

25.16 

74.04 

1.35547 

.9571 

2.654 

0.15 

0.00 

99.85 

1.33289 

.9974 

1.008 


Isopropyl alcohol, when added to gasoline-ethyl alcohol mixtures, brings about 
a marked increase in the critical water content, i.e., in the water tolerance of such 
mixtures. 

Bayley and Hopkins^^ found that replacement of half the ethanol content of an 

” B. T. Brooks, Chem. Industries, 1933, 33, 331; Chem. Abs., 1934, 28, 4871. World Petroleum 
Congr., London, 1933, Proc. 2, 840; Chem. Abs., 1934, 28, 4871; Brit. Chem. Abs. B, 1934, 742. 

”•0. S. Parka and C. S. Chaffee, J. Phys. Chem., 1927, 31. 439; Chem. Abs., 1927, 21, 2207; 
BHt. Chem. Abs. A. 1927, 405. 

“G. S. Parks and K. K. Kelley, J. Phys. Chem., 1925, 29, 727; Chem. Abs., 1925, 19, 2289; 
/.C.S.. 1925, 128 (2), 764. 

Adkins and A. E. Broderick, J.A.C.S., 1928, 50. 499; Brit. Chem. Abs. A, 1928, 396; 
Chem Abs 1928 22 942 

»N. Perrakis,' Comp*, rend., 1923, 176, 1137; Chem. Abs., 1923, 17. 2381. J. Chim. Phys.. 
1925, 22, 280; J.C.S., 1925, 128 '2). 764. 

® A. L. Olsen and E. R. Washburn, J.A.C.S., 1935, 57, 303; Chem. Abs., 1935, 29, 2061; 
Brit. Chem. Abs. A, 1935, 438. 

“C. H. Bayley and C. Y. Hopkins, Can. J. Research, 1934, 11. 505; Brit. Chenk Abs. B, 1935. 
86; /. Inst. Pet. Tech., 1934, 20, 61 lA; Chem. Abs., 1935, 29, 401. Also W. R. Ormandy, T. W, 
M. Pond and W. R. Davies, J. Inst. Pet. Tech., 1934, 20, 308; Chem. Abs., 1934, 28, 4862; Brit. 
Chem. Abs. B, 1934, 530. 
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ethyl alcohol-gasoline blend by isopropanol caused an increase in water tolerance 
of about 60 per cent at —80®C. and almost 100 per cent at —40®C. This effect 
is illustrated by the results shown in Table 91. The gasoline in the tests was a 
commercial motor fuel and did not contain tetraethyl lead. The diluents were de¬ 
hydrated materials. Benzene is included for comparison. 

Table 91 .—Effect of Third Component on Water Tolerance of Gasoline-Ethanol Mixtures 


Volume Percentages of Components Critical Water Content 

Third Per Cent by Volume 


Gasoline 

Ethanol 

Component 

0®C. 

-20^C. 

-40®C. 

90 

10 

none 

0.30 

0.22 

0.15 

90 

5 

Benzene 5 

0.14 

0.10 

0.07 

90 

5 

Isopropanol 5 

>0.45 

>0.35 

0.28 

80 

20 

none 

0.70 

0.50 

0.35 

80 

10 

Benzene 10 

0.36 

0.28 

0.20 

80 

10 

Isopropanol 10 

~ 

>0.83 

>0.65 

70 

30 

none 

1.25 

0.84 

0.59 

70 

20 

Benzene 10 

0.94 

0.72 

0.53 

70 

20 

Isopropanol 10 

>1.6 

>1.3 

1.00 


Like other alcohols, isopropanol cannot be mixed with calcium chloride since it 
fonns an addition compound with that reagent. A complex compound with zinc 
chloride has also been reported.The solubility of a number of inorganic salts, 
including magnesium bromide and iodide,in isopropyl alcohol has been recorded. 

Ferner and Mellon^® reported data for the solubilities of sodium and potassium 
chlorides at 16®-35®C. in absolute isopropanol and in aqueous mixtures containing 
877, 92.6 and 96.5 per cent of this alcohol. The solubilities of calcium, barium 
and strontium as nitrates at 25®C. in anhydrous isopropyl alcohol were also deter¬ 
mined. 

Solubilities of the alkali chlorides and sulphates in anhydrous isopropyl alcohol 
have been measured by Kirn and Dunlap.^® Anhydrous potassium sulphate was 
insoluble. Solubilities of the chlorides of both sodium and potassium and the sul¬ 
phate of the former pass through a maximum solubility with increase in tempera¬ 
ture and then decrease. According to Hopkins and Quill, isopropyl alcohol is a 
very poor solvent for the rare earth chlorides. Neuman^® determined the solubility 
of silver bromate in mixtures of isopropyl alcohol and water. 


Analytical Reactions of Isopropyl Alcohol 


The most satisfactory method of detecting and estimating isopropyl alcohol in 
mixtures consists in oxidation with a sulphuric acid solution of chromic acid fol¬ 
lowed by distillation and identification of the resulting acetone, which can be also 
readily estimated volumetrically.^® Solutions of isopropyl alcohol in water or other 
non-oxidizable solvents may be quantitatively estimated®® by chromic acid oxidation. 
Substitution of the latter by permanganate yields acetone and other products, in- 

•I. L. Kondakov, F. Balas and L. Vit., Chem. Luty, 1929, 2S, 579; 1930, 24, 126; Chem. Abg., 
1930. 24, 3454: Brit. Chem. Abs. A, 1930, 200 and 462. 

•• •'International Critical Tables," McGraw-Hill Book Co., New York, 1929. 4. 203. 

•G. W. Femer and M. G. Mellon, /fid. Eng. Chem., Anal. Ed., 1934, 6, 345; Chem. Abs., 1934. 
2t, 6385: BWL Chem. Abs. A. 1934. 1193. 

»E. R. Kirn and H. L. Dunlap, J.A.C.S., 1931, 53, 391; Chem. Abs., 1931, 25, 1427; Brit. Chem. 
Abs. K 1931. 419. 

B. S. Hopkins and L. L. Quill. Proc. Nat. Acad. Set., 1933, 10, 64; Chem. Abs., 1933, 27, 
3132; Brit. Chem. Abs. A, 1933. 456. 

»E. W. Neuman, J.A.C.S., 1934. 56, 28; Brit. Chem. Abs. A, 1934, 250; Chem. Abs., 1934, 28. 
1247. 

»S. H. Fleming. Jr., Mendel Bull., 1935, 7, 99; Chem. Abs., 1935, 29, 5386; Brit. Chem. Abs. 
B, 1936, 404. 

•H. A. Cassar, Ind. Eng. Chem., 1927, 19. 1061; Brit. Chem. Abs. A, 1927, 1100; Chem. Abs., 
1927. 21, 3582. 
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eluding carbon dioxide, oxalic acid and acetic acid,^^ so that this reagent is not 
readily applicable to the quantitative estimation of isopropyl alcohol. 

The xanthate-iodine titration method yields quantitative results in the case of 
isopropyl alcohol and is also applicable to the determination of other primary and 
secondary alcohols,provided only one alcohol is present. 

According to Brown,a solution of isopropyl alcohol containing 1 per cent 
vanillin gives a Prussian-blue coloration when treated with 1 to 3 per cent of con¬ 
centrated sulphuric acid. Different, but distinctive, colorations are exhibited by 
methyl or ethyl alcohol but amyl alcohol also gives a Prussian-blue color under 
these conditions. In the absence of other color-producing substances, 1 part in 
10,000 of isopropyl alcohol can be detected by this test in mixtures containing it. 
The manner of conducting the test may be described as follows: Dissolve 0.1 gram 
vanillin in 10 cc. of the alcohol and allow 1 cc. concentrated sulphuric acid to run 
down the side of the test tube. With isopropanol, the zone is red below, deep 
blue above and the mixture is similar to Prussian blue. With amyl alcohol, the 
zone is dull red below, deep blue above, the mixture is blue and a white precipitate 
is formed. To differentiate between these two alcohols, add 10 cc. water to each 
mixture and shake. With isopropanol, the pale blue mixture rapidly turns color¬ 
less; with the amyl compound, a grass-green alcoholic upper layer is permanent, 
even after 2 hours; also a white deposit settles in the colorless aqueous lower layer. 

For taxation purposes in India, the term “spirit^* includes methyl, ethyl, propyl 
and isopropyl alcohols. It was found by Aiyar and Krishman®* that, for the deter¬ 
mination of alcohol in mixtures containing isopropanol, the Thorpe and Holmes*® 
method failed to give the true alcoholic content. The following modification of 
the usual procedure was developed by Aiyar and Krishman, to be used with mix¬ 
tures thought to contain isopropyl alcohol: 

To 100 cc. of li(|uid containing around 30 per cent of ‘‘spirit” add common salt 
to the saturation point. Agitate with 50 cc. petroleum ether (B.P. 40-60®C.) and 
allow to settle. After drawing off the brine layer, wash the ether extract first 
with 10 cc. of saturated brine and then with 5 portions of water, combining all 
these washings with the first salty extract. Collect the first 100 cc. that passes 
over on distilling the total brine liquor and determine isopropyl alcohol content by 
specific gravity 

Although a sulphuric acid solution of mercuric sulphate (Deniges* reagent) 
has been suggested as a reagent for the detection of isopropyl alcohol, it has been 
shown that pure isopropanol gives an entirely negative test and that the yellow 
precipitate, or coloration, often obtained, is due to impurities in the isopropyl al¬ 
cohol tested.*** The most common impurity is tertiary butyl alcohol, which gives 
an immediate reaction with Deniges’ reagent. According to Pukirev,*^ the tertiary 
butyl alcohol content of isopropyl alcohol is conveniently estimated by comparing 

«‘\V. M. Evans ami T.. B. ScfU.n. LA.CS.. 1922. 44. 2271; CUem. Ahs.. 1923. 17, 57; J.CS.. 
1922, 122. 1108. 

.la W. F. Whitmore and E. I.ieber, hul. Him. i'hcm.. Anal. Ed., 1935. 7. 127; Brtt. Chem. Abs. 
B, 1935, 486; Chem. Ahs., 1935, 29, 2878. 

“ C. L. M. Brown. Pharm. /.. 1934. 133, 560; Brit. Chem. Abs. B. 1935, 137; Chem. Abs., 1935. 
29, 2111. 

•• S. S. Aiyar and P. S. Krishman, Analyst, 1935. 60, 237; Brit. Chem. Abs. B, 1935, 539; Chem. 
Abs., 1935. 29, 3628. 

“ T. E. Thorpe and J. Holmes. Trans. Chem. Soe.. 1903. 83. 314; J.S.C.I., 1903, 22, 314. This 
method of analysis is based on the fact that the alcohol in 25 cc. of strong spirit, even when 
diluted to the extent of 500 cc.. can be entirely recovered by distillation, provided the solution is first 
saturated with common salt. The original alcohol may then be regainetl in the first 100 cc. of the 
distillate. 

** S. H. Fleming. Jr., Mendel Bull., 1935, 7, 99; Brit. Chem. Abs. B, 1936, 404; Chem. Abs 
1935, 29, 3586. 

•»TA. (1. Pukirev. /. AptHcd Chem. iU.S.S.R.), 1935. 8, 1309; Brit. Chem. Abs. B, 1936 181- 
Chem. Abs., 1936, 30. 5533. 
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the turbidity, or opalescence, obtained by adding 3 cc. of the Deniges' reagent*® 
to 0.1 cc. of the isopropyl alcohol solution, with a series of standard solutions. 
The method is not applicable to concentrations of tertiary butyl alcohol below O.S 
mg. per liter. 

Buc*® describes the testing of isopropanol for tertiary butanol by use of 
Deniges’ reagent.*® The method consists in heating on a water bath for 20 to 30 
minutes a mixture of about 10 cc. of an acidified mercuric sulphate solution with 
about 0.2 cc. of the isopropyl alcohol. If tertiary alcohols are present, a yellow 
precipitate is formed. The color is distinctive in case of even a few hundredths of 
one per cent of the impurity. In absence of the trimethyl carbinol, the precipitate 
is white or only slightly yellowish. 

ISOPROPOXIDES 

Alkoxides of aluminum have been found to be effective agents*^ for the reduc¬ 
tion of aldehydes to the corresponding alcohols. An example of such is the trans¬ 
formation of crotonaldehyde to crotyl alcohol. Acetone is a by-product of these 
reactions though its removal as fast as formed leads to increased yields of alcohol. 
Satisfactory production of the alcohol resulted from the employment of benzene 
(40-45 per cent) and isopropyl alcohol (58-60 per cent) as reacting media. The 
latter solvent not only gave higher yields but was more convenient, since the 
propoxide could be prepared in the reaction flask and immediately used without 
separation and purification. 

The aluminum alkoxide gave a 32 per cent yield of citronellol from citronellal 
and a 68 per cent production of cinnamyl alcohol from cinnamaldehyde. 

The investigators made the metallic alkoxide from aluminum amalgam and 
isopropyl alcohol by a modification of the Adkins method.*^ 

Aluminum wire or turnings (100 grams), absolute isopropyl alcohol (1200 
cc.) and mercuric chloride (5 grams) are placed in a 2-liter round bottomed flask 
provided with a reflux condenser. By means of a steam bath, the mixture is gently 
warmed for 10 or 20 minutes until a gray precipitate is formed. The reaction then 
becomes so vigorous that external cooling is necessary until this activity ceases. 
Heating and refluxing is then continued for 6 or 7 hours. The aluminum iso- 
propoxide may then be used for the aldehyde-alcohol reaction described above, or 
purified by distillation. The yield with the above amounts specified is 645-680 
grams (85-90 per cent) of alkoxide, with a boiling point of 145-150®C. (5 mm.). 

The aluminum isopropoxide was found in every instance superior to the ethox- 
idcs of the same metal or of chloromagnesium for carrying out aldehyde reductions 
similar to those described above. 

Industrial Applications of Isopropyl Alcohol 

In addition to its utilization on a comparatively large scale for the production 
of various chemical products (see below), the main industrial applications of this 
alcohol are based on its solvent properties for a wide variety of materials. It finds 
extensive use in the preparation of perfumes, odorants, plant extracts and medicinal 

••G. Denigis, Compt. rend., 1898, 126, 1145, 1277; 1898, 74 (1), 618; 1898, 17. 

697. 

**H. E. Bttc, U. S. P. 1,911,798, May 30, 1933, to Standard Oil Development Company: Brit. 
Chem. Abe. B, 1934. 186; Chem. Abi., 1933, 27, 3943. 

^An aqueous solution containing 20 grams of mercuric sulphate and 50 cc. of concentrated sul¬ 
phuric acid per liter. 

«W. G. Young, W. H. Hartung and F. S. Crossley, J.A.C.S., 1936, 58. 100; Brit. Chem. Abe 
A, 1936, 316; Chem. Abe., 1936, 30, 1737. 

«H. Adkins, J.A.C.S., 1922, 44, 2178; Chem. Abe., 1922, 16, 4116; J.S.C.I., 1923, 42, 71A, 
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products for external use. Although unsuitable, pharmacologically, for internal 
medication and as a component of mouth washes, this alcohol can be employed 
advantageously in the preparation of various cosmetics. Vapon, used as a hair 
wash or shampoo fluid, contains a high percentage of isopropyl alcohol.**^ 

Pharmacology. Isopropanol has been accepted for admission to the ap¬ 
proved list of New and Non-official Remedies by the U. S. Council of Pharmacy 
and Chemistry.^^ The alcohol may be used for the removal of creosote from the 
skin as a prophylactic agent against creosote burns.'*® It is also recommended for 
disinfection of the skin and of hypodermic syringes and needles. It may be em¬ 
ployed as a disinfecting agent in the administration of insulin. However, the alco¬ 
hol cannot be relied upon to destroy such spore-forming organisms as Clostridium 
tetaUf Clostridium welchii or Bacillus anthracis. Isopropanol for uses noted above 
must conform with three tests, vis.. 

Total solids. Not more than 0.01 per cent residue is allowable after drying, 
at 100®C., the material obtained by evaporation of 100 cc. of the alcohol in a plati¬ 
num dish on a water bath. 

Aldehyde. Treat 20 cc. of the alcohol with 1 cc. of freshly prepared am- 
monio-silver nitrate solution by shaking thoroughly in a stoppered test-tube and 
allowing to stand for at least six hours in diffused daylight. No more than a 
faint cloudiness or tinge of brownish color is tolerated. 

Acetone should be absent. If present, a purplish red color is obtained by the 
following procedure. Mix thoroughly 5 cc. alcohol, 2 cc. of sodium hydroxide 
solution and S drops of a 1 per cent sodium nitroprusside solution; then acidify 
carefully with acetic acid. 

According to Westermann,*® isopropyl alcohol has a higher disinfecting value 
than ethyl alcohol, a 50 per cent solution of the former having about the same 
power as a 70 per cent solution of the latter. For sterilization of the hands, a 30 
per cent solution of isopropyl alcohol, containing 1 per cent of the soap preparation 
known as Baktol, is very efficient, having no unpleasant odor and no injurious 
action on the skin. 

For the stabilization of egg material to be used in shampoo mixtures, isopropyl 
alcohol and other monohydric alcohols are added in a proportion of 7.5 to 20 per 
cent of the water present in the finished product.*”^ 

Isopropanol has been proposed as a precipitating agent for the elimination of 
asphalt from petroleum oils.*^ For this purpose the alcohol should be practically 
anhydrous. Similarly, the dewaxing of lubricating oils may he accomplished by 
treatment with .yrr-butyl acetate that contains 10-25 per cent by volume of iso¬ 
propyl alcohol.*® The mixture should be chilled to precipitate the wax. 

Isopropyl alcohol and secondary butyl alcohol have been suggested as effective 
in the separation of sulphonates from the acid sludge obtained by sulphuric acid 
treatment of hydrocarbons. The sludge is washed with water, neutralized and then 
extracted with the solvent. Separation takes place into three portions: namely, a 
tarry material, a solution of inorganic salts and a third layer containing a solution 
of sulphonates in the solvent.®® 

"T. Ruemdc, Sfifensirdcr Ztg., 1936, 63. 21; Chcm. Abs., 1936. 30. 1517. 

Council of Pharmacy and Chemistry, J. Am. Med. Assoc., 1935, 105, 1684; Chem. Abs., 1936, 
30, 1947. 

"A dosage form (2 cc. and 15 cc. ampules) intended solely for the removal of creosote from 
the skin, ia now available under the designation. “Saf-T Top Fsopropyl Alcohol, 98%.*' 

*®W. Westermann. H\g. Infekt. Krank.. 1933. 115. 154; Chcm. Zentr., 1933, 2, 909; Brit. Chem. 
Abs. B. 1933, 654; Chem'. Abs., 1933. 27. 4554. 

«C. T. Beckert. W. Kritchevsky and B. R. Harris. U. S. P. 1,924,972, Aug. 29. 1933; Chem. 
Abs., 1933, 27. 5484; Brit. Chem. Abs. B. 1934. 556. 

“French P. 785.349. 1935. to ,*Ntandard Oil TVvelopment Co.; Chcm. Abs., 1936. 30, 608. 

“A. M. Wilson. U. S. P. 2.049 036. July 28, 1936, to Standard Oil Development Co.; Chcm. 
Abs., 1936. SO. 6550; /. Inst. Pet. Tech.. 1936. 22. 4S7A. 

“French P. 748,422. 1933, to Standard Oil Development Co.; Chem. Abs., 1933, 27. 5530. 
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Isopropdnol as a Non-Solvent in Rubber Cements. A systematic study 
of the effects of a number of non-solvents on rubber cements has been made by 
Ford.*^ The use of ethyl alcohol for reducing the apparent viscosity of such com¬ 
positions is an established practice, though acetone and amyl acetate are known to 
function in the same manner. The experiments reported were concerned with the 
control of film-thickness on dipped articles and the tendency of wet films to break 
across small holes in perforated objects. The commercial benzene cement utilized 
for the trials originally contained 250 grams of non-volatile ingredients per liter of 
finished product. The addition of non-solvents to the cement improved the film¬ 
breaking tendency. The various liquids tested for this purpose could be arranged 
in the following order of decreasing effectiveness: isopropanol, ethanol, Pentasol 
(technical), butanol (technical), amyl and butyl acetates, acetone, methyl ethyl 
ketone and benzene. Volume for volume there was no difference in this respect 
between the first two alcohols named, but more than 10 per cent of ethanol caused 
coagulation, while over 15 per cent of isopropanol could be present without such 
coalescence occurring. In deposited films wide variations in alcohol content due 
to evaporation of benzene-ethanol mixtures tend to irregular breaking of films but 
this trouble is eliminated by the use of isopropanol. The maximum film-breaking 
effect resulted on use of cements containing about 11 per cent (by volume) of iso¬ 
propyl alcohol. This addition resulted, however, in reduction of film thickness, 
which could be offset by a longer mastication period for the rubber stock and a 
variation of non-volatile ingredients. It was found that below about 33 per cent 
(by volume), isopropanol is not completely dissolved in benzene. This same ratio 
was shown to exist beween isopropanol and total solvent just where coagulation of 
the cement occurred. About 50 parts of isopropyl alcohol to 100 parts benzene 
were necessary for the formation of a clear solution. In the wet cement film Ford 
considered the isopropanol to exist in a state of very fine dispersion. 

Anti-Freeze Mixtures. An important commercial application of isopropyl 
alcohol is in the preparation of anti-freeze compositions for automobile radiators. 
For this purpose a 65:35 blend of isopropyl and methyl alcohols is being mar¬ 
keted.®* The mij^ture is reported to be superior to ethyl alcohol for this purpose 
since, on dilution with water, it does not attack metal parts, rubber or varnishes.®* 
A similar anti-freeze composition disclosed by Howard®^ consists of 75 to 55 per 
cent by volume of isopropanol with 25 to 45 per cent methyl alcohol. When di¬ 
luted with water, this mixture is said to duplicate substantially the density, vola¬ 
tility and freezing point of an aqueous solution containing an equivalent proportion 
of ethyl alcohol. 

The addition of a small quantity of a petroleum distillate of density greater than 
0.8 and boiling point higher than 300®C., to anti-freeze compositions of this type 
is proposed for detecting their dilution. The mixture becomes milky on addition 
of less than 5 per cent of water.®® 

Berliner®® states that anti-freeze compositions containing aliphatic alcohols may 
be rendered non-corrosive by the addition of a small proportion (0.1-0.5 per cent) 

«T. F. Ford, Ind. Eng. diem., 1936. 2t. 915; Chem. Abs., 1936, 30, 7385. 

“ SUnco Inc., tte Chem. Trade 1933, 93, 162. 

See. for example, Oesterreick. Chem. Ztg., 1935, 38, 38; M. Nerairovich, Nowsti Tekhniki Seriya 
Gomo-Rudnaya Prom., 193S, No. 13, 4; Chem. Abe., 1935, 29, 6326; Brit. Chem. Abs. B, 1936, 719. 

F. A. Howard, U. S. P. 1,955,296, April 17, 1934, to Standard Oil Development Co.; Brit. 
Chem. Abs. B, 1935, 2; Chem. Abs., 1934, 28, 3852. 

»P. K. Frolich and S. P. Gtlderaleeve. U. S. P. 1,919,628. July 25. 1933, to Standard OH 
Development Co., Brit. Chem. Abs. B, 1934, 304; Chem. Abs., 1933, 27, 4893. 

«J. F. T. Berliner, U. S. P. 1,956,266, April 24. 1934, to E. I. du Pont de Nemoura k Co.; 
Brit. Chem. Abs. B, 1935, 2; Chem. Abs., 1934, 28, 4194. 
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of an alkyl (or aryl-) antinionyl tartrate. Amino-derivatives of these compounds 
are also effective for this purpose. 

Some investigations seem to indicate that isopropyl alcohol may find application 
in gasoline mixtures for use as motor fuels. Thus, as previously mentioned, Bay- 
ley and Hopkins®^ show that addition of isopropyl alcohol to gasoline-ethyl alcohol 
mixtures results in a marked increase in the critical water content of such compo¬ 
sitions. Ormandy, Pond and Davies®® studied the blending behavior of isopropyl, 
n-butyl, isobutyl and tertiary butyl alcohols with a typical gasoline and with certain 
motor fuel hydrocarbons. They concluded that isopropyl alcohol had the best all¬ 
round mixing properties of any of the above named substances. 

Another possible application of isopropyl alcohol is as an agent for removing 
ice from airplane carburetors.®® 

Isopropanol as a Solvent. On account of its cheapness and freedom from 
tax restrictions, isopropyl alcohol is now being used extensively in chemical analy¬ 
sis in place of ethanol which is not only more costly but often inconvenient on 
account of the precautions necessary to prevent its illicit diversion. The applica¬ 
tions in analytical chemistry have been reviewed by Ferner and Mellon,®® who 
found that it was an effective solvent in a number of analytical tests, for example, 
in preparing solutions of dimethylglyoxime, 8-hydroxyquinoline and alpha-ben- 
zoinoxime. Schuette and Harris®' used isopropyl alcohol as a solvent for potassium 
hydroxide. Ferner and Mellon found that 0.1 iV solutions were stable but 0.5.V 
solutions developed a color even in the dark.®^ Isopropanol may replace ethanol 
in the qualitative test for chromates involving reduction to green tervalent chro¬ 
mium. However, it proved unsatisfactory as a substitute in the flame test for 
borates and in the acetate test given by the U. S. Pharmacopeia. Several examples 
of the use of isopropyl alcohol in the separation of inorganic salts have been given 
by Ferner and Mellon. Included were the separation of calcium nitrate from 
barium nitrate, of calcium oxide from magnesium oxide and of alkali chlorides 
from magnesium chloride. 

Chemical Derivatives of Isopropyl Alcohol 


Acetone. The production of acetone from isopropyl alcohol by catalytic de¬ 
hydrogenation is now carried out commercially on a large scale.®® In addition to 
acetone, a nuinlK^r of other derivatives of isopropyl alcohol, including various 
esters, diisopro|)yl ether and isoprt)pyl phenols, are finding important applications 
in industry. 

Esters of Isopropyl Alcohol. Table 92 summarizes the physical con¬ 
stants of a number of isopropyl esters of organic and inorganic acids. 

Organic Esters. Isopropyl esters of organic acids are usually prepared by 
direct interaction of the alcohol carboxylic acid in the presence of a condensing 
agent, such as sulphuric acid. They may, however, be obtained directly from 


C. H. Bayley and C. Y. Hopkins, Ccn. J. Research, 1934, 11, 505; Brxt. Chem. Abs. B, 1935, 

86; /. Inst. Pet. Tech., 1934. 20. 611 A; Chem. Abs., 1935. 29, 401. 

»W. R. Ormandy, T. W. M. Pond and W. R. Davies, J. Inst. Pet. Tech., 1934, 20, 308; Chem. 

Abs.. 1934, 28, 4862; Brit. Chem. Abs. B, 1934, 530. 

C/. A. Swan, Aircraft Engineering, lv36, 8 (83), 3; J. Inst. Pet. Tech., 1936, 22, llOA. 

“G. W. Ferner and M. G. Mellon, Ind. Eng. Chem., Anal. Ed., 1934, 6, 345; Chem. Abs., 1934, 
28, 6385; Brit. Chem. Abs. A, 1934. 1193. 

" H. A. Schuette and L. E. Harris, /. Amer. Pharm. Assoc., 1926, 15, 166; Brit. Chem. Abs. 


B. 1927, 118; Chem. Abs., 1926, 20. 3827. 

•»H. A. Schuette and M. P. Smith, (Ind. Eng. Chem., 1926, 18, 1242; Chem. Abs., 1927, 21. 
661; Brit. Chem. Abs. B. 1927. 117) u.sed isopropyl alcohol in the determination of acid and 
saponification numbers in place of ethyl alcohol s<^vent. 

•A discussion of the.se methods is given in Chapter 18. 
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Table 92.—Properties of Inorganic and Orgfmic Esters of Isopropyl Alcohol}^ 


Compound 

Boiling Point, 

•C. at 760 mm. 

( 

Jf*C. 

^4*C. 

Isopropyl chloride. 

. 36.5 

0.860 

(20®C.) 

Isopropyl bromide. 

. 59.6 

1.310 


Isopropyl iodide. 

. 89.5 

1.703 

(20'C.) 

Isopropyl mercaptan. 

. 60 

- 

— 

Isopropyl thioether. 

. 120.4 

- 

- 

Diisopropyl sulphate^. 


1.1155 (15®C.) 

Isopropyl formate. 

. 71.3 

0.883 

(O'^C.) 

Isopropyl acetate. 

. 89.0 

0.869 

(as-c.i 

Isopropyl propionate. 

. 111.3 

0.893 

(O^^C.) 

Isopropvl w-butyrate. 

. 128 

0.865 

(13“C.) 

Isopropvl isobutyrate. 

. 120.8 

0.869 

(O'C.) 

Isopropyl lactate. 

. 80 (at 32 mm.) 


— 

Isopropyl chlorcacetate**. 

. 149.5 

1.092 

(20X.) 

Isopropyl benzoate. 

. 218.5 

1.017 

(1S"C.) 


• W. R. Ormandy and E. C. Craven. J. S. C. /.. 19J0. 49, 362T: Chem. Abs., 1930. 24, S714; Brit, Chtm, 
Abs. A, 1930, 1404. 

*> R. C. Roark and R. T. Colton. Ind. Eng. Ckem., 192S. 20, 512; Chem. Abs., 1928. 22, 2434; Brit. Chim. 
Abs. B, 1928, 497. 

propene by treatment with organic acids in the presence of catalysts or from iso¬ 
propyl sulphate liquors by reaction with the corresponding acids.®® 

Nazarov and Khain®® consider petroleum sulphonic acid to be a more effective 
condensing agent for isopropanol and acetic acid than sulphuric acid. The highest 
yield of isopropyl acetate was 94 per cent of the original acetic acid treated. The 
reactants were mixed in the ratio of 4.22 parts of alcohol to one of acid. The 
temperature was 105-110°C. and the feed rate 1 cc. per min. With technical 
products the proportions of alcohol and acid would be 5.2:1 in which case the 
yields would be 42 per cent based on the anhydrous acid or 58 per cent, on the 
commercial acetic acid. No gases or polymers were formed and there was no 
dehydration of the alcohol which was reported to be 98 per cent converted. Of 
the petroleum sulphonic acids, approximately 8.2 grams sufficed for the production 
of one kg. of isopropyl acetate. Even then the catalyst was only slightly weakened. 
Dried catalysts and. the technical form were equally effective. Nazarov and Khain 
call attention to the cheapness of the petroleum sulphonic acids in comparison with 
sulphuric acid, generally u.sed. 

Boron trifluoride is likewise a catalyst both for the esterification of isopropyl 
alcohol and for the direct condensation of propene and organic acids.®^ For ex¬ 
ample, yields of 16.8, 38.8, 48.6, 57.8 and ^ per cent, respectively, of the corre¬ 
sponding isopropyl esters were obtained from acetic, mono, di-, trichloroacetic and 
benzoic acids by treatment with isopropanol and boron trifluoride. Equimolar 
proportions of each acetic acid and the alcohol were refluxed for three hours with 
3 g. of boron trifluoride per tnole of acid. Equal weights of benzoic acid and the 
alcohol were under reflux for 50 minutes. When a solvent or suspension medium 
(such as carbon tetrachloride) was incorporated with the chloroacetic acid and 
the mixture agitated, complete esterification took place in one hour. 

It is of interest that these workers obtained the same esters in yields of 7.0, 
34.2, 39.5, 48.8 and 88.0 per cent, respectively, by combination in turn of the acids 
mentioned above, with propene in presence of boron trifluoride. Addition took 
place at 70®C. under a pressure of about 25 cm. of mercury above atmospheric. 

**DaU from International Critical Tabiea. McGraw-Hill Book Co., Inc., New York, 1926. 

*^The direct esterification of olefins Is discussed in Cl^pter 12. 

**^8. A. Nazarov and S. S. Khain, Mat. on Cracking, i98S, No. 2, 183; Brit. Chem. Abs. B. 
19.16. 631; Chem. Abs., 1935, 29, 6032. 

«T. B. Dorris, F. T. Sows and T. A. Nieuwland, J.A.C.S., 1934, 56, 2689; Brit. Chem. Abs. 
A. 1935, 195; Chem. Abs., 1935, 29, ^24. 
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Attention was called, by these investigators, to the fact that Sudborough and 
Lloyd®® reported results which were in the reverse order on using hydrochloric acid 
to catalyze the same esterifications with isopropyl alcohol as those reported above. 

Isopropyl acetate has been obtained by Sowa and Nieuwland®® on interac¬ 
tion of isopropyl with the addition compound of acetamide and boron trifluoride. 
The yield seemed to depend on the amount of the fluoride used, so long as an 
excess of the addition compound was avoided. The methathesis which took place 
is indicated by the equation 

CHiCONHj • BF, -h (CHa)2CHOH —CH,COOCH(CH,), + BF,• NH, 

Formation of the amino boron fluoride was considered to be the “driving force” 
of the reaction. The acetamide-boron fluoride addition was accomplished by pass¬ 
ing one mole of the metallic fluoride into a 500 cc. flask containing one mole of 
acetamide. On introduction of one mole of isopropyl alcohol the amino boron 
fluoride soon separated as a white solid. After refluxing the mixture for about 
half an hour, the isopropyl acetate could be distilled directly from the reaction 
vessel through a fractionating column. A 32 per cent yield was obtained. Analysis 
of the solid residue showed it to contain one mole of ammonia. Practically all the 
boron fluoride could be recovered by heating the residue, after removal of organic 
matter, with concentrated sulphuric acid. 

This and similar esters may also be produced by reacting diisopropyl ether 
with the required aliphatic monocarboxylic acid in the presence of catalytic pro- 
[)ortions of a strong non-volatile acid, such as sulphuric. The process is most suc¬ 
cessful when carried out by heating under pressure.”^® For instance, diisopropyl 
ether and acetic acid, when heated to about 120®C., furnish isopropyl acetate if 2 
to 4 per cent sulphuric acid is included as a condensing agent. 

Merley^^ proposes rectification in the absence of water to remove impurities, 
such as hydrocarbons and mercaptans, from esters. The latter is then redistilled 
(to eliminate entrained material) with a constant proportion of water at sub¬ 
stantially atmospheric pressure. The purification is completed by drying the ester. 

Secondary alkyl esters of polycarboxylic acids of relatively high boiling point, 
such as isopropyl phthalate, have been recommended^^ as heat-transmitting agents. 
Isopropyl esters of the acids obtained by oxidizing paraffin wax, are suggested as 
components of a rinsing oil for motors.*^® 

Isopropyl bromide may be produced in the laboratory by heating isopropyl 
alcohol with potassium bromide and sulphuric acid. It has neen shown by 
Werner*^^ that considerable amounts of propene are formed when using concen¬ 
trated acid for this reaction, in which case poor yields (38 per cent) of ester are 
obtained. The formation of olefin can be suppressed by dilution with at least 10 
per cent of water. On heating 100 g. of a 3:1 molar mixture of isopropanol and 
water, 150 g. concentrated sulphuric acid and 210 g. of sodium bromide dihydrate 
to 90®-115®C., a 73.5 per cent yield of isopropyl bromide resulted, without olefin 
production. 

•"J. J. Sudborough and L. L. Lloyd, J.C.S., 1899, 75, 467; Chem. Ztg., 1899, 1, 522; Ckcm. 
Zcnir,, 1899. 1, 1154. 

•• F. J. Sowa and J. A. Nieuwland, J.A.C.S., 1933. 55, 5052; Brit. Chcm. Abs. A, 1934, 176; 
Chcm, Abs., 1934. 28. 740. 

H. L. Cox and P. S. Crwr. U. S. P. 2,030.835. Feb. 11, 1936. to Union Carbide and Carbon 
Corp.; Clufm. Abs., 1936. 30. 2200; French P. 794.715. 1936; Chcm. Abs., 1936, 30. 5236. 

” S. R. Merley, U. S. P. 1.928.132. Sept. 26, 1933, to Doherty Research Co.; Chcm. Abs., 1933, 
27. 5753: Brit. Chcm. Abs. B. 1934. 750. 

L. Roaenstein. IT. S. P. 2.006.411, July 2. 1935. to Shell Development Co., Chcm. Abs., 1935, 
29, 5313; Brit. Chcm. Abs. B. 19.36. 911. 

^0^” French P. 781,982, May 25, 1935, to Standard Oil Development Co., Chcm. Abs., 1935, 29, 
A. Werner, 1933. 52, 285T; Brit. Ckrm. Abs. A, 1933. 1139; Chem. Abs., 1934. 

A\JA 
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The rate of hydrolysis of isopropyl bromide in alkaline media is unimolecular 
in very low hydroxyl ion concentrations (e.g., O.OOSA^ sodium hydroxide) but at 
higher concentrations (for example, O.IA^ sodium hydroxide), a bimolecular sub¬ 
stitution reaction Ukcs place accompanied by elimination of propene as a second- 
order reaction.^® 

Sodium isopropyl xanthate is reported as having a number of uses com¬ 
mercially, e.g., as accelerator in rubber vulcanization, in the preparation of insecti¬ 
cides and in flotation processes.^® 

Isopropyl Ether 

Isopropyl ether is rapidly assuming a role of importance in chemical industry. 
Next to acetone, it may prove the most valuable commercially of the derivatives of 
isopropanol. It is obtained as a by-product in the manufacture of isopropyl alcohol 
by the acid absorption process, whenever substantial proportions of diisopropyl 
sulphate are present in the reaction liquor. 

A distillation process for the separation of mixtures of isopropyl ether and 
isopropanol has been described.*^^ Enough water is maintained in the liquor to 
give a constant boiling minimum mixture, in this case 9 parts of isopropyl ether to 
1 part of water, (b.p. 73-74®C.). Addition or return of water is stopped in time 
to avoid carrying over isopropyl alcohol which remains in the still. 

Another procedure for preparing the ether involves treatment of propene, 
under pressures of 3.5 to 35 kg. per sq. cm., with 70-85 per cent sulphuric acid at 
temperatures up to 50®The product may then be recovered by reducing the 
pressure to 1 atmosphere (ca. 1 kg. per sq. cm.) and increasing the temperature to 
100-125®C. However, isopropyl ether is often made by dehydration of the cor¬ 
responding alcohol under the influence of sulphuric acid. Brik’’^® has described 
a continuous process utilizing this reaction by heating 100 parts of isopropyl 
alcohol with 37.5 parts of 100 per cent sulphuric acid. A yield of 43.5 per cent 
was secured and the ether could be separated from the distillation product by 
three successive washings with 2 volumes of water. 

Physical Data for Isopropyl Ether. The physical characteristics of this 
compound are summarized*^ in Table 93. 

Table 93. —Physical Constants of Isopropyl Ether. 


Boiling point at 760 mm. 153-158®F. (67-70®C.) 

d?, at 20®C. (68®F.) . 0.725 

Refractive index at 20®C. (68®F.). 1.3680 

Freezing point. -125®F. (-87‘’C.) 

Viscosity, centipoise at 68®F. 0.322 

Latent Heat of Vaporization, B.t.u. per lb. 123 

Low value of Heat of Combustion, B.t.u, per lb. 15,600 

Reid Vapor Pressure, lbs. per sq. in. at 100®F. 5.3 


Effect of Sulphuric Acid on Ethers. The solubilities of a number of 

E. D. Hughes, C. K. Ingold and U. G. Shapiro. J.C.S.,. 1936, 225; Brit. Chem. Abs. A, 

43J; Chem. Ahs., 1936, 30, 2913. 

WL. Roienstein, U. S. P. 2.037.437, April 14. 1936; Chem. Abs., 1936, 30, 3835. 

” French P. 792,878, 1936, to I. G. Farbenind. A. G.; Chem. Abs., 1936, 30, 4180. British P. 
444.117, \9Z6\Chem. Ahs., 1936, 30, 5237; Brit. Chem. Abs. B, 1936, 733. 

"French P. 793,482, 1936, to SUndard Alcohol Co.; Chem. Abs., 1936, 30, 4516. See u\m 
Chapter 14. 

"A. N. Brik, Trudui Teentral Nauch.-lssledovatet. Lesokhim. Inst. Narkomlesa U.S.S.R. (Trans. 
Central Inst. Sci. Research Forest Chem. U.S.S.R.), 1933, 1, 148; Chem. Abs., 1934, 28, 3712; Brit. 
Chem. Abs. A, 1934. 1199. 

•• H. E. Buc and E. E. Aldrin, Refiner, 1936, 15, 301. Nat. Pet. News, 1936.. 28 (25). 25; 
Chem. Abs., 1936, 30, 6177; S. A. E. Journal, 1936, 19, 333, 3S7T; Chem. Abs., 1936. 30, 7828. 
Automotive Industries, 1936, 74 (26), 913; Oil and Gas J., 1936, 35 (5), 41; /. Inst. Pet. Tech., 
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ethers at 20®C. in various concentrations of sulphuric acid have been determined 
by Kirrmann and Graves.®^ The amounts of the ethers found in 100 volumes of 
solution are given for ethyl, n-propyl, isopropyl and two mixed isopropyl ethers 
in Table 94. 


Table 94. — Solubilities of Ethers in Dilute Sulphuric Acid. 


Ether Volumes of Ether per 100 Volumes of 

Solution in Sulphuric Acid of Concentration 

39% 47% 55% 65% 82% 

Diethyl. 11 37 53 74 85 

Dipropyl. — — 2 60 81 

Diisopropyl. — — — 63 — 

Propyl isopropyl. — — — 65 81 

Butyl isopropyl. - - — — 62 83 


Both ethyl and w-propyl ether were unaffected by equal volumes of concentrated 
sulphuric acid. The other ethers tested were subject to slow decomposition by 
such treatment, the isopropyl being attacked at the same rate as the mixed ethers. 
After 5 cc. of 92 per cent sulphuric acid had reacted with 4 cc. of isopropyl ether 
for 3 days, only 1.1 cc. of the latter could be recovered. 

Because of the action of sulphuric acid noted above, some details of methods 
for preparing other alkyl ethers are of especial interest. For example, studies®^ 
of the equilibrium between dimethyl ether, methanol and water, using a potassium- 
alum catalyst, indicated an 88.7 per cent conversion of anhydrous alcohol to ether 
at 230®C. A 99.3 per cent yield was possible with sulphuric acid as activator at 
130°C., but above this point dimethyl sulphate was formed. Dehydration of normal 
propyl alcohol in vapor phase by means of potassium-alum showed a maximum, 
84 per cent, conversion to normal propyl ether at 190®C. It has been noted that 
propyl ether is more stable at 230® than the corresponding alcohol.®® This is con¬ 
sidered an indication that the normal ether cannot be the intermediate product 
when propene is made by dehydration of propyl alcohol. 

Uses of Isoproi’yl Ether 

Solvent. Isopropyl ether may be employed industrially in solvent extraction 
operations. Thus, Reid®^ has disclosed the use of this ether, alone or in admixture 
with other solvents, for the precipitation of wax from petroleum oils. For ex¬ 
ample, 30 gallons of wax distillate were dissolved in a mixture of 60 gallons of iso¬ 
propyl ether and 40 gallons of acetone After cooling the solution to 0®C., the 
precipitated wax was filtered off, washed with a small amount of solvent and 
dried. The lubricating oil recovered after distillation of the solvent had a pour 
point near 0°C. 

Covers®*’' has found a combination of 3 parts isopropyl ether and 2 parts aniline 
to have a selective action, at low temperatures, on the liquid hydrocarbons of wax¬ 
bearing mineral oils. The viscous raw material is incorporated with the solvent 
and cooled to about 18®C. After removing the precipitated waxes, most of the 
ether is vaporized from the dewaxed liquid. A second extraction is then carried 

A. Kirrmann and M. (Iravc*. Bull. soc. chim., 19.^'!. (5) 1, 1494; Clicm, Abs., 19.15. 29, 2516; 
Brit. Chnn. Abs. A, 19.15. 20.1. 

N. C. CajendraRad. .S. K. K. Jatkar and H. K. Wat'ion. J. Indian Inst. Sci.. 19.12. ISA, 59; 
Chem. Abs.. 19.13. 27, 654; Brit. Chcm. Abs. A, 1933. 25. 

N. (1. GajendraRad and S. K. K. Jatkar. J. Indian Chcm. StK., 1935. 12, 486; Chcm. Abs., 

1936, SO. 362; Brit. Chcm. Abs. A, 1935. 1349. 

^ E. W. Reid. U. S. P. 1.947.359. Feh. 13. 19.14, to Cnritide and Carlion Chemicals Corn.; Brit. 
Chcm. Abs. B. 1934. 1047; /. Inst. Pet. Tech., 1934. 20. 334A; Chcm. Abs., 1934. 28, 2515. 

t5over*. U. S. P. 2.044.721, June 16. 1936. to Indian Refining Co.; Chcm. Abs., 1936, 

30. 5782; /. Pct. Tech., 1936, 22, 407A. 
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out with aniline alone. The resultant mixture, at about 15®C., can be divided into 
extract and raffinate phases. By removal of solvent from the latter, a low-pour- 
test lubricating oil of high viscosity is obtained. 

Carruthers®® recommends isopropyl ether for the extraction of dialkyl sulphates 
from acid liquors resulting from absorption of olefins in recovered acid containing 
carbonaceous polymerization products. 

Before cooling hydrocarbon oils to cause deposition of wax, Sullivan®"^ pro¬ 
poses to add a diluent consisting of methyl acetate, 30 parts, and isopropyl ether, 
70 parts. 

Other uses for this ether are as a solvent,®® either alone or admixed with ethyl 
acetate,®® in the extraction (from dilute aqueous solutions) of aliphatic acids (e.g., 
acetic), as a precipitating medium (for molding powders made from cellulose 
acetate) when admixed with acetic acid,®®* and as an ingredient (to the extent of 
1 to 5 per cent) of a cleaning solution of which the other components consist of 
85 per cent of a mixture of phosphoric acid, ethyl alcohol and water.®® The latter 
composition is said to be effective in the prevention of rust on materials made of 
iron. 

Isopropyl Ether a High-octane Blending Agent. The discovery has 
been made that isopropyl ether, unlike ethyl ether, possesses high anti-detonating 
properties when mixed with gasoline. This ether thus becomes of value as a 
supplementary material to isooctane in the production of high-octane motor fuels, 
particularly aviation gasolines. According to Buc and Aldrin,®^ a mixture of 60 
per cent aviation gasoline (octane number about 74) and 40 per cent isopropyl 
ether has an octane number of 100 when only 3 cc. of tetraethyl lead per gallon are 
added. This blend has a minimum specific fuel consumption S to 7 per cent higher 
under cruising conditions than the usual 100-octane isooctane blend while the 
power outputs and consumptions under high-power conditions are similar. The 
blending value of isopropyl ether is said to be slightly better than that of technical 
isooctane irrespective of the presence or absence of lead tetraethyl in the fuel 
under investigation. 


^ Unstable Peroxides from Ethers 

The tendency of ethers to form unstable peroxides has been emphasized by a 
number of investigations. In 1933, Robertson®* stated that an explosion had taken 
place during distillation of some isopropyl ether. He noted the similarity of the 
circumstances and effects to those reported frequently with ethyl ether and at¬ 
tributed to the presence of peroxides. 

In 1936, Morgan and Pickard®® reported two violent explosions caused by ac- 


WT. F. Carruthers, U. S. P. 1,949,366, Feb. 27, 1934; CArm. Abs., 1934, 28. 2731; Brit. Ckem. 
Abs. B, 1935, 13. 

•^F. W. Sullivan, Jr., U. S. P. 1.938.545, Dec. 5, 1933, to Standard Oil Co. of Ind.; Brit. 
Ckem. Abs. B, 1934, 869; Ckem. Abs., 1934, 28, 1180. 

*J. A. Jenemann, U .S. P. 1,906,068, April 25, 1933, to Grasselli Chemical Co.; Brit. Chem. Abs. 
B. 1934, 86; Ckem. Abs., 1933, 27, 3485. 

••G. P. Lunt. U. S. P. 1.958 898, May 15, 1934, to E. B. Badger & Sons Co.; Brit. Ckem. Abs. 
B. 1935, 262; Ckrm. Abs.. 1934. 28, 4434. 

C. J. Malm and C. R. Fordyce, U. S. P. 2,000,601, May 7, 1935, to Eastman Kodak Co., 
Chrm. Abs., 1935, 29. 4174. 

••W. K. Schweitzer, U. S. P. 1,949,921. Mar. 6, 1934, to Grasselli Chemical Co.; Chem. Abs.. 
1934, 28, 3049; Brit. Ckem. Abs. B, 1935, 315. 

“H. E. Buc and E. E. Aldrin. Refiner, 1936, 15. 301. Rat. Pet. Rexvs, 1936, 28 (25), 25; 
Ckem. Abs.. 1936. 30, 6177; S.A.F.. Jonrna*. 1936. 30, 333. 357T; Ckrm. Abs., 1936, 30, 7828; 
Automotive Industries, 1936. 74 (26), 913; Oil and Gas J., 1936^ 35 (5), 41; J. Inst. Pet. Teek., 
1936. 22, 354A. Such a gasoline is said to meet the requirements of the U. S. Army, U. S. Navy 
and British Air Ministry. 

•SR. Robertson. Chem. & Ind., 1933, 274; Brit. Ckem. Abs. B, 1933. 487. 

•G. T. Morgan and R. H. Pickard (with D. V. N. Hardy); Ckem. & Ind., 1938, 421; Brit. 
Chrm. Abs. B, 1936, 732; Ckem. Abs., 1936, 30, 5416. 
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cumulated peroxides in isopropyl ether. In one case, 100 cc. of ether that had 
been stored at least 4 years was being distilled on an electrically heated water 
bath. When the liquid did not seem to be boiling smoothly, the flask was gently 
shaken (assuming the liquid might be superheated) whereupon the explosion took 
place. Another sample of this ether gave peroxide reactions with acidifled solu¬ 
tions of potassium iodide or permanganate and was found to contain large quantities 
of decomposition products. 

Later, some diisopropyl ether had been used to remove small amounts of organic 
acids from an aqueous solution, and 50 cc. of the extract after drying, was being 
distilled over an electric heater. When about all the ether had distilled, a white 
fume appeared and the heat was switched off. An explosion followed shortly. 
This specimen of ether had been in stock 5 years and contained 8 per cent of higher 
l)oiling substances which gave the following tests for peroxides: (1) permanganate 
solution reduced to hydrated manganese dioxide, with liberation of oxygen: (2) 
mercury rapidly oxidized to a brownish black powder; (3) iodine liberated from 
aqueous potassium iodide. Morgan and Pickard advise testing all ether speci¬ 
mens of old or doubtful age for liberation of iodine from aqueous potassium iodide. 
In case peroxides are present, they may be safely removed by exhaustive treatment 
with either mercury or aqueous permanganate. 

Williams”^ reports that practically all ethers formed peroxides on storage and 
that explosions have resulted in many instances when distillation of such liquids 
was attempted. He considers diethyl, diisopropyl, ethyl-tcr-butyl, and ethyl-/rr- 
amyl ethers may prove hazardous. Others, such as methyl-/cr-butyl, methyl-/rr- 
amyl or methyl-/cr-hexyI, which may be distilled without appreciable danger, even 
after considerable storage periods are classed as less hazardous.®^ He recommends 
steam distillation, particularly in the presence of a small quantity of alkali, even 
though antitoxidants (e.g., a- or /?-naphthol or hydroquinone) have been incor¬ 
porated with the ether prior to storage. 

The following procedure is given for the quantitative determination of peroxides 
in ethers: 

To 150 cc. of 2N sulphuric acid and 10 cc. of the ether, add 3 to 5 drops of 1 
per cent ammonium molybdate”^ solution followed by 15 cc. of 10 per cent potas¬ 
sium iodide solution. After shaking thoroughly, and allowing to stand for 15 
minutes, titrate the liberated iodine with 0.05Ar sodium thiosulphate, shaking well 
after each addition of reagent. As the end point is approached, add a few cc. of 
starch solution as indicator and titrate to disappearance of the blue color. 

Arup^^ advises that pero.xides be decomposed by treatment of the ether with 
silver oxide. If this is not feasible then incorporation of a small proportion of a 
fatty acid or vegetable oil practically eliminates all danger. MacCulloch®* recom¬ 
mends inclusion of a short length of copper wire in the amber-colored bottles 
employed for storage of anesthetic ether. 

Isopropyl Hydroperoxiof. 

This compound has been prepared by Medvedev and Alekseeva*^® by treatment 
of diisopropyl sulphate with hydrogen peroxide (30 per cent) in the presence 

C. Willi,ims. Chrm. <9 hid.. 1936. 580; Bht. Chetn. Ahs. A, 1936. 1091. 

Tt has l>een pointed out that no explosions have l>een reiwrted in the case of ethers boiling 
alMive 100*C.. prohahly because the peroxides are slowly and safely decomposed at teniiteratures above 
the l>oiling point of water. See. Ind. Cknn., Sexvs Ed., 1936, 14, 305. 

This substance acts as a catalyst for the lil>eration of iodine in the solution. 

Arup, Chrm. & Ind., 1936, 540; Chrm. Abs., 1936, 30, 6563; Bht. Chem, Abs. A, 1936, 

;A. F. MacCulloch. Chem. ^ Ind.. 1936. 964. 

S. S. Medvedev and E. N. Alekseeva; Bcr., 1932, 65, 133; Chem. Abs., 1932, 26, 2412; Bht. 
Chem. Abs. A, 1932, 303. 
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of potassium hydroxide. A 50 per cent yield was secured. The substance is a 
mobile liquid with an irritating odor, boiling at 107-109®C. and exploding if heated 
to a high temperature. It is miscible in all proportions with water, alcohol and 
ether. Although relatively stable in quartz vessels, as well as in neutral or acid 
aqueous solutions, it decomposes rapidly in alkaline solutions with the formation 
of acetone. If manganous salts are present, the peroxide is oxidized by acid per¬ 
manganate solution. It liberates iodine from hydrogen iodide quantitatively. In 
dry ether, the peroxide does not affect hydroquinone but in moist ether (or 
water) oxidizes it to quinhydrone. Interaction with barium hydroxide produces 
salts that are relatively stable in the dry state in air freed from carbon dioxide. A 
compound of formula (CH3)2CH0 0 Ba0C02H-3H20 was isolated. Treatment 
with terephthalyl chloride converted the hydroperoxide into the di-peroxide ester, 
CeH 4 (CO O 0CH(CH3)2)2- This latter compound melts at 59®C., and explodes 
on further heating. It decolorizes indigo very slowly and does not affect potassium 
iodide solutions. In faintly acid or neutral aqueous solution it is slowly converted 
into terephthalic acid and acetone. 

The normal propyl hydroperoxide was not isolated in pure form, but was sep¬ 
arated as the salt CH3CH2CH202BaC08H-3H20. With both normal hydroper¬ 
oxide and terephthalate, decomposition (with liberation of propionaldehyde) was 
much more marked than with the corresponding isopropyl derivatives. 

Isopropyl Alcohol as an Isopropylating Agent 

Direct alkylation of aromatic hydrocarbons by means of isopropyl alcohol 
under the influence of sulphuric acid as catalyst has been known for some years 
and probably proceeds through the intermediate formation of isopropyl sulphate. 
This mode of operation is cheaper than the Friedel-Crafts’ synthesis and, in some 
cases, yields substances isomeric with those furnished by the latter method. Con¬ 
densation of isopropyl alcohol with benzene in the presence of concentrated 
sulphuric acid has been studied by Kirrmann and Graves^^ who obtained mono- 
isopropylbenzene (cpmene), />-diisopropylbenzene b.p. 210°C. at 760 mm., 1,3.4- 
triisopropylbenzene, b.p, 244® at 760 mm. and 1,2,4,5-tetraisopropylbenzene, m.p. 
118®C. and b.p. 169®C. at 70 mm. Under similar conditions, toluene and the alco¬ 
hol yielded ^-cymene and diisopropyltoluene, b.p. 98®-l(X)®C. at 14 mm. By treat¬ 
ing toluene with isopropyl alcohol in 80 per cent sulphuric acid, Meyer and Bern- 
hauer^®^ secured a 35 per cent yield of cymene. Subsequently, Desseigne^®* 
pointed out that much cymene remained in solution in the sulphuric acid as a sul- 
phonic acid, which could be steam distilled at 160®C. to bring the yield up to 82 
per cent. In addition, about 14 per cent of 2,4-diisopropyltoluene and 2,4,6-tri-. 
isopropyltoluene were formed. It is interesting to note that both o- and />-cymcncs 
were produced in the above experiments. Desseigne also showed that when 95 
per cent sulphuric acid was used as catalyst, the yield of cymene was reduced to 
38 per cent and that of higher substituted products increased to 47 per cent. Inter¬ 
action of isopropyl alcohol with />-nitrotoluene in the presence of sulphuric acid 
yielded 4-nitro-o-cymene and 4-nitro-2,6-diisopropyltoluenc. 

Condensation between secondary alcohols and aromatic hydrocarbons can also 

’••A. Kirrmann and M. Gravel. Buil. toe. chim., 1934, (5) 1, 1494; Chem. Abs., 1935, 29. 
2516; Brit. Chem. Abs. A, 1935, 203. 

H. Meyer and K. Bemhauer, Monatsh, 1929, 59 and 54, 721; Chem. Abs., 1930, 24, 346; 
Brit. Chem. Abs. A, 1929, 1441. 

r^saetgne. Bull. toe. ehim.. 1935, (5) 2. 617; Brit. Chem. Abs. A, 1935, 739; Chem. Abs.. 
1935, 29. 3995. Compt. rend., 1935, 200, 466; Brit. Chem. Abs. A. 1935. 612; Chem. Abs., 1935. 
29. 2927. 

"•T. Tmkervanik and K. Tokareva. /. Gen. Chem. (U.S.S.R.), 1935, 5, 764; Brit. Chem. Abs. 
A, 1936, 61; Chem. Abs., 1936, 90, 442. 
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be brought about by aluminum chloride. According to Tzukervanik and Toka- 
reva^®® an intermediate compound is formed between the metallic chloride and the 
alcohol, this complex subsequently undergoing reaction with the aromatic hydro¬ 
carbon according to the scheme : 

ROH4-AlCb —HC1 + A1C1,0R 

and 

AlChOR + C.H. —AlCUOH + RCeHi 

From benzene and isopropyl alcohol in the presence of aluminum chloride, these 
investigators obtained mono- and di-isopropylbenzenes. Under similar conditions 
/>-cymene was the main reaction product from toluene. Huston and Hsieh^®^ con¬ 
densed isopropyl alcohol with 2 to 5 equivalents of benzene in the presence of 0.5 
equivalent of aluminum chloride and secured small quantities of mono- and poly¬ 
isopropylbenzenes. No appreciable reaction was observed between phenols and 
isopropyl alcohol under similar conditions. 

It is reported that phenols may be alkylated by secondary alcohols (such as 
isopropyl) using a zinc chloride catalyst.^^® The reaction is effected in the pres¬ 
ence of a volatile liquid of boiling point lower than about 130®C., for secondary 
and tertiary alcohols, for which this method is especially suited. Solvent, phenol 
and alcohol are added to the dissolved zinc chloride. The mixture is then heated 
under reflux. After cooling, the upper layer (carrying the alkylated phenol) is 
washed with water to remove zinc chloride and purified by vacuum distillation. 
Addition of a small amount of a 1 per cent sodium hydroxide solution to the w^ash 
water has been found expedient in extracting the last traces of the catalyst. 

The rearrangement of complex isopropyl aromatic ethers has been carried out 
by means of boron trifluoride.For example, the addition of boron trifluoride 
gas to isopropyl phenyl ether, with no external cooling, resulted in a vigorous re¬ 
action. From 250 grams of the ether were obtained the following substances: 

Phenols 


2-isopropyl phenol. 34 grams 

2,4-diisopropyl phenol. 44 ” 

2,4,6-triisopropyl phenol. 28 ” 

phenol. 90 ” 

Ethers 

2-isopropylphenyl isopropyl ether. trace 

2,4-diisopropylphenyl isopropyl ether .... 32 grams 

2,4,6-triisopropvlphenyl isopropyl ether . 12 grams 

phenylisopropyl ether. trace 


Similar treatment of the isopropyl o-, m-, and />-cresyl ethers led to the genera¬ 
tion of corresponding alkylated phenols or phenol ethers. 

Conductivity measurements of the system phenol-boron fluoride indicated com¬ 
pound formation corresponding to BF 3 - 2 C 6 H 50 H. A similar substance has been 
shown to result from an equimolar addition of boron fluoride to an alkyl phenyl 
ether. These intermediate reactions were considered by Sowa, Hinton and Nieuw- 
land to explain the numerous inter- and intra-molecular changes reported. It was 
also stated that nearly all the compounds described in their work were likewise 
prepared from propene and the appropriate phenol. 

C. Huston and T. Y. Hsieh, J.A.C.S., 1936, 58, 439; Ckem. Abs., 1936, 30, 2939; Brit, 
Chem. Abs. A, 1936, (>02. 

H. l^angwcH and R. E. Connolly, British P. 425,373, 1935, addn. to 424.506, to British In¬ 
dustrial Solvents, Ltd.; Brit, Chem. Abs, B. 1935, 443; Chem. Abs., 1935. 29, 5458. 4376. 

'®*F. J. Sowa. H. D. Hinton and J. A. Nieuwland, J.A.C.S., 1933. 55, 3402; Chem. Abs.. 1933. 
*7. 47«; Brit. Chem. Abs. A. 1933. 1045. 

*®^For a ditcusfion of the interaction between olefins and phenols, see Chapter 24. 
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Continuing this study of boron duoride-organic reactions, Sowa, Hennibn and 
Nieuwland^^* accomplished the alkylation of phenol with propyl alcohol. Identical 
compounds were obtained from both the normal and the iso-forms of propanol. 
No n-propyl phenyl ether was found in the products of reaction but only the 
derivatives containing the isopropyl radical (see Table 95.) 

Table 95 .—Condensations of Propyl Alcohols with Phenol. 

Yield in Grams per Mole of Phenol 
From Isopropyl From n-Propyl 
Product Alcohol Alcohol 

2,4-Diisopropylphenyl isopropyl 

ether. 11 13 

2-Isopropyl phenol. 28 32 

4-Isopropyl phenol. 20 16 

Comparison of the physical properties of these substances showed them to be iden¬ 
tical with those reported in previous work.^^® The results were considered to 
indicate that such condensations take place by means of intermediate-olefin forma¬ 
tion followed by interaction with phenol. 

J. Sowa, G. F. Hennion and J. A. Nicuwland, J.A.CS., 1935, 57, 709; Brit. Chcm. Abs. A. 
1935, 744: Chem. Abs., 1935, 29. 3321. 

*®*F. J. Sowa. H. D. Hinton and J. A. Nieuwland, J.A.C.S., 1933, 55, 3402; Chcm. Abs., 1933, 
27, 4785; Brit. Chem. Abs. A. 1933, 1045. 






Chapter 16 

Production of Higher Secondary and Tertiary 
Alcohols. Reactions of Sulphuric Acid with Higher 
Homologues of Ethylene and Propene 

The reaction between sulphuric acid and the higher monolefins differs in a 
real and important degree from that between this acid and the lower monolefins, 
e.g., propene or ethylene. This is technically important because of the difficulty 
in effecting separation (by fractional distillation) of isomeric olefins (e.g., butene 
and isobutene) or of olefins and the corresponding diolefins. Dilute sulphuric acid 
should be employed to reduce its polymerizing action, particularly on hydrocarbons 
of the isobutene type. Furthermore, if diolefins are present these may undergo 
considerable co-polymerization with monolefins, thus promoting undesirable side 
reactions rather than alcohol formation. 

There are three general classes of higher olefins, each reacting with sulphuric 
acid in a different manner and at different reaction velocities.^ These may be 
characterized as follows: 

Class I. The highly reactive tertiary olefins which contain the 
grouping: 


H R' 

R—C==C—R" 


Where R' and R" are alkyl groups, and R represents an alkyl group or 
hydrogen atom. These compounds react and dissolve readily in sulphuric 
acid of 60 to 70 per cent concentration, but polymerize in the presence of 
acid of higher concentration. The product of sulphation and subsequent 
hydrolysis is a tertiary alcohol. Trimethylethylene is a typical example of 
this class of hydrocarbon: 


H,C 

1 

CH, 

1 



H,C CH, 

1 1 

>- HC C CH; 

HC== 

=C—CH, 

-f 

HOSOjH — 





I 1 

H OSO,H 

H,C 

1 

CH, 

1 



HaC CH, 

1 1 

- 

1 

-C~CH, 

+ 

H.0 — 

HC C CH, + 

i 1 

1 

H 

1 

OSO,H 



H in 


H,S04 


^r-pentyl 

alcohol 


^ 'J. F. Norris and H. S. Davis. J.S,CJ., 1929, 48, 70T; Brit, Chcm. Abs. B, 1929, 463; Chcm, 

Abs., 1929, 2S. 2932. 
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Class II. These are typified by the grouping: 

RC=:CR' 

H H 

wherein R or R' may be a hydrogen atom or an alkyl group. Such hydro¬ 
carbons are less reactive, both to sulphation and to polymerization, than 
are the corresponding tertiary compounds. Sulphation of these olefins 
requires acid of 75 to 85 per cent concentration, and little polymerization 
occurs. The products consist of sulphuric acid esters of secondary alco¬ 
hols. This class is represented by >/-alkenes, such as «-butene and 
pentene. 

Class III. This very limited class is, at present, known to be repre¬ 
sented by only one compound, isopropyl-ethylene. The hydrocarbon 
yields practically no sulphuric acid esters of the corresponding alcohol, 
but only polymerization products, when treated with acid of concentra¬ 
tion higher than that required to react with the tertiary compounds of 
Class I. 

Reactions of the Butenes. Of the four isomeric butenes (butene -2 existing 
as cis- and trans-isomers), isobutene is a typical tertiary olefin of Class I. This 
hydrocarbon dissolves smoothly in sulphuric acid of about 65 per cent concentra¬ 
tion, and the resulting solution, on hydrolysis and neutralization, yields /rr-butyl 
alcohol exclusively. If the acid solution is heated without dilution, polymers of 
isobutene (such as diisobutylenc) can be recovered in good yield. The latter are 
useful as solvents, and in the production of high-octane motor fuels. Similarly, 
absorption of isobutene in sulphuric acid of concentration materially al)ove 65 per 
cent yields polymer hydrocarbons at low temperatures.- According to Brooks,*"* 
isobutene can be selectively removed from a C 4 fraction, containing in addition 
;/-butene and butadiene, by absorption in 65 per cent sulphuric acid at 10® to 15®C. 
w'ithout polymerization of the diolefin present. Mezhebovskaya'* reported a study 
of a fraction, consisting largely of butenes, obtained by absorption of cracking gas 
on charcoal. This investigator observed that production of fcr-butyl alcohol was 
maximal when the temperature of sulphation was —10® to -f-10®C., and the sul¬ 
phuric acid concentration 75 to 65 per cent. Lower temperatures, and more effi¬ 
cient cooling, was needed when higher acid concentrations were used. 

The sulphation and hydrolysis of butene-1 yields butanol-2, or .^cc-butyl alco¬ 
hol, as does the similar treatment of either of the two isomeric forms of butene- 2 , 
CH,CH CH,CH 

i.e., rt.y-butene-2, |! , and /raH.y-butene- 2 , 1 | . In this conversion, 

CH 3 CH CHCHa 

however, acid of concentration ranging from 75 to 85 per cent is needed, although 
even stronger acid (90 to 100 per cent) has been suggested, when efficient re¬ 
frigeration is employed.-** With high acid concentrations, however, temperature 
regulation becomes progressively more difficult, while polymerization and side re¬ 
actions increase in prominence. The normal butenes are rapidly sulphated in the 
liquid phase by 70 to 75 per cent sulphuric acid at 20® to 30®C., with little or no 

* Sfc Carlcton Ellis, “The Chemistry of Petroleum Derivatives,” The Chemical Catalog Co,, Inc., 
New York, 1934. 

•B. T. Brooks, Ind. Eng. Chem., 1935, 27, 278; J. Inst. Pet. Tech., 1935, 21, 226A; Chem. Abs.. 
1935, 29, 2700. 

* E. Mezhebovskaya, Aser. Neft. Khoz., 1933, No. 6-7, S3; Chem. Abs., 1934, 28, 7489; Brit. Chem. 
Abs. B, 1935, 329. 

•’VV. Eng* and R. Z. Moravec, U. S. P. 1.912,695, June 6, 1933; Brit. Chem. Abs. B, 1934, 
186; Chem. Abs., 1933, 27. 4240. U. .S. P. 1.938.177, Dec. 5, 1933; Brit. Chem. Abs. B. 1934 
824; Chem. Abs., 1934, 28, 1048. U. S. P. 1,967,399, July 24. 1934; Brit. Chem. Abs. B, 1935 
618; Chem. Abs., 1934, 28, 5832. All patents to Shell Development Co. 
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polyniefization. Somewhat higher acid concentrations are advantageous, however, 
when treating liquid butenes diluted with relatively large proportions of saturated 
hydrocarbons, such as butane or isobutane. Under the conditions employed in the 
sulphation of normal butenes any butadiene present undergoes complete poly¬ 
merization to high-boiling, unsaturated oils. These appear to result from the co¬ 
polymerization of equimolar proportions of butadiene and «-butene.® 

Pure normal butenes, on sulphation and hydrolysis, yield about 80 per cent of 
the theoretical quantity of butanol-2. Brooks'^ states that when the acid liquors 
are diluted with ice water, some 20 to 24 per cent of the alcohol obtainable is 
liberated as such. The remainder is secured only after heating the diluted liquor 

Certain acid-soluble salts act catalytically to accelerate absorption of the olefins 
in sulphuric acid.® Silver sulphate, for instance, has a very pronounced effect on 
the absorption of ethylene, though the effect is progressively less with the heavier 
olefins. Vanadium, uranium and tungsten were much less effective. Markovich, 
Moor and Dement’eva® studied the use of a number of substances, including 
metallic salts and certain organic compounds. They point out that there are two 
phases of the problem to be considered; physical solution of the unchanged, un¬ 
reacted hydrocarbon in the sulphuric acid during which the acid acts solely in 
the role of a solvent, and the subsequent chemical reaction of the acid and 
olefin. A few compounds insoluble in sulphuric acid were found to accelerate solu¬ 
tion, without effecting chemical reaction. Although over thirty different com¬ 
pounds were investigated, ranging from the light alkali metals to the heavy metals 
such as uranium, it was found that silver salts (reacting to form silver sulphate) 
were most active. Some of the salts investigated retarded rather than accelerated 
absorption of the olefins. 

The Pentenes. Trimethylethylene and unsymmetrical methylethylethylene 
are the five-carbon representatives of the Class I olefins noted above. These 
hydrocarbons can be converted almost (juantitatively into /cr-amyl alcohol by sul¬ 
phation with 60 to 70 per cent sulphuric acid and subsequent hydrolysis. More 
concentrated acid results in considerable polymerization of the olefin. 

Pentene-1 and pentene-2 are typical representatives of Class II olefins, giving 
practically theoretical yields of the secondary alcohols when treated with 82 to 90 
per cent sulphuric acid (at 15° to 20°C.), followed by hydrolysis. Brooks,^® 
however, has shown that pentene-1 yields only the acid esters of pentanol-2, that 
is, no ;/-amyl esters, when treated with 84 per cent sulphuric acid, even in the 
presence of a catalyst (hydrogen peroxide and Iwiizoyl peroxide).*' Under similar 
conditions, pentene-2 and 80 per cent sulphuric acid at 20°(.*. furnished a mixture 
of the esters of both pentanol-2 and pentanol-3, in ratio of 65 per cent of the 
former to 35 per cent of the latter. Thus, although the sulphate group attaches 
at either end of the double bond of pentene-2, it is directed to the more central 
carbon atom in pentene-1. 

The pentene isopropylethylene is unique in that it forms mainly polymers when 
treated with 80 to 90 per cent sulphuric acid at 15 to 20°C. Practically no sul- 

* B. T. Brooks, U. S. P. 1.894,661, Jan. 17, 1933, to Petroleum Chemical Corp.; Chem. Ahs., 

1933, 27, 2.S72; Brit. Chem. Abs. B. 1933. 903. 

’B. T. Brooks. Ind. Eng. Chem.. 1935, 27, 278; /. Inst. Pet. Tech., 1935, 21. 226A; Chem. Abs., 
1935, 29. 2700. 

* V. V, Ptgulevskti. Trans. VI Mendeleev Congr, Theorct. Applied Chem. 1932, 1935, 2, Pt. 1, 
711; Chem. Abs., 1936, 30. 2734. 

* M. B. Markovich, V. G. Moor and M. I. Dement’eva, Materials an Craeking and Chem, Treat¬ 
ment of Products Obtained, Goskhimtekhisdat, (Leningrad), 1933, No. 1, 77; Chem. Abs,, 1935, 29, 
2059. 

“B. T. Brooks, J.A.C.S., 1934, 56, 1998; Chem. Abs., 1934, 28t 6697; Bnt. Chem. Abs. A, 

1934, 1198; J. Inst. Pet. Tech.. 1934, 20. 566A. 

It. has been found that peroxides exert a directive action in the combination of the halide acids 
with olefins, leading to the formation of primary alkyl halides. This is discussed in Chapter 12. 
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phated products result from this treatment, and lower concentrations of acid 
react only very slowly with the hydrocarbon. Brooks'* suggests that the unique 
behavior is due to the formation of a tertiary alkyl sulphate rather than the second¬ 
ary compound which might be expected. But since a high concentration of 
acid (80 to 96 per cent) is required to bring about reaction, the product when 
formed reacts as do other tertiary alkyl sulphates in acid of such concentration, 
and polymerizes rapidly. Brooks states that relatively large quantities of unsatur¬ 
ated oils arise from polymerization during the sulphuric acid treatment of pentene 
fractions from cracked petroleum. He believes the change is a manifestation of 
the tendency of certain olefins to copolymerize with other olefins which latter 
would not by themselves polymerize under the conditions that obtain. 

Pipik and Mezhebovskaya'® conducted an investigation of the preparation of 
amyl alcohols from the pentene fractions of various cracked gasolines. As sul- 
phating agents they employed sulphuric acid ranging in concentration from 75 to 
85 per cent. Secondary amyl alcohols constituted the main products. The highest 
alcohol yields were found to result from treatment of 1 part of the amylcne frac¬ 
tion with 1 to 1.3 parts of 75 per cent acid, or 0.75 part of 80 per cent acid. The 
light ends of a liquid-phase cracked gasoline furnished about 5.5 per cent by 
weight of amyl alcohols. A similar distillate obtained by vapor-phase cracking 
at 680®C. gave about 6 per cent of the alcohols. Pipik" subsequently observed that 
the hydrocarbons (boiling at about 55°C.) separated in the rectification of the 
amyl alcohols contained anivlencs which, after treatment with additional acid, 
furnished more secondary amyl alcohols. It was noted that this amylene fraction 
contained an activator and was thereby rendered chemically active. The activated 
condition was considered to be further indicated by reaction with sulphur dioxide, 
which resembled that exhibited by the hydrocarbons of the isoprene series. The 
activator, however, could not be isolated. 

Nazarov'* reported a two-stage sulphation for preparing the pentyl alcohols 
from hydrocarbon fractions boiling below 30°C., between 30° and 40°C. and be¬ 
tween 40° and 45°C. The material was subjected to a primary sulphation with 75 
per cent sulphuric acid at 0° to — 10°C. The product of this treatment was princi¬ 
pally the tertiary alcohol 2-methylbutanol-2. The second treatment with 80 per cent 
acid at 20°C. yielded largely secondary pentyl alcohol, pentanol-2. These alcohols 
represented 39.3 per cent of the hydrocarbon undergoing reaction. 

The Hexenes. The available data on the sulphation of the various hexenes 
is less complete than that concerning the lower members of the series. However, 
the tertiary olefins, tetramethylethylene and 2-methylpentene-l. are known to fur¬ 
nish the corresponding tertiary alcohols, 1,1,2-trimethylpropanol-l and 2,2-dimethyl- 
butanol-1, respectively, when sulphated with 75 to 80 per cent acid and subsequently 
hydrolyzed. Hexene-1 readily reacts with 85 per cent acid to yield (after hy¬ 
drolysis) hexanol-2. Similarly, hexene-2 gives a mixture of 75 per cent of hex- 
anol-2 and 23 per cent hexanol-3. The behavior of other hexenes towards sul¬ 
phuric acid is still unknown. A gasoline fraction (boiling from 55° to 75°C.) 
was redistilled by Nazarov and Remiz'® to obtain the fraction corresponding to 

»B. T. Brooks, Jnd. Eng. Chem.. 1935, 27, 282; Chem. Abs., 1935, 29. 2700; Brit. Cktm. Abt. 
B. 1935, 536: J. Inst. Pei. Tech., 1935, 21, 226A. 

“ O. Pipik and E. Meshebovskaya. Aser. Neft. Khos., 1933, No. 6-7, 56; Chem. Abs., 1934, 28, 
7504. 

“O. Pipik, Aser. Neft. Khos., 1934, No. 10, 86; Chem. Abs., 1935, 29, 5808; Brit. Chem. Abs. 
B, 1936, 536. 

S. A. Nazarov, Materials on Cracking and Chem. Treatment of Products Obtained, Goshhim- 
tekhisdat {Leningrad), 1933, No. 1, 102; chem. Abs., 1935, 29, 2719; Brit. Chem. Abs. B, 1935, 
1031. 

S. A. Nazarov and E. K. Remiz, Materials on Cracking and Chem. Treatment of Products 
Obtained, Khimteorei, {Leningrad), 1935, No. 2, 172; Chem. Abs., 1935. 29, 6033; Brit. them. Abs. 
B, 1936, 1188. 
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the hexenes. It was found that there was a high benzene content in the 75® to 
80®C. cut, and the investigators recommended that the lower boiling portion (from 
55® to 75®C.) be used. On treating the latter first with 75 per cent sulphuric acid 
at 0®C. and then with 85 per cent acid at 5® to 10®C., followed by hydrolysis of the 
acid liquor, one tertiary alcohol, 2-methylpentanol-2, was recovered in 4.5 per cent 
yield, and the secondary alcohol hexanol-3 in 14.4 per cent yield (based on the 
total unsaturated hydrocarbons in the original fraction). 


Several Processes for the Sulphation of Olefins 


Tertiary Olefins. It is not practicable to separate by distillation^'^ tertiary 
and secondary unsaturates occurring in the mixtures available for technical proc¬ 
esses. However, advantage may be taken of the considerable differential in their 
reactivity with respect to sulphuric acid of various concentrations and a fairly 
complete separation may be secured in this way. The higher reactivity of the 
tertiary olefins makes possible a preferential conversion of these hydrocarbons to 
the sulphuric esters of the corresponding alcohols, while the less reactive second¬ 
ary olefins remain substantially unaffected.^® The residual olefins may then be 
treated with a more concentrated acid for the production of secondary alcohols. 
In carrying out this two-stage process, diolefins (such as butadiene) must be 
removed before the second step, otherwise co-polymerization of these with second¬ 
ary olefins occurs. Perkins and Davies^^ prefer to separate the diolefins prior to 
the first sulphation treatment. A cracked hydrocarbon fraction consisting of four- 
and five-carbon atom chains, from w'hich the diolefins had first been recovered, 
was treated with 55 to 65 per cent sulphuric acid at 10® to 35®C. to form a ter¬ 
tiary sulphate liquor, from which the corresponding alcohols could be recovered 
by hydrolysis. The hydrocarbon residue from this step was subsequently treated 
with 75 per cent sulphuric acid at a temperature below 20®C. to form a secondary 
sulphate liquor. 

LeBaron-® has described a procedure for sulphation of the butene fraction (in 
the liquid phase) separated from cracking gas. Sulphuric acid of 50 to 60 per 
cent strength is employed. The aqueous acid, containing tertiary butyl acid sul¬ 
phate, is then removed and the residual liquid olefins treated with a second 
quantity of sulphuric acid of 65 to 70 per cent concentration. Brooks-^ proposes 

AlthouKh the mo^t important technical source of olefinic material for the synthesis of alcohols 
is, perhaps, the unsaturaietl leases deriNetl from crackiiiK operations, other raw materials have been 
suggested. It has been reported. (S. V. Lebedev, V. P. Krause. I. A. Volzhinskii, Y. O, Gorin 
and O. M. Neiniark, Trudui Gosudarst. Opuit. Zavoda Sintct. Kauchuka Litera B. HI., Synthctiv 
Rubber, 1934, 68; Chem. Abs., 1936, 30, 4811.) that pseudobutene (butene-2) is obtained as a by¬ 
product in the preparation of synthetic rubljer from biyinyl, and can be recovered by ordinary or 
vacuum distillation from the polymerizate. The inye>tigators recovered secondary butyl alcohol in 
83 per cent yield by treating the butene in the liquid phase with 75 per cent sulphuric acid. The 
unpurified gases from the iiolymerized product contain some bivinyl (up to 3 per cent) which could 
not l>e removed by treatment with sulphuric acid. An additional polymerization with metallic 
Mxlium did remove it, however. S. E. Campbell (U. S. P. 1.938.094, Dec. 5, 1933; Brit. Chem. 
Abs. B, 1934, 918; Chem. Abs., 1934, 28, 1180) has. pointed out that hydrocarbon distillates may 
be decolorized by treating the material in towers succe>sively with dilute sulphuric acid, alkali solu¬ 
tion, concentrated acid, and a final water wash. Alcohols may lie recovered by hydrolysis of the 
concentrated sulphuric acid liquors after dilution. The residual dilute acid from this latter step 
serves a.s the dilute acid of the first scrubbing tower. 

G. H. van de Griendt and W. Engs, U. S. P. 2,060,143. Nov. 10, 1936; Chem. Abs., 1937. 31, 
416. British P. 453,073. 1936, to N. V. de Bataafsche Petroleum Maatschappij; Chem. Abs., 1937, 
31, 1036: Brit. Chem. Abs. B, 1936, 1141; J. Inst. Pet. Tech., 1936, 22. 515A. French P. 792,105. 
1935; Chem. Abs., 1936, 30, 4175. Sec also WL H. Groombridge, British P. 415,766, 1934, to 
British Celanese, Ltd.; Chem. Abs., 1935, 29, 811; J. Inst. Pet. Tech., 1934, 20, 584A; Brit. Chem. 
Abs. B, 1934, 952. 

_ '•G. A. Perkins and J. A. Davies, Canadian P. 350.409, 1935. to Carbide and Carbon Chemicals 
Coro.; CAem. Abs., 1935, 29. 5127. 

. *®R. F. UBaron, U. S. P. 2,028,226, Jan. 21, 1936, to Sundard Alcohol Co.; Chem. Abs., 1936. 
30, 1805. 

^ *'B. T. Brooks. U. S. P. 1,970.687, Aug. 21, 1934, to Standard Alcohol Co.; Chem. Abs., 1934, 
»«, 6157; Brit, Chem. Abs. B, 1935, 715. 
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to treat liquid butenes under superatniospheric pressure with about 63 per cent 
acid, to form an acid mixture containing monobutyl hydrogen sulphate. Water 
is then added and unreacted H-butenes separated from the resulting mixture Clark 
and Worster-- suggested a countercurrent method of treating amylene fractions, 
with sulphuric acid of alumt 61 jwjr cent concentrati*..., to selectively react the 
tertiary hydn arbons. 'fhe acid thus prepared is hydrolyzed afterwards by stirring 
with water and ccK)ling below 30®C. 

The removal of tertiary olefins and other highly reactive unsaturated hydro¬ 
carbons from their admixtures with secondary olefiiis may be effected by other 
means than sulphation. Polymerization may be carried out under such conditions 
as to convert these more reactive substances, without appreciable change of the 
secondary olefinic compounds. According to Engs and Moravec^^ the raw mate¬ 
rial containing both secondary and tertiary olefins may be treated with an acid of 
such strength as to bring about a substantially complete polymerization of the 
more reactive tertiary compounds, yet not strong enough (at the temperature em¬ 
ployed) to materially polymerize the secondary compounds. The investigators 
point out, however, that this method may lead to an incomplete sulphation of the 
secondary olefins, thus reducing the yield of corresponding alcohols. They pro¬ 
pose, therefore, to carry out the reaction in two separate steps. A butane-butene 
hydrocarbon fraction, for instance, may be first contacted (countercurrently) with 
60 to 70 per cent sulphuric acid at 50®C. Under these conditions, isobutene is 
polymerized, while the butene-1 and butene-2 present are hardly affected. Fron) 
this reactor, the fluid, now containing isobutene polymers, «-butenes, butane and 
isobutane is passed into a second reactor where it is treated with 90 to 100 per 
cent sulphuric acid, at a temperature of 15®C. In this latter operation sulphation 
of straight-chain butenes is effected. Above this temperature, it is reported, un¬ 
desirable side reactions occur. 

Hydrolysis and distillation of the resulting aqueous layer yield the secondary 
alcohol. If the polymers of isobutene have been attacked by the concentrated sul¬ 
phuric acid in the second reactor, they revert to the original polymer under sub¬ 
sequent treatment and are readily separated. As an alternative procedure it is 
suggested*^ that tertiary olefins be selectively absorbed in sulphuric or phosphoric 
acid, which is removed and heated to approximately 80®C., causing [)olymerization 
of the dissolved hydrocarbon. The polymers may be separated from the acid, 
which is returned to the system for reuse. Sulphuric acid of 65 per cent concen¬ 
tration at a temperature of 55®C. may be employed in the absorbing chamber of 
this process.^® 

It has also been reported^® that the presence of a bivalent metal sulphate in the 
.sulphuric acid used in absorbing the olefinic material makes it possible to recover 
the tertiary olefins. These hydrocarbons dissolve readily in such a solution but 
may be released and recovered in a substantially pure condition on heating the 
liquid. Presumably polymerization is minimized by use of the soluble metal sul¬ 
phate catalyst. 

For the production of /cr-butyl alcohol, Huyser and Van Melsen*^ propose to 

«L. H. Qark and F. J. Worster, U. S. P. 2,006.942, July 2. 1935, to Sharpies Solvents Corp.; 
Chem. Abs,, 1935, 2^ 5457; Bnt. Chem. Abt, B, 19^, 919. 

**W. Engs ai^ K. Z. Moravec, U. S. P. 1,938,177, Dec. 5, 1933, to Shell Development Co.; 
Chem, Abe,, 1934, 2a, 1048; Brit. Chem. Abe. B, 1934, 824. 

••W. Engs and R. Moravec, U. S. P. 2,007,159. July 9. 1935, to Shell Development Co.; Chem. 
Abe., 1935, 29. 5456; /. /net. Pet. Tech., 1936, 22. 53A. 

»W. Engs and R. Moravec, U. S. P. 2,007,160, July 9, 1935, to Shell Development Co.; Chem. 
Abe., 1935, 29, 5456; Brit. Chem. Abe. B, 1936, 632. 

** R. M. Deanesly and W. Engs, Canadian P. 349,628, 1935, to Shell Development Co.; Chem. 
Abe.. 1935, 29, 4020. 

«H. W. Huyser and J. A. van Melsen, U. S. P. 2,012,787. Aug. 27, 1935, to Shell Develop¬ 
ment Co.; Chem. Abe., 1935, 29, 6903. Sec also Dutch P. 30,237, 1933; Chem. Abe., 1933, 27, 
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absorb the corresponding olefin in acid of concentration sufficiently low to prevent 
formation of any appreciable amount of polymerization products. They suggest 
the use of one hydrogen equivalent of acid (e.g., 65 per cent sulphuric acid) per 
mole of isobutene. It has been reported that the polymerization of olefins in the 
presence of sulphuric acid is inhibited by the addition of cyanides or complex 
cyanides of platinum, copper, iron, cobalt, nickel or silver. 2 ® The salts of metals 
of the 8th group of the periodic table, e.g., nickelous cyanide, Ni(CN) 2 , are said 
to facilitate absorption of the olefinic material in the acid.-® Cuprous salts have 
also been suggested for the same purpose. 

In sulphating a mixture of olefins and diolefins derived from cracking proc¬ 
esses, Brooks®® suggests a fraction containing mainly butenes and butadiene. 
Diolefins are first removed (without polymerization) by contact with a slurry 
of cuprous chloride in an aqueous ammonium chloride solution. The remaining 
mixture is then freed of tertiary olefins with 60-65 per cent sulphuric acid at 25®C. 
or lower. Subsequent treatment with 65-75 per cent acid at 35-60®C. removes the 
normal butenes, and the propene remaining is then absorbed by 80-85 per cent 
acid at 20-40°C. If any ethylene remains in the unabsorbed portion, this may Ixi 
sulphated with 85-95 per cent acid at 30-100°C. 

According to some investigators,®^ solution of an olefin in aqueous sulphuric 
acid can be effected to produce a liquor containing most of the absorbed olefin 
in the form of the free alcohol, which can be separated by solvent extraction. For 
example, isobutene may be absorbed in 58 per cent sulphuric acid (containing 0.5 
per cent of cuprous oxide) at 50°C. under atmospheric pressure. The resulting 
liquor (possessing 250 grams of free tcr-butyl alcohol per liter) is extracted with 
one and a half times its volume of cresol. On extraction, the solvent is said to 
contain 100 grams of alcohol per liter, while the acid liquor contains an equal 
concentration of the alcohol. After washing with water to remove entrained acid, 
alcohol and solvent are separated by fractionation and the latter reused. This 
process is said to be advantageous in that it obviates the necessity of diluting and 
reconcentrating the sulphuric acid. The same type of treatment is reported effica¬ 
cious with trimetliylethylene, using 50 per cent sulphuric acid in this case, and 
ethylphenol as the extracting solvent. The extract finally contains upwards of 
20 per cent of tcr-amyl alcohol. 

Secondary Olefins. In converting butenes and pentenes into sulphuric 
acid esters of the corresponding alcohols, the usual practice is to contact the 
olefin (often in the liquid phase) under slight pressure with sulphuric acid of 
the requisite concentration. Careful control of temperature is also necessary. 
Tertiary olefins and diolefins are removed prior to the sulphation, since undesir¬ 
able side reactions and polymerizations tend to occur if they are present. Depend¬ 
ing on temperature, acid concentration, and the relative proportions of olefin mate¬ 
rial to acid employed, secondary olefins may be converted to mono- or di-sulphates, 
or into polymerization products. At normal temperatures, acid concentrations of 
approximately 80 per cent appear to be best for the production of alcohols, but 
stronger acid may be used under low-temperature conditions. Employment of 

5756. French P. 716.046, 19.11; Chem. Abs.. 19.12, 26. 1946. (’.ermaii P. .590.48.1, 19.14; C/um. 
Ahs., 19.14. 28. 2020. All patents to Rataafsche Petroleuin Maatschappij. 

** Dutch P. .11,611. 19.1.1. to Bataaf.sche Petroleum Maat.schappij; Chvm. Ahs., 19.14. 28, 2.168. 

* (lerniau P. 598,538. 1930. to Rataafsche Petro.oum Maatschappij; /. /n.rt. Pet. Tech., 1934, 
20, 542A; Chem. Ahs., 1934, 28, 5831. See also A. J. van Peski, V. S. P. 1.944,622, Jan. 23, 1934, 
to Rataafsche Petroleum Maatschappij; Chem. Ahs., 1934. 28, 2012. 

»B. T. Brooks, U. S. P. 2,058.851, Oct. 27, 1936, to Standard Alcohol Co.; Chem. Ahs., 1937, 
31, 109. 

•'French P. 799,704. 1936. to Tsines de Melle; Chem. Ahs., 1936. 30, 8240. R. M. l^anesly, 
U. S. P. 2,042,212, May 26, 1936, to Shell Development Co.; Chem. Abs., 1936, 30, 4870. 
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stronger acid, however, makes the accurate control of temperature more difficult 
and at the same time more important if polymerization is to be minimized. Perkins 
and Davies®^ produced secondary alkyl sulphate liquors by treating a mixture of 
four- and five-carbon atom olefins, previously freed of diolefins and tertiary olefins, 
with 75 per cent sulphuric acid at temperatures below 20®C. The n-butenes (in 
the butane fraction of cracking gas) may be sulphated in the liquid phase with 
sulphuric acid of 65 to 70 per cent strength according to LeBaron.®* Iso-olefins 
are first removed by treating the fraction with SO to 60 per cent acid. Brooks®^ 
suggests that sulphation reactions may be controlled effectively by adding the 
liquid olefin to the sulphuric acid in such manner that the ratio of acid to olefin is 
maintained in excess of that required to form the monoalkyl sulphate. 

Dialkyl sulphates may be prepared by treating «-olefins of four or more car¬ 
bon atoms with 90 to 100 per cent acid, after the iso-olefins have been removed 
with 65 to 70 per cent sulphuric acid. For example, dibutyl sulphate may be ob¬ 
tained by the action of sulphuric acid (one mole) on liquid butene (two moles).^® 
Concentrated acid of 90 to 100 per cent strength has also been used by Engs and 
Moravec"*® at temperatures below 47®C., but in this case, approximately equivalent 
proportions of the reactants were employed. The secondary alcohols are obtained 
by dilution of the alkyl sulphate solution to 25 or 35 per cent acidity. 

It has been reported that metal cyanides present in 90 per cent acid not only 
act to inhibit polymerization of absorbed olefins but also do not promote esterifica¬ 
tion. The complex resulting from the interaction of unsaturated hydrocarbons, 
cyanides and acid is said to have a pronounced catalytic effect in facilitating the 
solution of further olefinic material. The strong acid solution containing the 
complex, after dilution, may be used in absorbing further quantities of hydro¬ 
carbons.®^ A catalyst composed of a compound of a metal of group VIII, such 
as ferrocyanic acid, has been proposed for absorption of cyclic unsaturated hydro¬ 
carbons, such as cyclohexene, in 80 per cent sulphuric acid. Subsequent hydroly¬ 
sis furnishes the cyclic alcohol.®® 

Davis and Francis®® report that heating (at 84 to 95®C. under 500 pounds per 
square inch pressure) a readily sulphated olefin, such as propene or butene, with 
an aqueous solution of the sulphuric acid ester of an olefin more difficult to sul¬ 
phate (e.g., ethyl sulphate) results in a mixture of ethyl alcohol and the alcohol 
corresponding to the olefin introduced into the solution. 

One of the main difficulties associated with the reaction between the higher 
olefins and sulphuric acid, of concentration greater than 90 per cent, is that con¬ 
siderable heat is evolved. This means that temperature regulation becomes im¬ 
portant, if polymerization is to be controlled, since a rise in temperature briqgs 
about the formation of increasing proportions of polymers. For this reason, re¬ 
action is usually carried out in the liquid phase (and under pressure, if necessary) 
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in vessels equipped with agitating devices and internal cooling coils. However, 
Deanesly'*® takes advantage of the volatility of the hydrocarbons being sulphated 
to regulate the temperature. He proposes that an olefin-containing mixture and 
sulphuric acid l)e intimately contacted in a packed column. The heat of reaction 
vaporizes a portion of the hydrocarlKm, and these gases are collected, condensed, 
and reintroduced at a higher point in the column. Sufficient hydrocarbon is 
present, however, to insure that there shall be liquid material in the reaction zone 
at all times. Accurate temperature control is possible in this way, it is said. 
Alternatively, Young"*^ produces alkyl sulphates by forcing a liquefied olefin and 
75 to 100 per cent sulphuric acid at temperatures below 40®C. countercurrently 
through a flow path of restricted cross section. The length of the path is such 
that reaction will be substantially complete within it. The suggested form of the 
apparatus consists of a bank of relatively small-bore tubes immersed in a cooling 
medium. Kramer,'*^ on the other hand, reported a method of control of the tem¬ 
perature of reaction by allowing interaction to take place in a comparatively large 
mass of fluid. The latter is recirculated, and cooled l>elow the desired maximum 
temperature, so that the heat generated during interaction shall not be great 
enough to unduly increase the liquid's temperature. The fluid may consist of an 
inert liquid, one of the reacting substances present in great excess, or a by-product 
of the reaction. In the latter case, the substance employed is so cho.sen that it 
may be readily separated. 

LeBaron**^ described a method which involved a series of steps, each individ¬ 
ually controlled as to acid concentration and temperature. The raw hydrocarbon 
material is mixed with sulphuric acid of relatively low concentration and the acid 
reaction product separated from the unreacted hydrocarbon. The unchanged ole¬ 
fin ic material then passes to a second zone, where more concentrated sulphuric acid 
is contacted with it. The hydrocarbon and acid in each zone are reacted while 
flowing in a continuously moving stream, the temperature of which is controlled 
to prevent undesired side-reactions, while permitting sulphation of the olefin. A 
number of these successive reactions may !)e used, the hydrocarbon meeting suc¬ 
cessively stronger acid in each. 

Markovich and Pigulevskii^^ sulphate the normally gaseous products of pyroly¬ 
sis by adding sulphuric acid in batches to the hydrocarbon material, which is 
maintained in the liquid state by the application of pressure, or by solution in 
higher hydrocarbon fractions. The process temperature is allowed to rise during 
the reaction from 0®C. to a final value of about 60°C. 

The reaction between liquid olefins and sulphonic acids, such as benzenesul- 
phonic acid, may be employed as an intermediate step in the formation of the alkyl 
esters of organic acids.”*® The sulphonic acid and the olefin are reacted with agita¬ 
tion at a temperature from 25° to 100°C,, and the resulting alkyl sulphonate ester 
is heated with an appropriate organic acid (e.g., acetic acid). Alternatively, the 
olefin and the organic acid may be directly heated together in the presence of the 
benzene sulphonic acid, the two reactions proceeding simultaneously. 
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Hydrolysis of Acid Liquors and Recovery of Alcohols 

The usual method for recovery of the alcohols from the acid liquors obtained 
by absorption of olehns in sulphuric acid consists, broadly, in dilution of the liquors 
with water, followed by distillation.'*® The residual dilute acid is then reconcen¬ 
trated for further use. However, it being known that the tertiary alcohols are 
rather easily dehydrated to olefins under the influence of quite dilute (0.02 normal) 
mineral acids, in consequence, practice has sometimes been to neutralize the acid 
prior to distillation for recovery of such alcohols. Thus, Moravec and Engs*^ add 
suflicient basic material (e.g., ammonia) to the acid liquor to bring about separa¬ 
tion into two layers. The alcohol phase is withdrawn and distilled. Brooks*® 
sUtes, however, that the dehydration may be prevented if the distillation is car¬ 
ried out in a vitreous tower countercurrent to steam. Metal, he finds, tends to 


Fig. 1C6. 

Effect of Acid Concentration in the 
Hydrolysis of J^r-Monoamyl Sulphate 
at lOO^’C (B. T. ’Brooks) 


Courtesy Industrial and linoinccrinn CltcmiS' 
try 
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catalyze the reaction resulting in decomposition of the alcohol. The operation 
should be rapid and continuous, and under these conditions, it has been found 
possible to recover 80 per cent of the /er-butyl alcohol present in acid solutions 
containing as much as 35 or 40 per cent sulphuric acid. Prior to distillation, the 
diluted acid liquor is hydrolyzed by heating at temperatures from 50®C. up to the 
boiling point of the alcohol. Shtakelburg*® also reported that the hydrolysis of ter- 
butyl and /er-amyl sulphuric acid esters could be accomplished by distillation coun¬ 
tercurrent to steam. Higher alcohol concentrations were obtained by this method 
than by alkaline hydrolysis. 

In the commercial manufacture of the secondary butyl and amyl alcohols, sul- 


^Thc residtiml material, consiiting of hydrocarbons and unrecovered aliphatic alcohols, may be 
used as a frothing agent in the recovery of ores by the floution process. (British P. 441.976 19J6 
to Amennn Cyanamid Co.; Chem, Ahs., 1936, SO, 4451; BriL Chem. Abs. B, 1936, 603 ) ’ 

ru ^ 2,019,762, Nov. 5, 1935, to Shell Development Co.; 
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27, 278; Chem. Abs., 1935, 29, 2700; J. Inst. Pet. Tech., 
1935. 21. 226A; Brit. Chem. Abs. B, 1935, 536. ' 

r E I. Shtakelburg, Materials on Cracking and Chemical Treat went of Products Obtained 
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phation is generally carried no further than the formation of the monoalkyl sul¬ 
phate, since this minimizes the development of ethers (which are largely due to 
dialkyl sulphates). When the dialkyl sulphates are formed, they are precipitated 
from the acid liquors on dilution with w^ater, and can be withdrawn and hydrolyzed 
separately. The latter step, in the case of higher monoalkyl sulphater, is catalyzed 
by sulphuric acid, but requires an appreciable time to proceed to completion even 
at temperatures up to the boiling point of the alcohol. The hydrolysis time of 
secondary amyl sulphate under various conditions of temperatures and acid con¬ 
centration has been studied by Brooks.***^ The results graphically depicted in Fig. 
106 represent the effects of varied acid concentration at constant temperature, and 
strongly indicate the catalytic effect of the hydrogen ion. It will be noticed that 
in a weakly basic solution, even after three hours, less than 35 per cent hydrolysis 
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Fig. 107. — Influence of Temperature on the Hydrolysis of jrr-Monoamyl Sulphate. 

(R. T. Brooks) 


had taken place, while in a solution originally 5.6 normal, 93 per cent hydrolysis 
had occurred in one-half hour. The influence of temperature is shown in Fig. 
107. The curves suggest the advisability of using temjieratures and acid concen¬ 
trations as high as possible, while avoiding excessive polymerization. In the case 
of butyl, amyl and hexyl alcohols, the decomposition of the sulphates to olefins is 
an important factor in lowering the overall efficiency of the sulphation process. 
Engs and Moravec*’'^ suggest that acid liquors, obtained by the solution of second¬ 
ary olefins in about one equivalent of 90 to 100 per cent sulphuric acid, be 
diluted to 25 or 35 per cent acid content, and heated. 

If the mixed secondary and tertiary olefins are absorbed in 90 to 100 per cent 
sulphuric acid, and allowed to stand, separation takes place. The polymerized ter¬ 
tiary olefins form an oily upper layer, while the secondary alkenes and sulphuric 
acid compose the lower layer. This latter acid layer is separated, and diluted with 
water sufficient to give about IS per cent concentration of acid. The dilute solu¬ 
tion is heated to effect hydrolysis, and distilled to recover the alcohols.®* Engs 

B. T. Brooks, he. eit. 
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and Moravec^ also described a method of producing secondary alcohols in which 
the diluted liquors are hydrolyzed by heating to a temperature below that at which 
the alcohol produced distills off. The acid released by this hydrolysis is neutralized 
before the alcohol is recovered by distillation. In this manner acidity is reduced 
to a value below that maintained during hydrolysis. Thus, the hydrolytic opera¬ 
tion may be carried out at 40® to 100®C. (e.g., 50®C.) in 30 to 40 per cent sul¬ 
phuric acid solution, and ammonia added to counteract the acid set free. 

In converting dialkyl sulphates into the corresponding alcohols, these inves¬ 
tigators®^ treat the compounds with aqueous sulphuric acid (of 60 to 85 per cent 
strength) to produce first the corresponding monoalkyl sulphates. The latter, in 
turn, are converted into alcohols by further treatment with water. 

When the acid liquors obtained by absorption of secondary olefins in sulphuric 
acid are diluted, separation ensues, forming two layers. The upper consists largely 
of hydrocarbons, with some alcohols in solution, while the lower contains the 
aqueous sulphuric acid solution of the esters. Brooks reports that the secondary 
alcohols contained in the hydrocarbon layer may be recovered either by washing 
with aqueous sulphuric acid of 2 to 10 per cent concentration,®® or by distillation.®** 
.Simultaneous hydrolysis and separation of the secondary alcohols may be effected, 
according to Shiffler and Holm,®^ by introducing the diluted olefin-sulphuric acid 
liquor into the middle section of a reflux still. Alcohol-free sulphuric acid of 70 
per cent strength is continuously withdrawn from the foot of the still, while alcohol- 
rich distillate is obtained at the top. Steam is continuously returned to the lower 
end of the column to insure complete vaporization of the alcohol. 

In the production of butyl, amyl, hexyl and heptyl alcohols, Archibald and Jans¬ 
sen®® propose to dilute acid reaction liquors with water to an acid concentration 
between 15 and 50 per cent. The resulting li(|uid is allowed to stratify, the tem¬ 
perature being kept between 20® and 60®C. as determined by the acid concentra¬ 
tion; the higher temperature when settling the more dilute li(|uors. Under proper 
conditions, the liquid forms three layers, the top one ccmsisiing mainly of polymer¬ 
ized oils, the middle phase containing the major portion of the alcohols, and the 
bottom layer being dilute acid with only a small proportion of alcohols. The two 
lower phases may be separately ^^orked up for recovery of the alcohols, e.g., by 
distillation. Davies®® proprjses, on the other hand, that after separation resulting 
from the water dilution of the acid liquors, an organic li(|uid miscible with both 
layers, such as methanol, ethanol or acetone, be added. The homogeneous mixture 
which results is hydrolyzed, and the desired alcohols recovered by fractional dis¬ 
tillation. Merley®® treats the alkyl sulphates with such a compound as hexyl 
acetate, instead of directly hydrolyzing the sulphates to alcohols. The sulphate 
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and the acetate are mixed by vigorous agitation, without heating, and an anhydrous 
salt of a monocarboxylic acid (e.g., calcium acetate) is added slowly. The mixture 
is then heated to complete the reaction, and dry aliphatic alcohol is added to neu¬ 
tralize any excess organic acid evolved. The mixture is refluxed and dry lime 
is added to neutralize any free sulphuric acid. The resulting alcohols and esters 
are dry distilled. 

Polymerized hydrocarbons may be removed from the hydrolyzed sulphate 
liquors by repeated extraction with a water-immiscible solvent which is capable of 
forming azeotropic mixtures with water, (e.g., benzene, carbon tetrachloride, ethyl¬ 
ene dichloride, cyclohexane, or propyl acetate). The extract and the raffinate are 
separated, and the latter is distilled to give an aqueous alcohol distillate. This is 
then subjected to azeotropic distillation in the presence of the extraction agent to 
obtain finally water-free and polymer-free alcohol.®' Carney,®^ on the other hand, 
reports that dehydration may be effected by rectification of aqueous alcohol in the 
presence of an agent which does not form azeotropic mixtures. Dehydration is 
brought about by adding a paraffin hydrocarbon in the vapor phase at atmospheric 
pressure, and distilling off water vapor and the paraffinic compound under reduced 
pressure. The added compound is substantially insoluble in water, but miscible 
with the anhydrous alcohol. Removal of impurities of disagreeable odors (such 
as polymerized hydrocarbons) from diluted or neutralized sulphuric esters may 
also be achieved by extraction with the sulphur dioxide (Edeleneau) extract of 
mineral oil, or similar material of appropriate l)oiling range.®-^ It has also been 
proposed that the separation of the polymers may l)e effected by a three step 
process. In the first stage, the diluted acid liquor is distilled to obtain an azeo¬ 
tropic ternary mixture of alcohol-water-polymer composition. This distillate is 
dehydrated by employment of solid drying agents such as copper sulphate, calcium 
oxide or calcium chloride. The dried alcohol-polymer mixture can then be frac¬ 
tionated to yield alcohol substantially free of polymers.®^ 

Tertiary alcohols admixed in secondary olefins may be removed by prolonged 
refluxing with sulphuric acid, or similar mineral acid of low volatilit\\®^ Concen¬ 
trated sulphuric acid diluted with not more than its own volume of water is added 
(in quantity of about 10 to 20 per cent by volume) to the material to be treated. 
The tertiary alcohols present are dehydrated to olefins, and readily separated. 
Objectionable sulphur compounds, such as mercaptans, which impart odor or color 
to the alcohols may be removed from isopropyl and higher secondary alcohols by 
washing with an aqueous solution of sodium plumbite.®® Aliphatic alcohols of 
from 3 to 7 carbon atoms may be freed of organic sulphur and oxygenated com¬ 
pounds imparting objectionable cnlors by subjection to the action of brass turnings 
at 350-600®C. Iron sulphide or cobalt oxide may also be employed. The vapors 
are contacted with the catalyst at the rate of 2 to 5 volumes of alcohol (liquid) 
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to 1 of contact agent per hour Archibald and Janssen®^ advise refining the ole- 
nic materials from which alkyl sulphates and, subsequently, alcohols are to be 
made before acid treatment. They suggest passing the hydrocarbon in vapor phase 
97^0 ^ refractory catalyst such as bauxite, kaolin or silica gel at a temperature of 
to 500 C. The treated material is then scruhl)ed with sodium hydroxide to 
remove hydrogen sulphide, and subse(iuently contacted with acid to remove ter¬ 
tiary olefins. The secondary olefins remaining can then be converted to alcohols. 


R. Rosen and F. M. Archibald. U. S. P 
ment Co.; Chem. Abs.. 1937, 31, 1821. 

F. M. Archibald and P. Janssen, U S 
Co.; Cltrm. Abs., 1936, 30, 3629. 


2,068,872, Jan. 2b. 1937, to Standard Oil Develop* 
P. 2,035.449, March 31, 1936, to Standard Alcohol 



Chapter 17 

Properties and Uses of Higher Secondary and Tertiary 
Alcohols Derived from Olefins 

The two types of alcohols produced from olehns of more than 3 carlK)n atoms 
arc sharply ditTcrentiated in both chemical and physical properties. In the dis¬ 
cussions of the preceding chapters reference has been made to the readiness with 
which tertiary alcohols are dehydrated to olefins, the ease with which the latter 
polymerize, and to the greater stability of the corresponding secondary alcohols. 
It is evident that this sharp distinction will materially influence the utilization awl 
economic value of the two classes of compounds. It is not surprising then, that 
heretofore the secondary alcohols have found more extensive commercial applica¬ 
tion. particularly in the form of their esters, than the tertiary alcohols. 

So far as is known, no primary alcohols are formed in the hydration of olefins 
by the sulphuric acid method, although the remarkable influence of the peroxides 
on the combination of olefins with the hydrogen halides would indicate the pos¬ 
sibility of obtaining primary alcohols by the intermediate formation of the corre- 
N|H)nding alkyl chloride or bromide.* Since the higher primary alcohols possess 
certain definite advantages over the corresponding secondary and tertiary alcohols, 
any commercially feasible methcxl of producing them directly from olefins would 
l)e highly attractive. So far, however, no such method has l>een introduced. 

I’kopkrtifs of Skco.\i).\kv Alcoiioi.s 

lVrhap> the most characteristic reactions of the secondary alcohols are those 
of dehydration and dehydrogenation. The last-named reaction may be effected 
cither catalytically at temtK*ratures above 20()°C‘. or by oxidation in the vapor 
phase with a limited amount of oxygen or air, to yield the corresponding ketones. 
Primary alcohols under like treatment furnish aldehydes, whereas tertiary alcohols 
do not undergo this simple type of dehydrogenation. The production of ketones 
from secondary alcohols either by oxidation or catalytic treatment is important 
industrially and is discussed in Chapter 18. Oxidation of secondary alcohols in 
chromic acid-a(|ucous sulphuric acid solution may lx* rendered quantitative, and 
serves as a general meth(xl of estimating the individual alcohols of this class. By 
isolation and identification of the ketone produced under these circumstances, the 
related alcohol can be simultaneously identifie<l and determined. 

Dehydration of Secondary Alcohols. Dehydration of theNe alcohols to 
the corresponding olefins proceeds, in general, more readily than that of primary 
and much less easily than with tertiary alcohols. It may Ik' accomplished either 
in the vapor phase employing contact agents such as alumina, thoria, zirconia or 
certain acid phosphates of cadmium or manganese, or in the liquid phase in the 
presence of such strong mineral acids as phosphoric or sulphuric. The exact com¬ 
position of the olefin mixture formed depends to a large extent on the nature of 

*Se<p Chapter 33. 
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the catalyst and the operating conditions. Considerable polymerization is fre¬ 
quently encountered, inasmuch as these dehydrating catalysts are usually polymeriz¬ 
ing agents as well.^ Thus, dehydration of the pentanol, 1,2-dimethylpropanol-l, in 
the presence of 75 per cent sulphuric acid at 80®C., yielded two decenes, 3,5,5-tri- 
methylheptene-2 and 3,4,5,S-tetramethylhexene-2, in about equal quantities.^ 

On the other hand, Drake and Veitch^ point out that butanoI-2 treated in a 
similar manner (with 75 per cent sulphuric acid at 80°C.) furnishes no appreci¬ 
able quantity of octenes. Despite the fact that reaction temperatures were varied 
from 25® to 100® C. and acid strengths from 50 to 90 per cent, no perceptible 
yield of the dimer of butene could be obtained. In this case, butene was formed 
so rapidly, it was believed, that the olefin escaped, from the reaction zone before 
polymerization took place. However, when acid concentration greater than 90 
per cent was used, a high-boiling polymer of the type (C 4 Hg)H*, where x was 
greater than 2, was secured. 

Elxperiments were undertaken in which the escape of the butene was pre¬ 
vented, and polymerization took place under pressure at 80®C. in about 48 hours, 
when using acid of 75 per cent strength. Still, however, the yield of octene was 
low, due to the readiness with which it, in turn, polymerized to still higher olefins. 
Distillation of this unsaturated hydrocarbon in the presence of a very small quan¬ 
tity of acid resulted in the formation of these higher polymers and also a con¬ 
siderable proportion of di-.rrc-butyl ether in the higher boiling fraction. Ozonolysis 
of the octene fraction indicated that it was largely 3,4-dimethylhexene-2.*’' 

According to Komarewsky, Johnstone and Yoder,® there has been some dis¬ 
agreement as to the butenes produced by the dehydration of butyl alcohols. They 
suggest that a part of the difficulty may have been in the identification of the 
butenes when the determination was made by bromination of the product. It is 
proposed that careful fractionation of the butene itself be relied on. 

This method of analysis showed that the products of dehydration of .^cc-butyl, 
alcohol, over a catalyst of phosphoric acid on alumina, were butene-1 and butene-2 
in the ratio of 1 to 8. These investigators report that phosphoric acid has a 
distinct tendency to bring about isomerization of the unsaturated compounds pro¬ 
duced, to an extent varying, apparently, with the type of catalyst support used. 
Thus, when the phosphoric acid on alumina was substituted by phosphoric acid 
on pumice, the dehydration products were butene-1 and l)utene-2, but in ratio 
now of 47.5 per cent to 52.5 per cent. 

Dehydration of the higher secondary alcohols often takes an unusual course, 
with the result that no hypothesis of mechanism hitherto advanced adequately 
explains the observed results. The usual result of such reaction is a j8-alkene, but 
in several instances considerable quantities of the a-alkene have b^n reported. 
Thus, Whitmore and Homeyer^ repor* dehydrating the Jrc-heptanol 4,4-dimcthyI- 
pentanol-2 by distillation from 100 per cent sulphuric acid. Two heptenes were 
obtained, 4,4-dimethylpentene-l and 4,4-dimethylpentene-2, in the ratio of 18 to 82. 
Phosphoric acid, Whitmore and Herndon® found, converts octanol-2 (capryl al¬ 
cohol) into a mixture of octene-1 and octcne-2, but in this case the a-octene ex- 


3 S«e Chapter 26 for material on oolymerization of olefins, and polymerization caulvstN 
•N. L.'Drake. G. M. Kline and VT. G. Rose. J.A.C.S., 1934, 56, 2076; Ckem. Abs 193S 29 113- 
/. Insi. Pet. Tech., 1934. 20 , 609A; Brit. Chem. Abs. A, 1934, 1329. ' ’ ’ ’ 

♦ N. L. Drake and F. P. Veitch, J.A.C.S., 1935. 57, 2623; J. Inst. Pet. Tech. 1936 22 8SA* 
Brit. Chem. Abs. A, 1956, 51j; Chem. Abs.^ 1936, 30. 1735. ' ' * 

See Chapter 59 for a discuss'on of this tvpe of identification. 

•V. Komarewsky. W. Johnstone and P. Yoder, J.A.C.S., 1934, 56, 2705; Chem Abs 1915 to 
724; Brit. Chem, Abs. A. 1935. 192. 

▼F. C. Whitmore and A. H. Homeyer. J.A.C.S., 1933, 55, 4194; Chem. Abs 1911 27 57 ia. 
Brit. Chem. Abs. A, 1955, 1271. 

•F. C. Whitmore and J. M. Herndon, J.A.C.S., 1953, 55, 3428; Brit. Chem. Abs A 1931 inn. 
Chem. Abs., 1955, 27, 4771. 
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cceded the j8-octenc by 2 to 1. Under pressure and at higher temperatures, ex¬ 
tensive rearrangement of the products of a dehydration reaction may take place. 
Whitmore and Meunier* observed that f^r-butylmethyl carbinol, (3,3-dimethyl- 
butanol-2) at 300®C. and under 2500 pounds pressure furnished only a small yield 
of 3,3-dimethylbutene-l. The bulk of the product was a mixture of the rearranged 
olefins 2,3-dimethylbutene-2 and 2,3-dimethylbutene-l in the ratio of 2 to 1. 

More extensive rearrangement takes place in the case of di-tcr-butylcarbinol 
(2,2,4,4-tetramethylpentanol-3) when employing l-chloro-4-naphthalenesulphonic 
acid as a dehydrating catalyst. This, probably, is not unusual since neither of the 
carbon atoms (in this alcohol) next to the carbinol group possesses an attached 
hydrogen atom. Whitmore and Stahly'® report that when the reactants were 
heated in a flask immersed in an oil bath at 180®C., there was no evolution of gas 
until practically the theoretical quantity of water had escaped. At this point, the 
distillation temperature dropped sharply from 88® to 34®C., trimethylethylene dis¬ 
tilled over, and gas was evolved. After one and one-half hours, the distillation 
temperature rose, and higher olefins appeared. It was found that a 77 per cent 
yield of trimethylethylene had been obtained, together with smaller quantities of 
mixed nonenes, diamylenes and triisobutylenes, while the gas which had been 
evolved proved to be isobutene. However, when the dehydration was conducted 
below 155°C., and the water formed was allowed to reflux, splitting of the hydro¬ 
carbon molecule did not occur. In this instance nonenes to the extent of 71 per 
cent were formed. When the latter, admixed with the chloronaphthalenesulphonic 
acid, were heated to 14S-205®C., then decomposition did occur. The hydrocarbon 
products thus obtained consisted of 68 per cent trimethylethylene, 50 per cent 
isobutene and 39 per cent polymers. 

Condensation With Aromatics. Secondary alcohols condense with aro¬ 
matic hydrocarbons in the presence of sulphuric acid, to yield the corresponding 
secondary alkyl derivative. Kirrmann and Graves*’ prepared isopropylbenzene and 
polyisopropylbenzenes by this type of reaction, using benzene and isopropyl al¬ 
cohol in the presence of concentrated sulphuric acid. Toluene and isopropyl alcohol 
yield both the ortho and para derivatives of cyrnene. when the condensing agent 
is 80 per cent sulphuric acid.*^ According to Durand,*•' the original discovery of 
the interaction of alcohols with benzene hydrocarbons was made by Liebmann.*^ 
and subsequently extended by Goldschmidt,*Brochet and I.eBoulenger,*® and 
Wrlcy.*^ 

Tzukervanik*^ points out that combination of benzene with secondary or tertiary 
alcohols can he effected most readily in the presence of aluminum chloride. This 
investigator l)elieves that reaction prol>ahly involves the intermediate formation of 
alcohol-aluminum chloride complexes of the type .MCl 2 (OR) (with elimination 
of hydrogen chloride) as these have been shown to result on treatment of primary 

•F. C. Whitmore and P. I.. Meunier, J.A.CS., 193J, 55. 3721; Chcm. Abs . 1933. 27. 5053; 
Brit. Chrm. Abs. A. 1933. 1140. 

»“F. C. Whitmore and E. E. Stahly. J.A.CS.. 1933, 55. 4153; Chrm. Abs.. 1933. 27. 5715; 
Brit. Chcm. Abs. A. 1933. 1271. 

''A. Kirrmann and M. (iravea, Bu/l. soc. chim., 1934, (5) 1, 1494; Brit, Chcm. .4bs. A, 1935, 
203; Ckcm. Abs., 1935. 29. 2516. 

*• H. Meyer and K. Bernhauer, Monatsh.. 1929. 53 and 54, 721; Chrm. Abs.. 1930. 24, 346; Bnt. 
Chrm. Abs. A, 1929. 1441. See also G. Desaeigne, Compt. rend., 1935, 200, 466; Chcm. Abs., 1935, 
29. 2927; Brit. Chrm. Abs. A. 1935. 612 

'•J. F. Durand, Bmtt. soc. chim., 1935. (5) 2, 824; Chrm. Abs., 1935, 29, 5820; Brit. Chcm. Abs. 
A, 1935. 852. 

'♦A. Liebmann. Bcr., 1881. 14. 1842; Chrm. Zrntr., 1881, 3, 685. 

‘'‘H. Goldschmidt. Bcr.. 1882. IS. 1066. and 1425; Chrm. Zrntr. 1882, 3, 636. 

'*A. Brochet and P. I.eBoulenrer. Compt. rmd., 1893. 117. 235; Chrm, Zrntr.. 1893, 2. 429. 

'^A. Verley, Bnlt. soc. chim,, 1898. 19. (3> 67; Chcm. Zrntr,, 1898. 1, 450. 

'M. Tiukervanik. /. Ccn. Chcm. (V.S.S.R.), 1935. S. 117; Chrm. Abs., 1935, 29. 4746; Brtf. 
Chrm. Abs. A, 1935, 967. 
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alcohols with the metallic halide. Tzukervanik and Tokareva^® observed that iso¬ 
propyl and jcc-butyl alcohols reacted with benzene and toluene (in the presence 
of the Friedel-Crafts reagent) to yield up to 70 per cent of alkylated hydrocarbons. 
If an excess of aluminum chloride is used, some dialkyl derivatives are secured. 
With toluene, the alkyl group is directed to the para position. Thus, 30 g. of iso¬ 
propyl alcohol; 150 cc. of benzene and 43 g. of aluminum chloride gave 35 g. of a 
liquid fraction consisting of cumene and diisopropylbenzene. The same quantities 
of isopropyl alcohol and aluminum chloride reacted with 100 cc. of toluene yielded 
35 g. of />-cymene. Secondary butyl alcohol (20 grams), Iwiizene (100 cc.) and 
aluminum chloride (30 grams) furnished .rec-butylbenzene. 

Condensation With Phenols. Huston and Hsieb-® have investigated the 
reactions of secondary, tertiary and primary alcohols with phenol and benzene 
derivatives in the presence of aluminum chloride. They report that, as a general 
rule, tertiary alcohols condense readily with phenols to give good yields of p-tcr- 
alkylphenols (45 to 60 per cent). Under the same conditions, isopropanol gave 
a small yield of a substance which was not identified, but did not correspond in 
properties to any known propyl phenol or phenyl propyl ether. Neither jcr-butyl 
alcohol nor primary alcohols reacted with benzene. Tertiary alcohols did so 
readily, and gave good yields (65 to 70 per cent) of products. Secondary alcohols 
reacted more slowly, and resulted in lower yields of alkyll)enzencs. and the pri¬ 
mary alcohols did not condense under the conditions obtaining. Tzukervanik 
and Nazarova^^ observed that tertiary alcohols and phenol furnished yields of 60 
to 70 per cent of alkylated phenols (together with alkylated benzene hydrocarbons 
as by-products). Furthermore, these investigators are of the opinion that the use 
of secondary alcohols gives rise mainly to ethers of alkylated phenols. Thus, they 
report obtaining isopropylcumyl ether (C 3 H 7 —CoH 40 C:tH 7 ) from isopropanol and 
phenol. This difference in the reactions of secondary and tertiary alcohols (under 
the influence of aluminum chloride) is attributed to the fact that secondary alcohols 
do not readily yield considerable amounts of olefins and alkyl halides, whereas the 
tertiary alcohols do. Condensation of secondary alcohols is believed to take place 
according to the following scheme: 




HjCCH^CHOHCH, + AlCl, 
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*" I. Tzukervanik an«l K. Tokareva, J. (Jen. Chem. 

A. 19.16, 61; Chem. Abs^ 1936. 30, 442. 

»R. C. Huaton and T. Y. Haieh. J.A.C.S., 1936. 

Chnn. Abs. A. 1936, 602: /. Inst. Pet. Tech, 1936, 22, 254A. 

^ I. Tzukervanik and Z. Nazarova, J. Gen. Chem. (u.S.S.R.), 1935, 5, 767; Chem. Abs 1916 
30, 443. ' *» • . 


(U..S'S.P.), 1635, 5, 704; tint. them. Abs. 
58, 439; Chem. A hi., 1936, 30, 2939; Brit. 
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In confirmation of this proposed mechanism, it is |>ointed out that isopropyl 
alcohol and anisole (phenylmethyl ether) in the presence of aluminum chloride 
furnish a mixture of o-and />-isopropylanisole: 



CH(CH,), 

Smith-^ reports that considerable rearrangement of alkyl phenyl ethers may 
take place in the presence of aluminum chloride. Thus, 5cr-butylphenyl ether is 
transformed into />-.rrc-butylphenol. This investigator states the corresponding ter- 
butylphenyl ether rearranges so readily that it cannot be distilled at atmospheric 
pressure without thermal isomerization to />-/cr-butylphenol taking place. Such 
change occurs even more rapidly with the condensation product of isobutyl alcohol 
and phenol, it is said, so that there is some doubt that isobutyl phenyl ether can 
be prepared, the substance actually obtained being the isomer, /cr-butylphenoL 
That boron trifluoride exerts catalytic action in bringing about the interaction 
of secondary alcohols and phenols has been demonstrated by Sowa, Hennion and 
Nieuwland.^^ They reacted 60 grams of isopropyl alcohol with 94 grams of phenol 
in the presence of 24 grams of the trifluoride. A mixture of alkylated phenols and 
phenol ethers was secured, 47.5 per cent of which was 2*isopropylphenol, 34 per 
cent 4-isopropylphenol and 18.5 per cent of 2,4-diisopropylphenylisopropyl ether. 
Since investigation showed that isopropylphenyl ether did undergo rearrange¬ 
ment,as exhil)ited by butylphenyl ethers, it was l>elieved that this alkylation of 
phenol in the presence of lK)ron trifluoride involved a primary dehydration of the 
alcohol to the olefin and the subsequent condensation of the unsaturated hydro¬ 
carbon with f)henol: 

C,He + H,0 

(BPj) /“X 

f ) 



I^ngwelF^ reports that zinc chloride in 80 per cent aqueous solution will serve 
as the condensation catalyst in this reaction. When secondary alcohols are em¬ 
ployed a temj)eraturc of about 130®C. is required, as for example, the interaction 
of phenol and .vrr-isohexanol. In the case of primary alcohols, a temperature of 
180®C. is necessary. A volatile hydnxrarbon such as isohexene or benzene may be 
added, and reaction carried out under reflux. Bertonasco*-® reports that warming 
resorcinol with jcr-butanol and concentrated sulphuric acid produces a dye. The 
products are, it is suggested, esters of resorcinol-disulphonic acid. 

Physical Properties. The boiling points and densities characteristic of the 
more important secondary alcohols of the lower range are given in Table 96. 

«R. A. Smith, J.A.CS., P.Kt. 55, 3718; Chem. Abs„ 1933, 27, 5067; Brit. Ckrm. Abs. A, 1933, 
1156. 

F. J. Sowa, (». F. Hennion ami T. A. Nieuwland, J.A.C.S., 1935, 57, 709; Chrm. Abs.. 1935, 
39, 3321; Brit. Ckem. Abs. A, 1935. 744. 

R. A. Smith, ioc. cit. 

** H. l.angwell, British P. 424.506, 1935, to British Industrial Solvents Ltd.; Chem. Abs., 
1935, 29, 4376; Brit. Chrm. Abs. B, 1935. 443. French P. 778,890. 1935; Ckcm. Abs., 193S. 29. 4855. 

•• E. Bertonasco, C. Farm. Chim. .SVi. affini, 1935. 84. 58; Brit. Ckcm. Abs. A, 1936, 1104; 
Chim, ZfMtr., 1935, 2, 3096. 
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Relatively few of these have been definitely identified among the complex mixture 
obtained by the sulphation of the higher olefins. The most important secondary 
alcohols being produced from the lower olefins aside from isopropanol are, per¬ 
haps, butanol-2, pentanol-2 and pentanol-3, and secondary hexyl and heptyl alcohols 
of undetermined structure. 

The water solubilities of secondary alcohols above isopropyl alcohol decrease 
rapidly. Although the latter is miscible in all proportions with water, butanol-2 
and pentanol-2 dissolve to a limited extent in water, and pentanol-3, hexanol-2 and 
hexanol-3 are very slightly soluble. The secondary heptanols and octanols are 
practically insoluble, as are the higher members of the series. Although butanol-2 
is somewhat soluble in pure water, it may readily be salted out of solution by addi¬ 
tion of calcium chloride. Thus, Shaposhnikov and Pinchuk^^ find that butyl and 
higher alcohols may be determined quantitatively by this method. They suggest 
adding 4 cc. of the solution to be tested to 20 cc. of aqueous calcium chloride (of 
density 1.16) which has been saturated previously with butyl alcohol. The higher 
alcohols are sufficiently insoluble so that the solution of the chloride need not 1 k‘ 
saturated with them, presumably. Separation occurs under this treatment, and 
the alcohol layer formed contains the butyl and higher alcohols present together 
with any hydrocarbons. The latter are determined by adding 35 volumes of water, 
to the alcohol layer, and noting volume of hydrocarbons formed. This (juantity is 
subtracted from that previously ascertained as representing alcohols and other 
liquids. 


Table 

—Some Higher Secondary 

Aliphatic 

Alcohols."^ 



Boiling 

Melting 

Density 

Molecular 

Alcohol 

Point ®C. 

Point ®C. 

20r'4"C. 

Weigl^ 

Butanob2. 

. 99.5 


0 808 

74.0?5 

Pentanol-2. 

. 119.5 


0 809 

88.09 

Pentanol-3. 

. 115.6 


0 815 

88.09 

3-Methylbutanol-2. 

. 114 


0 819 

88 09 

Hexanol-2. 

. 131.9 


0 803 

t 02 n 

Hexanol-3. 

. 135 


0.819 

102 11 

3,3-Dimethylbutanol-2. 

. 121-123 

5 5 

0.812 

102 11 

2-Methylpentanol-3. 

. 128 


0 824 

102 It 

3-Methylpentanol-2. 

. 134 


0 831 

102 11 

4-Methylpentanol-2. 

. 130-132 


0.828 

102.11 

Cyclohexanol. 

Heptanol-2. 

. 161.5 

. 158 

23.9 

0 962 

0.819 

100 09 
116 12 

Heptanol-3. 

. 66(18mm.) 

0.823 

116.12 

Heptanol-4. 

. 155.4 


0 820 

116 12 

2-Methylhexanol-3. 

. 141 


0 821(17‘») 

116.12 

2-Methylhexanol-4. 

. 148.2 



116.12 

2-Methylhexanol-5. 

. 150 


0.8i9(17") 

116.12 

3-Methylhexanol-4. 

. 150 


0 852 

116 12 

2,4-Dimethylpentanol-3_ 

. 140 


0.829 

116 12 

Cycloheptanol. 

. 185.2 


0.958 

114 11 

2-Methylcyclohexanol-l — 

. 169 


0.923 

114.11 

3-Methylcyclohexanol-l- 

. 176 

-47 

0.914 

114.11 

4-Mcthylcyclohexanol-l — 

. 174 


0 924(14**) 

114.11 


Esters of the Higher Secondary Alcohols 


The esters of the secondary alcohols, particularly the acetates, are important 
as solvents in the lacquer and varnish industry. Parks and Hopkins*** report that 

•'V. G. Sbtpothnikov and S. E. Pinchuk, Trudui. Gosudarst. OpuU. Zovoda 
Liura B. JIL s7nik*Hc Rubber, 1934, 104; CArm. Abs., 1936, 30, 4787. /CaarAnAa 

>*Data from International Critical Table*. McGraw-Hill Book Co.. Inc.. New York toaa 
*•;. G. Parka and M. B. Ho|»kin*. Ind. Enp, Chem., 19.10. 22. 826; CU(m Ahs jvm^u^ 4^6; 
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the secondary acetates are miscible in all proportions with the other solvents and 
diluents commonly used in the production of lacquers, and may be employed in any 
desired proportion. Asphalt, tars, pitches, rosin, ester gum and many other resins 
are soluble in these liquids, although shellac is not. The physical characteristics 
of mixtures of 85 per cent secondary acetates with about 15 per cent of the cor¬ 
responding alcohols are summarized in Table 97. 

Table .—Properties of Secondary Acetates (With 15 Per Cent of Alcohol) 

Boifing Density 

Fster Point °C. I5.5/18.5'*C. 

j<'(-ButyIacetatc 107-114 0.861 1.3915 

^ff-Amylacetate. . 128-134 0.863 1.4021 

jw-Hexy lacetate.... 146-156 0.863 1.4081 

The solvent power of these esterN, as evidenced by dilution ratios and viscosit> 
measurements of cellulose nitrate solutions, is only slightly less than that of the cor¬ 
responding primary esters, it was reported. Parks and Hopkins also point out that 
the solubility of water in the solvent is an indication of the probable tendency of 
that medium to cause blushing in humid weather. As a general rule the aliphatic 
esters boiling above 100®C. are only very .slightly miscible with water, and there¬ 
fore have goo<l blush resistance. Very little difference was observed in this re¬ 
spect between normal and secondary esters. Sayers, Schrenk and Patty*® made a 
Ntudy of tile physiological properties of commercial butyl acetate. The character¬ 
istic action of pure n-butyl acetate appears to be strongly narcotic, wdth the ex¬ 
pected consequence of coma and death if the vapors are breathed in high concen¬ 
tration. .Animals which were exposed to the fumes and narcotici.sed recovered 
completely if death did not take place during the period of exposure. Commercial 
butyl acetate produces symptoms of nasal and eye irritation, and narcosis. At room 
temperature, however, it was not possible to attain a concentration of vapor 
that was dangerous to the life of guinea pigs in 30 to 60 minutes. Exposure to 1 
to 1.4 per cent vapor concentration is dangerous, however, after several hours. 
Concentrations greater than 0,7 per cent cannot be endured without effects more 
serious than the eye and nose irritation wdthin one hour. If exposure is continued 
for several hours, 0.33 per cent is the maximum that can be tolerated with but 
slight, or no symptoms. The commercial material used in the investigation had a 
marked odor, and was found to be distinctly irritating (to the nose and eyes of men) 
in concentrations apparently harmless to guinea pigs after a single exposure of 
several hours’ duration. The lower inflammability limit was estimated to he ap¬ 
proximately 1.7 per cent, but concentrations well below this figure are extremely 
disagreeable to men from the standpoint of odor and eye and nose irritation, it 
was reported. 

Bass and Fenn*' describe the preparation of .trr-butyl lactate (boiling at 172°C., 
density 0.972) by heating butanol-2 and anhydrous lactic acid at 170® to 175®C. for 
tour hours in a pressure vessel. .An acid catalyst may be used to promote esteri¬ 
fication. The product is then separated by fractionation. Cyclohexanol may he 
reacted with acetic acid, according to ZaFkind and Tferchikov/'^ by mild heating 
with 10 per cent exce.ss of acetic acid and 0.3 per cent sulphuric acid for one-half 
hour. A yield of 83 per cent was obtained. Under the same conditions the sec- 

Brit. ( hem. Abt. B, 19»10, 1038. Sre aNo. Carlcton Ellis. **The Chemistry of Petroleum Derivatives,’' 
The Chemical Cataio«r Co., Inc., New York, IM4. 

R. R. .Sayert, H. H. 5^hrenk and F. A. Patty. ( 7 . S. Pub. Health Refits., 1936, SI, 1229; 
Chrm Ahi.. 1936. SO. 7690. 

** S. T.. Bass and H. N. Fenn. T. ,S. P. 1,9.56 972. May 1, 1934, to Commercial Solvents Corp.; 
Chem. 1934. 28. 4072; BHt. Ckem. Abs. B, 1935. 262. 

Y. S. Zal’kind and M. (i. fierchtkov. Plastischeskie .Masrui, IM4, No, 3. 37; Cbem. Abs,, 1934. 
28, 6708. 
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ondary heptyl alcohol, methylcyclohexanol, gives 78 to 80 per cent of the corre¬ 
sponding ester. Acetic acid as dilute as 60 per cent was said to be satisfactory in 
making this preparation. Cyclohexanol and 85 per cent formic acid, when allowed 
to stand in the cold without catalyst for 24 hours, gave 85 to 90 per cent of the 
formate. The monoester of oxalic acid could not be prepared, although by reflux¬ 
ing cyclohexanol with the anhydrous acid, the dicyclohexyl oxalate was obtained. 

Ethers of Higher Secondary Alcohols 

The method of making an ether from the corresponding alcohol, by dehydration 
in the presence of sulphuric acid, may be applied to the higher aliphatic ethers. 
Thus, Hennion, Hinton and Nieuwland^^ prepared ethers by heating the corre¬ 
sponding alcohols with sulphuric acid while removing water in the vapor form. 
Reaction was carried out until the temperature of the mixture reached a point 
midway between the boiling point of the alcohol and that of the ether. 1 he latter 
was isolated by cooling the mixture, diluting with water, then washing with aqueous 
sodium hydroxide, and distilling. Other acids, such as phosphoric or l)enzenesul- 
phonic, have been proposed as the dehydrating agent. To facilitate continuous re¬ 
moval of water during reaction, a water-immiscihle entraining agent which forms 
an azeotrope with water having a minimum boiling point (e.g.. a light gasoline 
fraction) may l>e added to the reaction mixture. In the case of ;i-butyl alcohol, how¬ 
ever, it is said that the products form a mixture of minimum boiling point with 
water, making unnecessary addition of an entraining agent. 

As an alternative procedure, sulphuric acid solutions of olefin may be used. A 
continuous process has been described,in which such acid liquors are hydrolyzeil 
with water and distilled. That portion of the distillate consisting of alcohol and 
water is returned to the hot acid liquor for further dehydration. 

It has been reported,^® however, that the higher ethers (those from alcohols 
having more than 7 carbon atoms per molecule) may be produced in alkaline media. 
The starting materials in this instance are sulphuric or phosphoric acid esters of 
the alcohol, which are heated with the alcohol or a phenol, in alkaline media, or 
with alcoholates or phenolates. 

Industrial Applications of Secondary Butyl Alcohol 


Klli.s'^^ finds that .rrr-butyl alccdiol may Ik* used as an homogcnizer in the prep 
aration of a nitrocellulose coating composition. A low viscosity nitrocellulose is 
dis.solved in 40 parts of diacetone alcohol, 30 parts of a cracked j)etroleum distillate 
(boiling between 70® and 120®C.) as a diluent and viscosity reducer, and 30 parts 
of jpc-butyl alcohol. A compatible synthetic resin may be incorporated, or if a 
colored lacquer is to be produced, a pigment may l>e ground in with the solvents. 
Such liquid compositions may be applied over varnish coatings without dissolving 
and disintegrating the undercoat. 

As has been stated, the characteristic oxidation reaction of the .secondary alco¬ 
hols leads to the production of ketones.®* However, certain methods of oxidation 


*• G. P. Hennion, H. 0. Hinton and J. A. Nieuwland, Proc. Indiana Acad. Sci.. 1933 42 109- 
Chem. Abi., 1933. 27, 5716; Brit. Chem. Abs. A. 1934. 277. 

** British P. 243,736, 1926, to Distilleries des Deux-Sevres; Brit. Chem. Abs. B, 1926 768 
•“British P. 362,593. 1931, to I. G. Farbenind. A.-C.; Brit. Chem. Abs. B, 1932, 332 
•"British P. 401.142. 1933, to Henkel ft Co., G. m. b. H.; Brit. Chem. Abs B 1934 54- Ckem 
Abs., 1934. 28. 2365. French P. 751,923, 1933; Chem. Abs.. 1934, 21, 777 ’ * 

/»«•" ®''*'^®***' i Ais.. 1935. a». 94*; 

.^iich reactions are discussed in Chapter 18. 
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give rise to acids containing fewer carbon atoms. Thus, Pelton and Kennedy^® 
suggest that j^c-butyl alcohol be reacted with a fused mixture of potassium and 
sodium hydroxides at 200®-325®C. to give propionic acid. Strosacker, Kennedy 
and Pelton®®* report that ^ec-butyl alcohol and propyl alcohol may be mixed and 
subjected to the action of fused caustic soda to obtain alkali propionates. 

Hardy^® has reported another type of reaction producing acids or their esters. 
.ycf-Butyl alcohol was condensed at 200®C. to 210®C. with carbon monoxide in the 
presence of phosphoric acid containing a small amount of copper phosphate. From 
one kilogram of the alcohol, about 29 grams of the methyl ester of pivalic (tri- 
methylacetic) acid and 10.5 grams of the methyl ester of methylethylacetic acid 
resulted. 

Among the uses for which the secondary alcohols have been suggested is in¬ 
cluded the production of esters. Much work has been done in consequence, with 
a view to facilitating and improving the processes used in extracting water from 
the alcohols, and for increasing the purity of the product. In procedures designed 
to render the alcohol anhydrous, some care must be taken that it is not dehydrated 
to the olefin, though the secondary alcohols, as compared with the tertiary, are 
fairly stable in this respect. As pointed out before, the higher alcohols are only 
slightly soluble in water, nor are large proportions of water soluble in the alcohols. 
Those of the octyl and nonyl range are not ordinarily contaminated by large quan¬ 
tities of water, but neither have they so far become of industrial importance. The 
greatest interest has centered on the secondary butyl and amyl alcohols. The ma¬ 
jority of methods proposed for rendering these anhydrous depend on the use of 
entraining agents or solvent extraction, and frequently both. Taylor^^ suggested 
that carbon tetrachloride be used as an agent for drying the higher alcohols. The 
alcohols may first be extracted with carbon tetrachloride, whereby a large propor¬ 
tion of the water present is eliminated. That taken up in the extract can then be 
removed by distillation as a ternary azeotrope with carbon tetrachloride and alcohol. 
Finally, methyl alcohol is added, and the carbon tetrachloride and methanol removed 
as a binary azeotrope. If the secondary alcohol does not form a low boiling azeo- 
troj)e with carbon tetrachloride, or a ternary azeotrope with the tetrachloride and 
water, the latter is removed in a water-carbon tetrachloride mixture which boils out 
at 66®C. Shiffler and Mithoflf^^ have used a light petroleum ether in an analogous 
manner. In this case the liquid to be dried (such as ^ec-butyl alcohol) is passed 
into a stratifying zone, where it is brought in contact with the condensate obtained 
from a latter stage of the process. This condensate consists of portions of the 
.fCC-butyl alcohol, water, and petroleum ether. The petroleum ether brings about a 
separation, acting as solvent for the alcohol, and two layers are formed, one rela¬ 
tively rich in the butanol, and poor in water, while most of the water and a small 
amount of alcohol form the lower layer. The petroleum layer is passed to a re¬ 
flux condenser. The vapors from this column are condensed and used in the first 
step of the process, recirculating through the system in this way. 

Lebo,^® on the other hand, proposes distilling the water and alcohol to a con¬ 
stant-boiling mixture without addition of entraining agents, eliminating the solvent 
extraction step. Thus, jcc-butyl alqohol may be distilled to the constant-boiling 

••E. L. Pehon and C. C. Kennedy. U S. P. 1.926,059, Sept. 12. 1933, to Dow Chemical Co.; 
Brit Chem, Ahs, B, 1934, 709:Cktm, Abs., 1933, 27. 5751. 

••• C. J. Stronacker, C. C. Kennedy and E. L. Pelton, U. S. P. 1,926.068, Sept. 12, 1933. to 

Dow Chemical Co.; Chem. Abt,. 1933, 27, 5751. 

<*n. V. N. Hardy, J.CS.. 1M6. 358. Chem. Abt., 1936, SO. 3776. 

"R. Taylor, J.S.CJ., 1934, 5S, 193T; Chem. Abs., 1934, 28, 5400; Brit. Chem. Abs. B. 1934. 

750. 

« W. H. Shiffier and R. C. Mithoff. U. S. P. 2,000.043, May 7. 1935; Ckrm. Abs.. 1935. 29. 4021. 

R. B. Lebo, U. S. P. 1.911,829. May 30. 1933, to Standard Oil Development Co.; Brit. Ckrm 
Abs. B. 19.34, 393; Ckrm. Abs., 1933. 27. 3943. 
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point, and this distillate collected. A second distillation is then carried out, after 
adding an entraining agent such as benzene or xylene. 

For tlie removal of aldehyde impurities that may be present in primary alcohols, 
Burke*^ suggests a*treatment involving refluxing with an amine so chosen that the 
boiling point of the alcohol being treated is more than 1S®C. removed froni the 
boiling point of the amine. The alcohol is distilled in a column into which an amine 
is admitted at a point near the top (but not at the top, lest the product be con¬ 
taminated) so that it flows down counter to the ascending vapors. Such amines as 
aniline, phenylacetyl amine or naphthylamine may be used. Other contaminants, 
such as mercaptans which impart color and objectionable odor, may be removed by 
using an aqueous sodium plumbite washing solution.**^ 

Industrial Applications of the Esters of Secondary Butanol 

The most important ester of secondary butyl alcohol is the acetate, which is 
made on a considerable scale.^*^ One method suggested for this synthesis^^ pro¬ 
poses that the alcohol and the organic acid be heated together in the presence of a 
catalyst until equilibrium is reached. The mixture is fractionally distilled, and the 
condensate allowed to stratify. The water and .^^c-butyl acetate produced are re¬ 
moved in equivalent proportions, and the remainder returned to the column as 
reflux. Further alcohol and acid are added to compensate for the product extracted. 
Merley^* states that the product of esterification may be freed from impurities, such 
as mercaptans and hydrocarbons, by a system of successive distillations. First, a 
fractional distillation of the material is carried out, eliminating the major portion 
of the impurities present. The rectified portion is then redistilled with the addi¬ 
tion of water. The protluct of this last step is finally redistilled to eliminate water. 
Merley^® has also pointed out that the small amounts of tertiary esters which may 
be present (e.g., /cr-butyl acetate) may be removed by heating with an aqueous 
solution of a mineral acid (such as sulphuric acid) containing the acid of the ester 
(in this case, acetic acid). The tertiary ester is decomposed completely, and the 
more stable secondary ester may be recovered by fractional distillation. 

The secondary acetate is finding widespread use as a lacquer solvent and 
thinner. Blech*'’*" has suggested the use of ii-butyl acetate in a hand-cleaner capable 
of removing lacquer, varnish, printer’s ink and similar materials. The composition 
consists essentially of a soap, water, diatomaceous earth, glycerine and a perfumed 
detergent and scouring compound, to which a rapid-acting volatile solvent such as 
n-butyl acetate is added to dissolve rapidly the lacquer material present. Wilson^*' 
proposes that xcr-butyl acetate be u.sed in the dewaxing of oil. The latter is mixed 
with the ester, is agitated with a solvent, the solution subsequently cooled and the 
precipitated wax removed by filtration. 

Butyl formate has been found to l)e definitely toxic, and may be used as an 

P. Burke. U. S. P. 1.987.601. Jan. 15. 19.15. to E. I. du Pont de Nemour* & Co.; Brit. 
Chem. Abs. B. 1935, 1129; Chem. Abi., 1935. 29, 1431. 

^ F. M. Archibald and C. M. Bcamer, U. S. P. 1.995.597. March 26, 1935, to Standard Alcobcd 
Co.; BrU, Chim, Abs, B. 1936, 310; Chem. Abi„ 1935, 29, 2973. 

‘^S«« Carlcton EUii, **The Cbeiniatry of Petroleuin Derivatives.” The Chemical Catalog Co., Inc., 
New York, 19S4. 

«^K. R. Edlund, U. S. P. 1,952,125, March 27, 1934, to Shell DevelofMnent Co.; Brit. Chrm. 
Abs. B. 1935, 139; Chcm. Abs., 1934. 28, 3416. 

•S. R. Merley, U. S. P. 1,928,132, Sept. 26, 1933, to Doherty Research Co.; Chem. Abs., 1933 
27, 5753; Brit. Chem. Abs. B, 1934, 750. 

^S. R. Merley, U. S. P. 1,898,737, Feb. 21, 1933, to Doherty Research Co.; Chem. Abs., 1933, 
27, 2692; Brit. Chem. Abs. B. 1933. 955. 

»W. Blech, U. S. P. 2,064.725. Dec. 15. 1936, to T. B. Gregory; Chem. Abs., 1937. SI. 786. 

»A. M. Wilson. U. S. P. 2,049,036, July 28, 1936, to SUndard Oil Development Co.; Chem. 
Abi., 1936, SO, 6550. 
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insecticide. Bass and Fenn®^ report that .r^c-butyl lactate may be produced by re¬ 
acting the anhydrous acid and the secondary alcohol in a reaction bomb. The 
temperature is raised to 170-175°C., and the reactants maintained at this tempera¬ 
ture under pressure for 4 hours. The resultant ester is purified by fractional 
distillation. 

Highfr Secondary Alcohols 

The higher secondary alcohols may be produced by the sulphation process, but 
those originating from olefins above the heptene range are prepared in lesser quan¬ 
tities in this manner. The most important of the alcohols above ^ec-butanol are 
.rec-amyl and jec-hexyl, which are made commercially in considerable volume. 
They have been suggested as solvents in the ozocerite refining process proposed 
by Cox.®* The crude ozocerite is agitated with a liquid consisting of 80 per cent 
//-butanol and 20 per cent ^rr-amyl alcohol. The waxy constituents are taken into 
solution by this alcoholic mixture, while the asphaltic fractions remain suspended 
in the liquid medium. The process is carried out at a temperature above the melt¬ 
ing point of the wax. until the wax solution and the asphaltic particles are thor¬ 
oughly emulsified. Rapid cooling then causes the waxy constituents to precipitate 
from solution, carrying the asphaltic material down with them. Heating the mix¬ 
ture subsequently without agitation, redissolves the wax, which can then l>e sepa¬ 
rated from the insoluble asphaltic residue. It has also been suggested®^ that the 
high molecular weight alcohols obtained from olefins are capable of stabilizing a 
suspension of metal soaps in mineral oils. Relatively small proportions of these 
heavier alcohols are reported to be sufficient. 

The esters of jcr-hexyl, -heptyl and -octyl alcohols and dicarboxylic acids (such 
as dioctyl phthalate) may he used as plasticizers with cellulose nitrate. Van 
Schaack®® reports. Mixed esters involving lower alcohols as well as these higher 
secondary compounds mav be used. 

A number of alkylated benzene homologs and derivatives have been made from 
the higher secondary alcohols,®^ Austin®^ states that alkyl resorcinols may be pre¬ 
pared by condensing a secondary alcohol (such as heptanol-2) with resorcinol in 
the presence of a condensing agent. Schrauth®® reports that interaction of 5cc-amyl 
alcohol with naphthalene can be carried out in the presence of sulphuric acid to 
produce a wetting and cleansing agent. Naphthalene sulphonic acid may be used 
in place of the hydrocarbon. Thus. 600 parts of naphthalene may be converted 
into naphthalene sulphonic acid by treatment with 720 parts of sulphuric acid at 
no® to 180®C. The reaction mixture is cooled to 105®C. and maintained at this 
temperature while a solution of 6^ parts of jcc-amyl alcohol and 40 parts of sul¬ 
phuric acid is added over a period of four hours. The mixture is then heated 
to 12S®C. for four more hours. The mass separates into two layers, the lower of 
which, consisting of sulphuric acid, is withdrawn. From the upper layer, the un¬ 
altered sulphuric acid is removed by treatment with lime. The solution of amylated 
naphthalene sulphonic acid so obtained is neutralized with sodium carbonate to 

*• S. L. Bast and H. N. Fenn. U. S. P. 1.956.972. June 1. 19.^4, to Commercial Solvents Corn,; 
Bfii, Chem, Abt, B, 1935, 262; Ckem. Abs.. 1934. 28, 4072. 

•• D. C. Cox. U. S. P. 1,951.861, March 20. 1934. to A. G. Dickinson; Cktm. Abs., 1934, 28, 3579. 

•♦French P. 799,072, 1936, to Bataafsche Petroleum Maatschappij; Chrm. Abs., 19.36. SO, 7838. 

••R. H. Van Schaack. U. S. P. 1.949,093. Feb. 27. 1934, to Van Schaack Bros. Chem. Works, 
Inc.; Brit. Chem. Abs. B, 1935, 13; Chem. Abs., 1934, 28, 2725. 

••Cf. J. F. Durand, Buit. soc. ctnm., 1935, (5) 2. 824; Chem. Abs., 1935, 29, 5820; Brit. Chem. 
Abs. A. 1935, 852. 

■•W, E. Austin, French P. 784.441, 1935; Chem, Abs., 1936. 80, 110. 

Sejirauth. U. S. P. 1,750,198, March U, 1930, to I. G. Farbenind. A. G.; Chem, Abs,. 
1930, 24, 2216. 
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form the sodium salt. The latter is said to be a wetting emulsifying or lathering 
agent. .yrc-Amyl alcohol may be substituted by cyclohexanoi or methylcyclohexanol. 

Properties of the Tertiary Alcohols 

Dehydration of tertiary alcohols differentiate them even more sharply than do 
the analogous reactions of secondary alcohols, and it is difficult to distil the former 
compounds from acid liquors without this decomposition occurring.^® Also esters 
of tertiary alcohols are hydrolyzed readily. Due to their structure, oxidation of 
this type of alcohols cannot lead to the production of aldehydes or ketones of the 
same number of carbon atoms. The tertiary alcohols are, however, more reactive 
in such instances as the alkylation of aromatic hydrocarbons, probably because of 
the ease with which they are dehydrated to the corresponding highly reactive 
tertiary olefin, which acts as an intermediate. 

Some of the physical properties of certain tertiarv alcohols are given in 
Table 98. 


Table 98. —Some Higher Tertiary Aliphatic Alcohols.^ 



Boiling 

Melting 

Den.sitv 

Alcohol 

Point °C. 

Point “C. 

20/4®C. 

/rr.-Butanol. 

82.8 

25.5 

0 781 

2-Methylbutanol-2 

101,8 

-11 9 

0 809 

2-Methylpentanol-2“. 

122.5 



2,3-Dimethylbutanol-2... 

122 

-14 

0 823 

3-Methylpentanol-3. 

. . 122.6 

-22 

0 824 

2-Methylhexanol-2. 

142.2 


0 816 

2,4-Dimethylpentanol-2 

130 


0 816 

2,3,3-Tfimethylbutanol-2 

132 

17 


2-Ethylpentanol-2. 

141 


0^823 

3-Ethylpentanol-3. 

142 


0.840 

2,3-Dimethylpentanol-3 

140 


0.833 


•P. Ekilstein. “Handbuch der OrKanisK-hen Chenutf.” 4th Edition, Julius Springer. Berlin. IVIH. I. 4f)V. 

Not only dehydration of tertiary alcohols, but also the converse reaction, i.e., 
hydration of tertiary olefins, is catalyzed by the presc-nce of acids. Lucas and Liu®* 
have studied the comparative effectivencNS of a series of acids in promulgating the 
hydration of such olefins, and report that comparatively dilute acitl solutions show 
considerable catalytic power. Thus, one-tenth molar solutions of several acids 
tested were found to be efficacious, though activity decreased in the order, dithionic, 
sulphuric, hydrochloric, hydrobromic, nitric, />-toluenesulphonic, picric, oxalic, and 
acetic acid. Even the weaker organic acids such as formic, oxalic and acetic arc 
known to promote hydration of tertiary olefins in dilute aqueous solution. 

Dehydration of tertiary alcohols in the presence of dilute sulphuric acid is a 
method suggested for the preparation of pure tertiary olefins. Deanesly and Engs®* 
report producing pure isobutene by heating the corresponding tertiary alcohol with 
aqueous sulphuric acid at a temperature of 70® to 85®C., and maintaining the alcohol 
concentration constant by feeding /cr-butanol at a rate equivalent to that of olefin 
formation. Thermal decomposition of /cr-butyl or /cr-amyl alcohol appears to be 
largely dehydration, .Schultz and Kistiakowsky***'* find. K.xperiments conducted 
using (|uartz bulbs at 480® to 5.‘>0®C. imlicated the reaction was homogeneous and 
unimolecular. 


*• Sec Chapter 16, 

Data from **Internatuinal Critical 'lafilcji.'’ Mc(iraw-llill Hmik Cu., tnc.. New York 1926 • 
«H. J. Ducan and Y-P. Liu. J.A.C.S., I9J4, 56, 2138; Chem. Abs., 1».LS. 29. 11.1- Cktm 

Abs. A, 1934. 1312. 


«R. M. Deanesly and W. Engs. C. S. P. 2 012.78.1. Aug. 27. 1935. to Shell Development Co.- 
Chem. Abs., 1935. 29, 6901; Brii. Chem. Abs. B. 1936. 7/9. ' r » 

•R. F. Schultz and C. B. KisttakowNky. J.A.C.S., 1934. 56. 395, Chem. Abs. 19,14 21 2251* 
Brit. Chem. Abs. A, 1934, 369. • . 
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Polymerization and co-polymerization are important side reactions in the dehy¬ 
dration of the tertiary alcohols. Whitmore and Mixon®^ report that the action of 
65 per cent sulphuric acid on an equimolar mixture of tertiary butyl and tertiary 
amyl alcohols yielded products containing over 69 per cent of polymerized hydro¬ 
carbons. Of the latter, 17 per cent were nonenes resulting from condensation of 
the pentenes and butenes formed during dehydration. They were identified as 
chemical individuals by ozonolysis and fractionation of the products, and were found 
to be 1,2,3,3-tetramethylpentene-l (50 per cent), 3,3,5-trimethylhexene-2 (23 per 
cent), 2,4,4-trimethylhexene-2 (10 per cent), 2,3,4,4-tetramethylpentene-2 (10 per 
cent), 2,2,4-trimethylhexene-3 (5 per cent). The two other isomers, 2,4,4-tri- 
methylhexene-1 and 2-ethyl-4,4-dimethylpentene-l, were not found in the products. 

Certain tertiary alcohols containing the neopentyl (2,2-dimethylpropyl) group 
have been found by Whitmore and Laughlin®® to be readily dehydrated (without re¬ 
arrangement) under the influence of naphthalene-)3-sulphonic acid or iodine. How¬ 
ever, in certain cases dehydration is followed by fission and profound isomerization. 
If 2,2,3,4-tetramethylpentanoI-3 is distilled with a small proportion of iodine, it is 
transformed into 2-isopropyl-3,3-dimethylbutene-l, Nazarov®® reports. The latter 
compound, in the presence of 1-bromonaphthalene-4-sulphonic acid, is transformed 
into 2-methylpropene-1, and 2-methylbutene-2. Treatment of 3-ethyI-2,2,4-tri- 
methylpentanol-3 with iodine yields 4,4-dimethyl-3-isopropylbutene-2, which in turn 
may be converted by l-bromonaphthalene-4-sulphonic acid into 2-methylpropene-l, 
2-methylpentene-2 and 2-methylpentene-l. This investigator®^ has also observed 
the dehydration of methyl-di-/cr-butylcarbinol (2,2,3,4,4-pentamethylpentanol-3) by 
slow distillation in the presence of iodine. A mixture of olefins was obtained, con¬ 
sisting largely of di-/cr-butylethylene. This latter compound heated with bromo- 
iiaphthalenesulphonic acid at 180®C. yielded /rr-hutylethylene, a^ywi-methyliso- 
propylethylene, and tetramethylethylene. 

Reaction with Aromatics. As previously indicated, tertiary alcohols react 
vigorously with benzene and benzene homologues under the influence of condensing 
agents, either those such as strong mineral acids or of the Friedel-Crafts tyi>e. 
I he products consist largely of /cr-alkylated aromatic hydrocarbons. Tzuker- 
vanik®® has noted that compounds of the type AIG 2 (OR) are first formed, and 
these are decomposed in the presence of excess aluminum chloride or on heating 
to yield the corresponding olefins and alkyl chlorides. Alkylation is considered by 
Tzukervanik to proceed according to the consecutive reactions : 


trr-C,U,OH -f AlCU —>- AlCb(OC4H,) + HCl 
A\CMOC,U,) —C4HS + A 1 C 1 ,( 0 H) 
C4H,-hHCl —C4H.CI 
C.H.-hC4H.a CtH».C4H, +HCl 


By condensing /cr-butyl or amyl alcohols with benzene or toluene in the presence 
of aluminum chloride, alkylated hydrocarbons may be obtained in 50 to 70 per cent 
yields. In this way such compounds as tcr-amylbenzene, trr-amyltoluene, ter- 
butylbenzene and /cr-butyltoluene were prepared. 

Using sulphuric acid as the condensing agent, Barbier®® reports that isopropyl- 


C. Whitmore and T.. W. Mixon. Paper presented before American Chemical Society, Organic 
Division, San Francisco Meeting. Aug. 19-23. 1935. 

.. Whitmore and K. C. Laughlin. J,A.CS., 1933. 5S, 3732; Brit. Ckcm. Abs. A, 1933, 

1140; Chem. Abs., 1933, 27, 5053. 

••I. N. Naiarov, fler.. 1936, 69. 18; Brit. Chtm. Abs. A, 1936, 311. Ber., 1936, 69, 21; Brit. 
Ckem. Abs. A. 1936. 311; Ckem. Abs., 1936. 30, 2914. 

N****‘ov. Compt. rend. acad. set. U.R.S.S. (ff.S.), 1936, I, 79; Ckem. Abs., 1936, 30, 4147. 
Ttukervanik, J. Gen. Ckem. (U.S.S.R.), 1935. 5, 117; Ckem. Abs., 1935, 29, 4746; Brit. 
Ckem. Abs. A. 1935. 967. 

• H. Btrbler, Rev. marques parfum. savom., 1934, 12, 325; Ckem. Zentr., 1935, 1. 3250: Brit. 
Ckem. Abs. A, 1936, 196. 
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benzene and /rr-butyl alcohol furnished isopropyl-/^r-butylbenzenc (boiling at 
221 ®C.)- This investigator also reports that a /er-butylcymene boiling at 220 to 
230®C. may be formed by the reaction between cymene and /er-butyl alcohol in the 
presence of sulphuric acid below 0®C. The pr^uct is recovered by diluting the 
reaction mixture with ice water, separating the hydrocarbon layer, and frac¬ 
tionating. 

Reaction with Phenols. Tzukervanik and Nazarova^® find that the con¬ 
densation of phenols and tertiary alcohols yields largely alkylphenols (and not 
phenol ethers as in the case of secondary alcohols) while small amounts of olefins 
and alkylated aromatic hydrocarbons are formed as by-products. /(?r-Butyl alcohol 
and phenol in light petroleum ether were treated with aluminum chloride to obtain 
75 per cent yields of /er-butylphenof. Increased amounts of aluminum chloride 
favored the production of increased quantities of alkylated phenols. As with the 
benzene homologues, the phenols may be condensed with tertiary alcohols in the 
presence of strong mineral acids. 'I'he products obtained by absorption of olefins 
in nuxlerately concentrated acid may be directly condensed with phenols, Thomas^^ 
reports. 'I'liis investigator prepared /cr-amylphenol by absorbing iroamylene in 62 
per cent sulphuric acid, and agitating the resulting li(|uor for 1 hour with 75 per 
cent excess of phenol. The oily layer was separated, and refluxed for four hours 
at 130*^ to 135°C., then washed with water, neutralized and distilled. Chichibabin^^ 
note<i that tbo use of phos])b()ric acid as a condensing agent causes the formation 
of ortho-alkylated phenols almost exclusively. Using phosphoric acid (d 1.83 to 
1.85) as a condensing agent, J/i-cresol and /cr-butyl alcohol yielded o-/rr-butyl- 
>«-cresol.‘^-* 


Esters of the Tertiary Alcohols 

Esters of tertiary alcohols are not readily produced by direct esterification of 
the alcohol with carboxylic acids. In the presence of sulphuric acid, for example, 
the yield of /cr-butyl acetate from /er-butyl alcohol and acetic acid is only about 24 
per cent of the theoretical, although better results have been obtained by the use 
of an aqueous solution of hydrogen sulphide as catalyst. Norris and Rigbyre¬ 
ported that good yields could be obtained by refluxing the alcohol with acetic 
anhydride and a small amount of zinc dust. When treated with acetyl chloride, 
/cr-butyl alcohol gives about equal quantities of the acetate and the chloride. How¬ 
ever, the acetate is practically the only compound obtained if the acid chloride and 
alcohol are reacted in the presence of dimethylamine. On the other hand, in the 
absence of the amine, at temperatures below 20°C., a quantitative yield of the 
chloride is secured. 

Tertiary alkyl esters of organic acids may be prepared by the direct esterifica¬ 
tion of the appropriate olefin, as described in Chapter 12. However, these esters 
as yet have found little industrial application, probably because of the ease with 
which they undergo hydrolysis. 

Hughes^® reported a study of the hydrolysis of /er-butyl chloride in aqueous 
alcohol or acetone. With the alkyl halide in large excess, the velocity of reaction 

Tzukervanik and Z. Nazarova. J. Gen, Chem. (U.S.S.R.), 1935, 5, 767; Ckem. Abt., 1936. 
30. 443. 5>«c also R. C. Huston and T. Y. Hsteb, J.A.C.S., 1936, St, 439; Chem. Abe., 1936, 30. 

29.19. 

C. A. Thomas. British P. 420.636. 1934, to Sharpies Solvents Corp.; Chem. Abs., 1935, 30, 
.1351; Brit, Chem. Abs. B, 1935, 140. * 

’•A. E. ChichilMbtn. Bull, soe chim., 1935, (5) 2, 497; Brit. Ckem. Abs. A, 1935, 614; Chem. 
Abs.. 1935, 20, 3660. ' 

«A. E. ChichiUhin. French P. 775.875, 1935; Chem. Abs., 1935, 20. 2976. 

’♦J. F. Norris and W*. Rigby, J.A.C.S., 1932, S4, 2088; Brit. Chem. Abs. A, 1932, 718; Ckem 
Abs., 1932. 25. 3229. 

n. Hughes. J.CS., loss, 255; Chem. Abs.. 1935, 29, 2928; Brit. Chem. Abs. A, 1935, 452. 
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in dilute alkaline solution was constant, and independent of the concentration of 
alkali, continuing at the same rate even after the alkali was neutralized and the 
liquid medium became acid. In the presence of a slight excess of potassium hy¬ 
droxide, the reaction rate is independent of the alkali concentration, and equal to 
that determined in the complete absence of alkali. In dilute solutions, the reaction 
velocity is independent of the concentration of the alkyl halide, but at higher con¬ 
centrations its value shows a marked increase. In ethyl alcohol solutions, the pres¬ 
ence of water has a very strong influence. In 9() per cent ethanol the value of the 
reaction constant is 0.00616, but in 40 per cent ethanol it rises to 4.66. Tempera¬ 
ture, too, greatly affects the rate of dissociation. In 80 per cent ethyl alcoluil the 
value of the constant increases from 0.0031 at 8°C. to 0.380 at 45®C. 

Carre and Libermann^® state that the alkyl chlorosulphites (of the formula 
ROSOCl) may be prepared by adding the alcohol to a 10 to 20 per cent excess of 
thionyl chloride, and allowing the mixture to stand at room temperature for 48 
hours. Although the .src-butyl chlorosulphite was pre])ared and distilled, the tcr- 
butyl compound was too unstable to permit of distillation. 

French, MeShan and Johlcr'^ observed that treatment of tertiary bromides with 
hydroxides of silver, barium or those of the alkali metals yielded only small pro¬ 
portions of olefins, alcohol being the main product. \Voo<iburn and Whitmore‘S*’ 
state that the tertiary halides are more resistant to hydrolysis than is ordinarily 
supposed. Although the tertiary chlorides with hot water or hot sodium carbonate 
solution yield the corresponding olefin exclusively, with cold water or cold sodium 
carbonate, a certain amount of tertiary alcohol is formed together with the un¬ 
saturated hydrcKarbon. The physical properties of some of the /cr-butyl esters are 
listed in Table 99. 


Table 99.— Tertiary Butyl Fosters. 


Compound 

/cr-Butyl chloride. 

(er-Butyl acetate. 

/er-Butyl benzoate. 

/ff-Butyl propionate. 

/^f-Butyl mcthoxyacctate* . . . 


Boiling Density 

Point (<?«) 


51 0 0.8370 

97 8 0.85^13 

96(at2mm.) 0.9928 

120-121 0.8647((f^) 

62-64(at 22 mm.) 0.9563(0 


* M. H. Paloma, E. J. Salmi, J. I. Jansson and T. Salo. Ber., 1935, 68, 303; Ckem. Ab$., 1935. 29. 2907; Brit, 
Ckim, Ab». A. 193.5 473 


FtHKRS of TkRTI.VRY .\l-a)HOLS 

According to Norris and Righy,^^ the mixed ethers of tertiary alcohols, such as 
/er-butanol, may be prepared in fairly good yield, using sulphuric acid or aqueous 
sodium hydrogen sulphate as catalyst. These investigators added one mole of the 
tertiary alcohol to a boiling mi.xture of two moles of ethyl alcohol and a 15 per 
cent solution of sulphuric acid, the volume of which was about two and a half 
times that of the ethyl alcohol. The minimum boiling mixture of the ether and 
water was distilled from the reaction mixture. A yield of 95 per cent of the mixed 
ethtr was reported. The reaction of fcr-hutanol with a secondary alcohol (iso¬ 
propanol) required a different catalyst, since the alcoholic hydrogen of secondary 
alcohols, as already indicated, is less reactive than that of the primary carbinols. 
Therefore, a greater molecular proportion of isopropyl alcohol was employed, and 

~P. Cirre ind D. Liberminn, BuU, soc. chim., 1933, S3, 1050; Ckem. Abs., 1934, 28, 1658. 

»» H. E, French. W. H. MeShtn and W. W. Johler, FA.C.S,, 1934, $6, 1346; Chem. Abs., 
1934, 28, 4372; Brit. Ckem. Abt. A. 1934. 866. 

«H. M. Woodburn and F. C. Whitmore. I.A.CS., 1934, 56, 1394; Brit, Chtm. Abs, A, 1934. 
866: Ckem. Abs., 1934. 28. 4.^75. 

F. Norris and G. W. Rifby, toe. cit. 
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as catalyst, sodium hydrogen sulphate was employed instead of the acid, in order 
to prevent formation of isobutene by dehydration of the /rr-butanol. In this way a 
yield of 82 per cent of /cr-butyl-jcc-propyl ether was obtained. 

It was found that these tertiary ethers are highly reactive. W hen /c/«buty!etliyl 
ether was allowed to stand in contact with concentrated hydrochloric acid, the for¬ 
mer was rapidly converted (to the extent of 99 per cent) into /cr-butyl chloride. 
The reactivity of the tertiary ether as compared to the corresponding normal ether 
is illustrated by the time of reaction of the two ethers with hydrochloric acid. The 
normal butylethyl ether reacts with hydrochloric acid to give a 25 per cent con¬ 
version in 768 hours at 25°C. The tertiary ether corresponding gives a 25 per cent 
yield of /cr-butyl chloride in 0.83 hour, at 0°C. 

Evans and Edlund**^* report a methcxl of prtxlucing the tertiary ethers of poly- 
hydric alcohols such as ethylene glycol by the reaction of the corresponding olefin 
with the alcohol. Mineral acids, or metallic salts serve as catalysts. These in¬ 
vestigators find that in general the tertiary alkyl ethers of monolivdric alcohols are 
relatively insoluble in water, form peroxides only slowly, and are stable in alkaline 
but not in acid solutions. Those derived from pfdyhvdric alcohols are relatively 
soluble in water. These ethers have been suggested as entraining agents, solvents 
or diluents in lacquer and varnish preparations.’^' 

The physical properties of some of the mixed tertiary ethers, as given by Evans 
and Edlund, are listed in Table KK). 

Table 100. —Mixed Tertiary Alkyl Ethers. 

Boiling 


Ether 

Point, 


di? 

Methyl /rr.-butyl 

5.S 

0 

7405 

Ethyl /er.-butyl. 

73 

0 

7404 

Isopropyl /er.-butyl 

87-«« 

0 

742 

ii-Butyl ter.-butyf . 

123-124 

0 

7615 

Isobutyl /er.-butyl 

114 

0 

7516 

5ec.-Butyl -butyl 

114-115 

0 

7604 

Isoamyl /er.-butyl. 

138-140 

0 

7662 

Methyl/er.-amyl.. . 

86-87 

0 

7703 

Ethyl /er.-amyl... 

. 101-102 

0 

7657 

Isopropyl /er.-amyl 

114-115 



Methyl /er.-hexyl. 

113 

0 

7815 

/ff.-Monobutyl ether of ethylene glycol 

1.53 

0 

8070 

/er.-Dibutyl ether of ethylene glycol. . . 

171 

0 

826<> 

Mixed methyl /rr.-butyl ether of ethylene glyiol 

131 1 M 

0 

8300 

Mixed ethyl /er.-butyl ether of ethylene glycol 

148 

0 

H.ni 

Mixetl n-butyl fer.-butyl ether of ethylene gly< ol 

83 (20 jnm.) 

0 

8317 

/fr.-Monobutyl ether of 1,2-propenc glycol . 

151-153 

0 

8707 

/er.-Monobutyl ether of glycerol. . 

03-04 15 inni.) 

0 

9947 

Dibutyl ether of glycerol. 

80-82 f4 rnm.) 

0 

8921 

/^r.-Monoamyl ether of ethylene glycol. 

50-55 (3 mm.) 

0 

.899.3 

fer.-Monobutyl ether of diethylene glycol 

72 (2 mm.) 

0 

9374 

Phenyl-butyl. 

185-186 

0 

9214 

Benzyl/er.-butyl. 

82-83 (8 mm.) 

0 

921 


U.sKS OF Tertiaky Bi'tyi. Alcohol 


Ellis** has pointed out the applicability of /cr-butyl alcohol in solvent refining 
processes to free oils of wax and asphalt. Thus, a pressing distillate obtained from 

••T. W. Evant and K. R. Edlund, Ind. Eng. Chem., 1936, 28, 11H6. 

K. R. Edlund and T. Evans, British P. 393,753, 1933, to Bataafschc Petroleum Maatschanntj; 
Chem. Abs., 1933. 27, 5752; Brit. Chem. Abt. B. 1933, 822. ^ 

** Carleton Rlis. U. S. P. 2,062,355, Dec. 1, 1936 to Standard Oil Development Co.; Chem Abt 
1937, 31. 849. Svee also British P. 450.511, 1936. to Bataafsche Petroleum Maatschapptj; Chem. Abs 
1937, 31. 249; French P. 801,026, 1936, to Bataafache Petroleum .Maatachappij; Chem, Abt. 1937 
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a Pennsylvania crude oil was mixed at room temperature with half its volume of 
/er-butyl alcohol. The mixture was then cooled to 5-10®C. On remaining at this 
temperature for some time, a voluminous precipitate was formed, consisting prin¬ 
cipally of wax, which could be separated from the alcohol-oil solution by filtration. 
The clear filtrate was further separated into oil and alcohol by distillation. A quan¬ 
tity of heavy bottoms (obtained by the distillation of a Mid-Continent crude oil to 
about 20 per cent of bottoms), containing both wax and asphalt was mixed with 
/fr-butyl alcohol. An alcohol-oil ratio of about 5 to 1 was used with this heavy 
material, and the mixture was heated to 35-40®C. to secure complete solution of the 
oil in the alcohol. During heating the mixture was well agitated. The asphaltic 
content did not entirely dissolve under these conditions, but some separated in the 
form of small globules which coalesced, particularly on cooling, to form a tarry 
mass. The alcohol containing the oil was decanted after cooling to somewhat below 
rf)om temperature. The alcohol solution was further cooled to 5-10®C. to precipi¬ 
tate wax, and the alcohol and oil separately recovered by distillation. 

The cooling step may be carried to a lower temperature, if desired, to secure 
further separation of wax. How^ever, if the temperature is made too low, the rather 
easily frozen tcr-butyl alcohol will solidify. This is not harmful, it is said, unless 
carried to an extreme, as a slight deposit of alcohol crystals may serve as an aid in 
forming a filtering network of crystals. The separation of the mixed alcohol and 
wax crystals may be brought about by allowing the material to warm up to the 
melting point of the alcohol and filtering ofif the wax. 

By the addition of a small (juantity (5 per cent) of water to a solvent composed 
of 80 per cent /cr-butyl alcohol and 20 per cent /rr-amyl alcohol, separation can be 
made to occur when the solution i> cooled. When a Colombian lubricating distillate 
was treated with this mixed solvent, and heated to 65-70°C. and at the same time 
thoroughly agitated, solution took place. However, when the batch w^as permitted 
to cool to room temperature, a sharp .separation occurred, forming tw’o layers. The 
lower (oil) layer was withdrawn, and the dissolved solvent separated by distilla¬ 
tion. Distillation of the upper layer permits separation of the alcohol and extract. 

A mixture of propene chloride and /cr-butyl alcohol has been proposed as a 
solvent for cellulose acetate. Taylor^^ states that a composition containing these 
substances can he used in forming flexible sheets of cellulose acetate. 

Parks, Warren and (ireene*^ have found that /cr-butyl alcohol may be used 
satisfactorily in molecular weight determinations by the Beckmann freezing point 
method. The hygroscopic character of the .solvent and its tendency to undercool 
must be taken into consideration in the manipulations, but these difficulties may 
be overcome by using a freezing tube stopped against moisture from the air by 
means of rubber lul)es. Undercooling was overcome by sealing a small platinum 
wire into the lower end of the tube. When making determinations, this wire w^as 
touched from time to time with a soldering copper which had been cooled on 
solid carbon dioxide, giving a small deposit of crystals on the surface of the wire 
from which crystallization would proceed. 

The alcohol with which the work was done was a commercial product (origi¬ 
nally freezing at 20®C.) which had been fractionally distilled twice over lime and 
was then subjected to ten fractional crystallizations. The final product melted at 
25.4®C. By thermodynamic calculations the cryoscopic constant was determined 
as approximately 8.27. Experimental work on freezing mixtures in dilution such 

** E. R. Taylor. U. S. P. 2.000,622. May 7. 1936, to Eattman Kodak Co.; Chem. Abs., 1936, SO, 
4175; Brit. Ckrm. Abs. B. 1936. SSS. 

S. Parks, G. E. Warren and E. S. Greene. J,A.C,S„ 1935. 57. 616; Brit. Chem. Abs. A. 
1935. 699; CJUm Abs., 1935, 29. 3217. 
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as to lower the freezing point of tlie mixture by one degree gave the cryoscopic 
constant K = 8.30 in the equation 

M - 1000 K(g/G^T/) 

where Af is the molecular weight of the solute, K the cryoscopic constant of the 
solvent, g the numl)er of grains of solute in solution, G the number of grams of 
solvent, and the difference between the original freezing point of the t^r-butyl 
alcohol (25.4®C.) and the freezing point of the particular solution being tested. 

The experimental values for the molecular weights of various solutes were de¬ 
termined with reasonably satisfactory accuracy except in the cases of isopropyl 
alcohol (error of -f23.1 per cent), 5cr-butyl alcohol (-fl6.5 per cent), ter-amyl 
alcohol (4-90.9 per cent), phenol (—3.7 per cent) and />-toluidine (—4.7 per cent). 
In the case of phenol, the observed error may be due to the formation of a com¬ 
pound with the alcohol. The />-toluidine on the other hand was not entirely pure. 
In the cases of the three alcohols, it was shown that mixed crvstals were being 
formed. The equation given above does not apply in the latter instance which is, 
apparently, the .source of anomalous results. However, the method was found 
applicable to all classes of hydrocarbons, and most types of organic compounds, 
including the primary alcohols. (VV'ith ethylbenzene, the percentage error was 
—0.4 per cent. With o-xylene, no error was found.) 

One of the most important reactions of the tertiary alcohols involves their 
condensation with phenols and benzene derivatives in the presence of a condensing 
agent such as aluminum chloride, zinc chloride, or phosphoric or sulphuric acid. 
A tertiary alkyl phenol may be prepared, thus, by reacting /rr-butyl alcohol wdth 
phenol in the presence of aluminum chloride at about 30®C.®® Langwell®® reports a 
similar condensation using zinc chloride as the condensing agent. He proposes, 
however, that the temperature of the reaction can he controlled by having present 
a volatile liquid which boils at a temperature somewhat lower than the operating 
temperature (about 130°C. in case of tertiary alcohols. A similar condensation of 
primary alcohols requires a temperature of 180°C.) Interaction may be effected 
by adding the volatile liquid (e.g., isohexene or benzene), phenol, and alcohol to a 
solution of zinc chloride, and heating under reflux. Chichibabin®^ used phosphoric 
.acid in effecting combination of /rr-butyl alcohol and o-cresol. The alcohol, 
n-cresol and phosphoric acid were heated together at 50®C. to produce o-frr-butyl- 
7n«cresol. Maschmeijer and Takens®® reacted tn-cresol methyl ether with ter- 
butyl alcohol in 2 to 4 times its volume of sulphuric acid of 85 to 95 per cent 
strength at lower temperatures (20®C. or less) to obtain 1-methyl-3-methoxy-4- 
/rr-butylbenzene. Barbier®® states that very little sulphonation takes place in the 
alkylation of cymene with /er-butyl alcohol in the presence of sulphuric acid if the 
temperature is kept below 0®C. Afterwards, separation of the reacted compounds 
may be obtained by adding ice water, to form an oily layer containing the ter- 
hutylcymene. The latter substance may be recovered by fractionating the products 
and collecting the portion boiling at 220® to 230®C. It is said that a good yield 
of a material which is entirely nitratable to dinitro-fer-butylcymenc is obtained. 


R. C. Hufifon. U. S. P. 2,051,300, Aug. 18, 1936, to* Mtch. State Board of Affricutture: Chtm, 
Abs.. 1936, JO. 6761. 

*• H. Langwell. Britiali P. 424.506, 1935, to British Industrial SJolvents T.td.: Brit. Chem. Ahi. 
B, 19.35. 443: Chrm. Abs., 1935, 29, 4376, .See alv) H. Langwell and K. K. Connolly. British P 
425.373. 1935; Brtf. Chem. Abs. B, 1935, 443; Chem. Abs.. 1935. 29 5458. French P. 778.890. 
1935; Chem. Abs., 1935, 29. 4855; H. Langwell and C. B. Maddocks. U. S. P. 2.031,719. Feb 25. 
1936; Chrm. Abs.. 1936, SO. 2200. 

•'A. K. Chiehihabin. Butt. Arad. Sei. (U.R.S.S.), 1935, 951; Brit. Chem. Abs. A, 1936 602 
also A. E. Chichibalnn. French P 775,875. 1935; Chem. Abs.. 1935. 29. 2976. 

••A, J. H. Maschmeijer and E. Takens. U. S, P. 2,038.947, April 28. 1936, to A. Maschmeiier Jr 
Inc.: Chem. Abs.. 1936, 30. 4181. ••vnnicijcr jr.. 

»H. Barbier. U. S. P. 1.951,123, March 13. 1934; Chem. Abs., 1934, 28, 3426; BH$. Chem, Aha 
B. 1935. 182. 
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Van Schaack®^ states that a mixture of 30 volumes of ^^r-butyl alcohol and 70 
volumes of gasoline displayed better antiknock properties than did a 30>70 blend 
of benzol and gasoline. The use of the butyl alcohol in this manner is said to have 
advantages over the analogous utilization of ethanol, in that the four-carbon-atom 
alcohol has a higher fuel value, while its boiling point and volatilization character¬ 
istics closely resemble those of the lighter alcohol (ethanol). Deanesly®^ has pro¬ 
posed that the alcohols formed by absorbing olefins in sulphuric acid be extracted 
in an organic solvent immiscible with the acid, and the solution of alcohols so 
produced used directly as an antiknock fuel, or as a solvent. It has been sug¬ 
gested that /er-butyl alcohol alone be used as a fuel for racing motor cars or 
airplane engines. In such instances it may be mixed with as much as 30 per cent 
water, or may contain polymers of olefins, for example the dimer of 2-methyl- 
propene, the dehydration product of /er-butanol.®* 

Birch, Pirn and Tait®'-^* suggest that the high antiknock value of isoolefins may 
be accounted for indirectly through the medium of tertiary alcohols. They find that 
the action of concentrated sulphuric acid on a mixture of tertiary amyl and butyl 
alcohols (derived from the corresponding lower olefins) gives good yields of the 
polymers. 2,2,4-Trimethylpentane, the octane commonly employed in octane rating, 
was produced by this type of condensation and subsequent hydrogenation. Several 
other fractions were obtained showing octane ratings as high as 98 to 100.2. 

In numerous applications, particularly in producing blended fuel containing the 
alcohol, a dry /cr-butyl alcohol is desirable. Hartmann®^ finds that liquids of this 
character may be rendered anhydrous by distillation with phthalic anhydride. He 
observes that the anhydride combines preferentially with water and any primary 
butanol that may be present, while the tertiary alcohol may be recovered by dis¬ 
tillation. The resulting phthalic acid may be dehydrated and reused. 

Becker and Muller®^ report that wetting, frothing and emulsifying agents may 
be produced from tertiary alcohols by treatment with concentrated sulphuric acid. 
In the suggested process, 500 parts of tertiary alcohol (e.g., /er-butanol) are mixed 
with 500 parts of concentrated sulphuric acid, w'hile cooling. The mixture is then 
heated on a water bath, and in the course of two hours, separation occurs. The 
oily layer is withdrawn and reacted with a strong sulphonating agent, such as 
chlorosulphonic acid. The resulting sulphonated polymerized hydrocarbons are 
said to have wetting properties, either when used as the sulphonic acids or in the 
form of their sodium salts. 

Uses of Tertiary Esters and Ethers 

Norris and Rigby®*' state that reaction between /rr-butyl alcohol and concen¬ 
trated hydrochloric acid proceeds more than 200,000 times as rapidly as that be¬ 
tween the primary alcohol and the acid. It appears from their work that the 
hydroxyl group of the tertiarv alcohols is much more reactive than that of the 
primary or even secondary alcohols. The alcoholic hydrogen, however, is not as 

«*R. H. Van Schaack. U. .S. P. 1.907.309. May 2. 1933, to Van Schaack Bros. Chem. Works. 
Inc.; Brit. Chem. Abs. B. 1934. 184; Chrm. Abs., 1933. 27, 3587. 

•»R. M. Deanesly. U. S. P. 2.042,212. Mav 26, 1936. to Shell Development Co.: Chem. Abs.. 
1936, SO, 4870. See alto E. C. Williams anrf G. H. van de Griendt. Canadian P. 347,900, to Shell 
Development Co.: Chem. Abs.. 1935, 29. 3071 

••French P. 798 378. 1936. to Bataafsche Petroleum MaaUchappij; CJirm. Abs., 1936, 30, 7312. 

••• S. P. Birch. F. B Pirn and T. Tait. J.S.C.f , 1936. 55. 335T. 

••W. W. Hartman. U. S. P. 1.950,889, March 13. 1934, to ^stman Kodak Co.; Chem. Abs., 
1934. 20. 3425; Brit. Chem. Abs B. 1935, 138. 

••L. Becker and R. Muller. U. S. P. 1,950,287. March 6, 1934; Chem. Abs.. 1934. 28, 3626; 
Brit. Ck^. Abs. B. 1935. 93. 

^ F. Norris and G. W. Ri»by. J.A.C.S., 1932, 54. 2088; Chem. Abs., 1932, 26. 3229; Brii. 
Chem. Abs. A. 1932, 718. 
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reactive as that of the corresponding atom in the normal butanol. For example, 
metallic sodium and ter-butyl alcohol interact slowly and the sodium ter-butylate 
formed combines very slowly with alkyl halides to give ethers. When the tertiary 
alkyl halides are treated with sodium derivatives of normal alcohols, the result is 
mainly the elimination of hydrogen chloride from the tertiary halide. 

Deanesly,®^ however, has reported that the tertiary alkyl hypohalites can be 
prepared by a direct process. Equimolar proportions of the alcohol (e.g., ter- 
butanol) and sodium hydroxide are treated with the halogen (bromine or chlorine) 
ill the presence of sufficient water to form a two-phase system. 

Putnam, Britton and Perkins®^ describe the condensation of tertiary alkyl 
halides with phenols in the presence of aluminum chloride. Thus, they observe 
that /►-/rr-butylphenol may be formed by the interaction of a phenol (having the 
para-position free) and /er-butyl chloride at a temperature between 20 and 50®C. 
in the presence of aluminum chloride. A liquefying solvent such as phenol which 
will not unite with the substances involved to form undesirable by-products is said 
to aid the reaction. Perkins, Dietzler and Lundquist^^ used an analogous reaction 
for the preparation of 2,4-di-/fr-butylphenol as well as the 4-/cr-butylphenol and a 
small yield of 2-/cr-butylphenol. Thus, if /cr-butyl chloride is heated with an 
equimolar amount of phenol and 0.5 per cent of aluminum chloride at 90®C., 70.2 
per cent of 4-/cr-butylphenol, 7.1 per cent of 2,4-di-tcr-butylphenol and 1.2 per cent 
of 2-tcr-buty I phenol arc obtained. 

Evans and Ediund®* suggested the employment of mixed tertiary ethers in ex¬ 
tracting and concentrating various organic carboxylic acids. They propose that 
.such acids as formic, acetic, propionic or butyric could be freed from inorganic 
acid content by azeotropic distillation with methyl-/cr-amyl ether, methyl-/rr-butyI 
ether, or a homolog. The ether should be so chosen that it boils at a tempera¬ 
ture higher than the boiling point of the acid under treatment. 

••R. M. r>«ane«ly. U. S. P. 1,938,175, Dec. 5. 193.1, to Shell Development Co.; Chrm. Abs.. 
1934. 2i, 1053; Brit. Chem. Abs. B. 1934. 824. 

M. E. Putnam, E. C. Britton and R, P. Perkin}i, V. S. P. 2.039.344, May 5. 1936. to D»iw 
riiemical Co.; Chtm. Abs., 1936. 30. 4176. 

R. P. Perkinn, A. J. Dietzler and J. T. I.undquist. U. S. P. 1.972.599, Sept. 4. 1934, to Dow 
(Itemical Co.; Brit. Chem. Abs. B. 1935. 716; Chem. Abs.. 1934. 28. 6532. 

T. Evanz and K. R. Edlund. Rritizh P. 431.313, 1934. to ll.ita.'ifHche Petroleum MAa1«>rhappij: 
Brit. Chrm. Abs. B. 1935. 796; Chem. Abs., 1935, 29. 8005. 



Chapter 18 

Production, Properties and Uses of Ketones Derived 
from Alcohols and from Hydrocarbons 

The lower aliphatic ketones, particularly acetone and methyl ethyl ketone, find 
application in many branches of chemical technology, notably as solvents and as 
raw materials in the synthesis of organic chemicals and resins. Both saturated 
and unsaturated hydrtKarbons may be converted into ketones by several types of 
single-stage process which do not involve the intermediate formation of alcohols. 
In general, however, ketones are produced from secondary alcohols through the 
removal of two atoms of hydrogen from the latter either by dehydrogenation or by 
oxidation. This may be represented by 

R R 

\ \ 

CHOH —C==0-1-H, 

where R represents an alkyl or cycloalkyl group.^ 

PKourcTioN OF Ketones from Secondary Alcohols 

The conversion of secondary alcohols, such as isopropanol, into ketones in¬ 
volves a reversible endothermic reaction, high temperatures favoring ketone forma¬ 
tion. Dehydrogenation is said to be rapid at temperatures of 300®C. or above 
when catalysts are employed. However, the reaction may also be carried out exo- 
thermally in the presence of air or oxygen. A combination of the endothermic 
dehydrogenation with the exothermic oxidation process is suggested in certain 
instances to obtain l)etter temperature control. V’^arious catalysts have been pro- 
|)osed for the two types. 

Contact agents for vapor-phase dehydrogenation of secondary alcohols at ele¬ 
vated temperatures include copper, lead, metallic sulphides, and the phosphides, 
selenides. tellur ides, antimoniJes, arsenides and bismuthates of zinc, cadmium, 
nickel, cobalt, iron, aluminum, calcium and magnesium. Recommended tempera¬ 
tures range from 150® to 625®C.2 A reported disadvantage in this type of reaction 
is the rapid deterioration of many of the catalysts on prolonged use, with conse¬ 
quent necessity for revivification, .Mso. the simultaneous occurrence of side reac¬ 
tions, p» Inrip'illy dehydration of the alcohol to the corresi>onding olefin, reduces 
the efficiency of ketone formation. It is reported that certain copper alloys are 

' Cartetoii Etlii, **The Chemistry of Petroleum Derivitive*.’* The Chemical Catalog Co.. Inc.. New 
lork, 1034. For a review of the technical asoects of induMrial nolvents. iwe T. H. Durrans, 

1935, 44, 585; Bnf. Chem. Abs. B. 1935, 714; Chem. Abs., 1935. 20. 5541. 

*Carteton Ellia. “The Chemiairy of Petroleum Derivative*.” The Chemical Catalog Co.. Inc.. 
New York. 1034. Conner wa* one of the first catalysts proposed for this type of dehydrogenation. 


'V Palimr, Proc. Koy. Sof. Union, 1921, **A. 912: C*»iii. Abs.. 1921. IS. J92S; J.CS., 1921. 
1*0 (2). 542. 
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superior to copper as regards length of usefulness and selective action. For ex¬ 
ample, employment of copper-zinc alloys, e.g., brass, with a reaction temperature 
of 370-430®C. is proposed by Dc Simo.^ Metallic rhenium has been suggested as 
a contact agent for the dehydrogenation of isopropanol.It was said that dehydro¬ 
genation of the alcohol at 400®C. furnished 85 per cent of the theoretical amount 
of acetone. Further, it was stated that decomposition of the ketone was inhibite<l 
by this catalyst. 

In some cases promoters are advocated for use in conjunction with catalysts. 
For example, in the preparation of acetone, isopropanol may be contacted at 300®C. 
with reduced copper on pumice and a promoter, consisting of an oxide of zinc, 
thorium, cerium or zirconium.® Lazier® has advocated a difficultly reducible 6xide 
of a dehydrogenating metal (e.g., zinc oxide) to be employed as a promoter in 
conjunction with copper and cadmium chromites. 

The dehydrating effect of such oxides as those of zinc or uranium is said to be 
suppressed by incorporation of a more acidic oxide or salt. For example, zinc 
oxide alone is said to convert isopropanol into acetone in 95 per cent yield at 
400®C., but when 7 per cent of zinc sulphate is admixed with the above contact 
agent, the yield is raised to 99 per cent.'^ 

Use of a water-soluble salt of an alkali metal, e.g., sodium carbonate or silicate, 
as a carrier for the dehydrogenation catalyst is said to inhibit dehydration to 
olefins.® 

Liquid-phase dehydrogenation of isopropyl alcohol to acetone employing 2 to 
750 atmospheres pressure and temperatures of 200-500®C. has been proposed.® A 
catalyst of chromium oxide together with the oxides of manganese or zinc is advo¬ 
cated. Also, it has been suggested to carry out this type of dehydrogenation in the 
presence of an aromatic hydrocarbon which will undergo hydrogenation during the 
process.'® For example, isopropanol is heated to 250®C. under a pressure of 300 
lbs. in a solution of nickel carbonate and benzene. 

Catalytic oxidation of secondary alcohols with the aid of such substances as 
copper and silver has been frequently described, but one of the reported disad¬ 
vantages is the difficulty of controlling the reaction temperature. This is a result 
of the exothermic nature of the oxidation as was mentioned previously. Carda- 
relli" has pointed out that the conversion of isopropanol to acetone may l>e effected 
by conducting a mixture of the alcohol and the theoretical amount of oxvgen 
over a catalyst, such as copper, at 225-350®C. Temperature control is accomplished 
by employing as an exterior cooling medium a stable organic compound boiling 
between 225-350®C.. e.g., diphenylmcthane, biphenyl, diphenyl ether or naphthyl- 
amine. Further, the gases which leave the reaction chamber are employed to 
preheat the entering isopropanol and oxygen to the reaction temperature. Sec 

• M. De Simo. U. S. P. 1,952,702, Mar. 27. 1954, to Shell Devrlo^'meni Co,; Brit. Chrm. Ahx. 
B. 1935. 1.39; Chem. Abs., 1934. 28, 3418. Alw, Canadian P. 339.529, 1934: Chem Abs.. 1934, 
28, 2724. British P. 392,652. 1933. to Bataafsche Petroleum Maatschappij; Brit. Chem. Abs, B, 
1933. 776: Chem. Abs.. 1933. 27, 5337. 

♦ M. S. Platonov. S. B. Anisimov and V, M, Krasheninnikova. Ber., 1936, 69, 1050; Chem. Abs., 
1936. 20, 4812; Brit. Chem. Abs. A. 1936. 820. 

* H. F. J. Lorantf, U. S. P. 2,039,543, May 5, 1936, to Shell Development Co.; Chem. Abs.. 
1936. 30, 4180. 

«W. A. Uaier, U. S. P. 1,895.516, Jan. 31, 1933, to E. I. du Pont de Nemours & Co.; Brit. 

Chem. Abs. B. 1933. 905; Chem. Abs., 1933, 27. 2455. 

S. Taylor and W. A. Lazier. V. S. P. 1.895,529. Jan. 31. 1933. to E. 1. du Pont de 
Nemours & Co.; Brit. Chem. Abs. B, 1933, 905: Chem. Abs., 1933, 27, 2455, 

•A. J. van Pesid and H. F. J. Uranjr, U. S. P. 1.956,088. April 24. 1934, to Bataafsche 

Petroleum Maatschappij; Chem, Abs.. 1934, 28, 4067; Brit. Chem, Abs. B, 1935, 182. 

•W. A. Lazier. U. S. P. 1,999,196, April 30, 1935, to E. I. du Pont de Nemours ft Co.; 
Chem. Abs., 1935, 29, 4022. 

British P. 404.643, 1935, to E. T. du Pont de Nemours ft Co.; Brit. Chem. Abs. B, 1934, 267. 

*»E. J. Cardarelli, U. S. P. 1,988.481, Tan. 22, 1935. to Standard Alcohol Co.; Chem. Abs,. 
1935, 29. 1431; Brit. Chem. Abs. B. 1936, 89. See also E. C. Wagner. /. Chem, Edneation, 1934. 
11, 309; Chem. Abs., 1934, 28, 3973. 
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Fig. 108. On the other hand, Woolcock^* produced acetone by oxidation of an 
azeotropic mixture of isopropanol and water with air. In the procedure, 63.5 g. 
of the binary mixture are conducted, together with 1.78 cu. ft. of air, over silver 
gauze. During the time of contact the reactants are maintained at 656®C. 
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Fig. 108. — Diagram of Apparatus for Catalytic Oxidation of Secondary Alcohols to 

Ketones. (E. J. Cardarelli) 


Production of Ketones from Primary Alcohols and Their Derivatives 

A number of processes have been developed whereby primary alcohols, such as 
ethanol, as Well as certain derivatives of such alcohols (including aldehydes, ethers 
and esters) are converted into ketones by catalytic treatment, usually in the vapor 
phase, at high temperatures. 

The mechanism of the conversion of ethanol into acetone by reaction with 
steam has been examined by Kagan and his co-workers,^^ who consider that ethyl 
acetate is an important intermediate in the chain of reactions involved. In the 
absence of steam, ethyl acetate is formed from ethyl alcohol by catalytic dehydro¬ 
genation at 300-350®C. 

2C,H60H 2CH,CHQ + 2H, 

2CH,CHO —V CHjCOOCiH* 

The anhydrous ester in the presence of zinc oxide and chromic oxide at 400®C. 
is converted into acetone, ethanol, ethylene and carbon dioxide. If steam is ad¬ 
mixed with the original reactants, acetic acid tends to result in place of the ester. 
In the latter instance at temperatures above 400®C. acetone is formed instead of 
acetic acid. Hydration of ethyl ether to ethanol and the subsequent conversion to 
acetone in 40 to 50 per cent yield are said to take place when the ether is mixed 
with 3 to 5 volumes of steam and passed at 400 to 500®C. over a catalyst of mixed 
oxides of aluminum, iron and magnesium.'^ A % per cent yield of acetone from 
acetaldehyde is stated to be secured from the passage of the aldehyde over an iron 
oxide-manganese oxide mixture at 400®C.^® The chain of processes by which 

'•J. W. Woolcock. U. S. P. 2.015.094, Sept. 24, 1935, to Imperial Chemical InduMriex, Ltd.; 
Chem Abs., 1935, W, 7346. 

'• M. Ya. Kagan, I. A. Sobolev and G. D. Lyubarskii. Brr., 1935, 6S, 1140; Brit, Ckem, Abs, A. 1935. 
963; Ckrm. Abs,, 1935. 29, 6207. 

M. Ya. Kagan. I. M. Roaainakaya and S. M. Cherntiov, /. Gtn. Chem, (U,S,S,R,), 1933. S, 
337; Brit. Ckem. Abs. A, 1933, 1252; Cktm. Abs,. 1934. 28, 2323. 

'•N. D. i^linakii, M. I. Uabalmv, B. M. Mikhailov and Yu. A. Arbutov. J, Chem, Ind, (Moscow). 
1928, No. 7, 63; Bril. Chem. Abs. B, 1934, 52; Chem, Abs., 1934, 28, 1015. 
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ethanol, diethyl ether, acetaldehyde and ethyl acetate are converted into acetone by 
catalytic decomposition in the presence of steam is represented by Kagan and his 
collaborators as follows: 

2C,H*OC,H» + 2H,0 -->• 4C,H»OH 4CH,CHO + 4H, 

2H,0 

4 CH 3 CHO 2CH3C00C,H3 2CH,COOH -f 2 C,H 30 H 

2 CH 3 COOH —> CHiCOCH, 4- CO 2 4 - HjO 

The overall effect in the case of ethanol may be expressed by the equation: 

2 C,H 30 H 4 ^ H,0 —CH 3 COCH, + CO, 4- 4H, 

A number of contact agents have been suggested for promoting the conversion 
of ethanol or acetaldehyde into acetone by reaction with steam at temperatures up 
to 500°C. and at atmospheric pressure. The proposed catalysts include the fol¬ 
lowing : 

1. A mass containing porous carbon and oxides of zinc, cadmium, manganese 
or iron.^® 

2. Tin oxide and an oxide of a rare-earth metal, such as cerium.*^ 

3. Oxides of metals which are capable of forming isoniorphous^^ carbonates. 
Thus, the alcohol is led over a mixture of iron oxide and calcium carl)onate, both 
deposited on a carrier of iron.^® 

4. An oxide of iron mixed with either nickel or cobalt oxide. 

5. Oxygen compounds of nickel (e.g., nickel acetate) with a carrier of oxidized 
spongy iron, the nickel content not exceeding 20 per cent of the total mass.*^ 

6. A mixture of zinc oxide and calcium silicate.^- 

7. A hard cement, produced by treating oxygen compounds of zinc and calcium 
with water. Such compounds may be prepared by heating calcium and zinc hy¬ 
droxides with air at ISOO^C.-*^ 

8. Calcium silicate, borate or phosphate.-** 

9. A composite of iron and manganese oxides together with barium carbonate.^® 

10. A mixed^xide of zinc and chromium, incorporated with a metal halide.^® 

Kagan**^ reports the production of acetone by passage of a mixture of steam 

and diethyl ether at 400-500°C. over a mixture of metallic oxides, such as those 
just mentioned. 

Also, the direct conversion of vaporized ethanol into acetone in the absence of 
steam has been suggested. The partial pressure of the alcohol is maintained at 
less than 1 atmosphere, and temperatures of the order of 400 to 500°C. arc em- 


^ H. Walter, German P. 622.49.1, 19.15, to Deutsche Gohl iiiul Silt)er'Schetdeaniitalt vorm. 

Roeaaler; Chtm. Abs., 1936. 30, 1394, 

” H. Meerwetn and H. Monwrhel. U. S. P. 1.891..133. Dec. 20, 1932. to ScherinK-Kahlhaum A.-G.; 
BrU. Chem. Abs, B, 1934, 10; Chem. Abs., 1933. 27. 1896. 

^ laomorpfhtftm is a term employed to connote the fact that analofious elements can replace one 
another in compounds without affecting the apftarent sha|>e of the crystal*. 

K. Roka, U. S. P. 1,944,109, Jan. 16, 1934. to Deutsche Gold- und Sillier-Scheideanstalt vorm. 
Roeaater; Chtm. Abs., 1934, 28, 2019; Brit. Chem. Abs. B. 1934. 920. V. S. P. 1,936,118, Nov. 21, 
1933; Chtm. Abs., 1934, 28, 779. 

*• W. Querfurth, U. S. P. 1,961,912, June 5, 1934. to Deutsche Gold- und Sillier-Scheideanttalt 
vorm. Roesster; C^em. Abs., 1934, 28, 4744. 

W. Querfurth, U. S. P. 2,002,794, May 28, 1935, to Deutsche Gold- und Silber-5kheideanstalt 
vorm. Roeasler; Chtm. Abs., 1935, 29, 4772. 

«H Dreyfus. U. S. P. 1,965.072, July 3, 1934; Chem. Abs., 1934, 28. 5469. 

“ H. F. Oxley, W. A. Groombridge and E. B. Thomas, U. S. P. 1,954,023, April 10, 1934, to 
Celaneae Corp. of America; Chtm. Abs., 1934, 28, 3741. 

••H. Dreyfus, U. S. P. 1,949,412, Mar. 6, 1934; Chtm. Abs., 1934, 28, 2724. 

*W. Querfurth, U. S. P. 1,929,331, Oct. 3. 1933, to Deutsche Gold- und Silber-Scheideanstalt 
vorm. Roessler; Chtm. Abs., 1934, 28, 173. 

** L. C. Swallen, U. S. P. 1,978,824, Oct. 30, 1934, to Commercial Solvents Corp.; Chtm. Abs., 
1935, 29, 177. British P. 437,315, 1935; Brit. Chtm. Abs. B, 1936, 89; Chtm. Abs., 1936, 88. 2202. 
»»M. Ya. Kagan, Russian P. 39,758, 1934; Chtm. Abs., 1936, 10, 3444, 
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ployed. The proposed catalysts include oxides of chromium, manganese, copper 
and iron-** and a mixture of zinc oxide with ferric or zinc chloride.^ 

Dreyfus**** proposes to convert ethanol into acetone by treatment with free 
oxygen in the vapor phase at temperatures of 350-550®C. A promoter composed 
of iron oxide and calcium carbonate is employed. Other contact agents include 
calcium oxide or calcium silicate.*** 

Acetaldehyde vapor at a partial pressure of 25-300 mm. of mercury may be con¬ 
verted into acetone by passage at 400-500®C. over catalysts consisting of zinc, 
iron, copper and manganese.-**- Esters of aliphatic acids and monohydric alcohols, 
.such as ethyl acetate, are reported to be converted into ketones by treatment at 
400-6(X)®C. in the presence of the oxides of iron, manganese or zinc, or the car¬ 
bonates of calcium, strontium, barium and magnesium.•**•** 

Also gaseous acetic acid is stated to l)e converted to acetone by conducting the 
vapor at 300® to 400®C. over activated carbon admixed with an oxide of calcium 
or zinc.®^ The mechanism of this reaction when calcium hydroxide is employed 
has been discussed by Nieuwland.**^ He points out that with the acid in the gase¬ 
ous phase, the conversion may be described as: 

2CH,COOH -h Ca(OH )2 (CH,COO),Ca H- 2HOH 

(CH,COO) 2 Ca —CHiCOCH, + CaCO, 

CaCO, —> CaO-fCO, 

CaO 4- HOH —>- Ca(OH), 


Acetone may l>e prepared by the interaction of acetylene and water as describe<l 
in Chapter 28. It is interesting to note that mesityl oxide and acetylphthalimide 
have been recommended for the production of acetone. The activity of various 
promoters for the hydrolysis of mesityl oxide has been studied.*® It is stated that 
the hydrolysis, which may be represented as: 


CH, 


^C=CHCOCH, -f 2H2O 



CH, 

\ 

C==0 -f CH,COOH + CH4 

/ 

CH* 


may be effecle<i by conducting the vapors of the oxide together with steam, over 
silica gel. By employing temperatures of 200 to 350®C. at 1 atmosphere pressure, 
a yield of 19 to 32 per cent of the theoretical amount of acetone is reported. Sub¬ 
stitution of aluminum oxide and of thorium oxide for the silica gel is stated to lower 
the amount of ketone to 8 per cent and 2,3 per cent, respectively. 

Acetylphthalimide, C«Hr,(CO I jNCOCHh. may l>e subjected to pyrolysis to 

furnish acetone.*^ Fifty parts of the former substance when heateil to 24()-325°C'. 
for a period of 2 hours yielded only 1 part of acetone, however. 

-‘•('t. Bloomfield, T.. C. Swallen and K. M. Crawford. T. S. V 1.945.l.n. Jan. .^0. 19.U, to 

(*ommercial Solvents ('orp.; Chem. Abs., 1934, 28, 2,171; Brit, them. Ahs. B, 19.M. 95.1. 

*‘0. Bloomfield. 1.. C. Swallen and F. M, Crawford, U. S. I*. 1.978.619. Oct. 19.14, to 

C^mimercial Solvent* Corp.; Chrm. Abs., 1935, 29, 180. 

H. Dreyfus. IT. S. P. 2,010.066, Aug. 6, 1935; Ckrm. Abs., 1935, 29. 624(». 

Dreyfus. U. S. P. 1.925.311, Sept. 5. 1933; Ckcm. Abs., 1933. 27. 53.17. 

** I-. C. Swallen. U. S. P. 1,970,782, Aug. 21, 1934, to Commercial Solvents ( i.rp.; Chem. 
Abs,, 1934. 28. 6160; Brit. Chrm. Abs. B, 1935. 716. 

K. Rolu, U. S. P. 1,926,632, Sept. 12, 1933, to Deutsche Gold* und Silber-Scheideanstalt vorm. 
RoeMler; Ckem. Abs., 1933, 27, 5753. 

•• H. Walter, German P. 627,195, 1936, to Deutsche Gold- und Silber-Scheideanstalt vorm. 

Roessler; Chem. Abs,, 1936, SO. 4180. 

*J. A. NIeuwland, Ind. Eng. Chem., 1935, 27, 850; /. Inst. Pet. Tech., 1935, 21, 371.\; Chem. 
Ahs., 1935, 29, 4981. 

A. Zangirolami, Ann. chim, applicata, 1934, 24, 347; Chem. Abs.. 1934. 28. 7245; Brit. Chem. 
Ahs. A. 1934. 1204. 

*»C. D. Hurd, M. F. Dull and J. W. William*. /.;4.C.5., 1935, 57. 774; Brit. Chem. Abs. A, 1935. 
748; Chem. Abs., 193S, 29. 3667. 
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Properties and Reactions of Acetone 

Acetone is a colorless mobile liquid having the following physical constants: 
b.p. 56.15®C.; m.p. —94.9®C.; 0.79705; critical temperature 234.4®C.; latent 

heat of vaporization 125.28 Cal. per kg. at 56.3°C.^** 

In comparing the toxicity of acetone with that of methanol, it has been 
stated that acetone depresses the heart to a greater extent than does the alcohol, 
but that recovery is much more complete with the former.^® With mortality as a 
criterion, methanol is said to be more toxic. With mixtures of the two, the action 
of acetone is reported to predominate at high concentrations and that of methanol 
in low concentrations. 

Determination of Acetone. Various methods have been suggested for the 
qualitative and quantitative determination of acetone. Kolthoff^® points out that 
as little as 1 mg. of acetone in a liter of solution can be detected by heating 10 cc. 
of the solution with 1 g. of solid potassium hydroxide and 10 drops of salicylalde- 
hyde to 70°C. on a water bath. Formation of a red ring on the surface of the 
solution indicates the presence of acetone. Further, vanillin (wi-methoxy-/»-hy- 
droxybenzaldehyde) is said to ht as sensitive as salicylaldehyde and to have the 
added advantage of being a specific reagent for acetone in that it does not react 
with methyl ethyl or aromatic ketones. A spot test to detect as little as 0.5 mg. 
of acetone has been advocated.^' A drop of the solution under analysis is dissolved 
in ether together with a drop of p-nitrobenzaldehyde and the solution evaporated. 
Chloroform is incorporated in the reaction tube, and if acetone is present, indigo- 
tin (indigo blue) is formed. 

The quantitative determination of acetone has been accomplished by a number 
of methods. In one of these the acetone is dissolved in water, and a measured 
amount of caustic soda and iodine incorporated in the solution. The latter is then 
acidified with sulphuric acid and the excess iodine titrated with sodium thiosul¬ 
phate.^- The method depends upon the oxidation of acetone to sodium acetate and 
iodoform by caustic soda and iodine. Iodine which has not reacted is estimated 
after the sodium hydroxide has been neutralized. In a modification of the above 
procedure, it is suggested that the relative insolubility of io<ioform in water^* be 
made the basis of determination. In this case the volume of precipitated iodoform 
is compared with the amount obtained from aqueous acetone solutions of known 
concentration.^^ Another method of estimating acetone is by reaction with hy- 
droxylamine hydrochloride. The interaction may be represented as, 

CHtCOCH, 4- H,NOH HCl —> CH,CNOHCH, 4- HCl + H,0 

A uWe showing the specific gravity of acetone-water mixtures of varied concentrations has 
been reported by W. Young. 19.13. 52. 449T; J. Inst. Pet. Tech., 1934. 20. 107A; Brit. 

Chtm. Abs. A. 1934. 247: Chem. Abs., 19.14, 28. 1237. 

R. M. Sklianskaya. F. E. Urieva and L. M. Mashbitz. /. Ind. Ifyg. Toxicol. 1936. 18. 106: 
Chem. Abs.. 19.16. 20. 3088. 

«I. M. KolthoflF. Pharm. Weekblad.. 1918, 55. 1021; Chem. Abs., 1918, 12. 2180; J.CS., 1918, 
114 ^2). 377. 

F. Feigl. R. 2:appeirt and S. Visquez. Mikrochemie, 1935. 17, 165; Brit. Chem. Abs. A, 1935. 
877; Chrm. Abs., 1935, 29. 5385. 

"J. Messinger, Bcr., 1888. 21, 3366; J.S.CJ., 1889. 8. 138; Chem. Zentr.. 1889. 1. 64. L. F. 
r^xMlwin, J.A.C.S., 1920. 42. 39; Chem. Abs., 1920. 14, 1505; J.S.C.I., 1920. 39. 280A. L. M. 
Christensen and E. I. Fulmer, Ind. Eng. Chem., Anal. Ed.. 1935; 7, 180; Brit. Chem. Abs. B. 1935, 
617. S. D. Sunawala and M. C. T. Katti. /. Indian Inst. Set., 1935. 18A, 115; Chem. Abs.. 1936. 20, 
1693; Brit. Chem. Abs. B, 1936. 137, See also E. S. Pemberton. S. T. Card and E. C. Craven 
J.S.C.I., 1935. 54. 163T; Chem. Abs., 1935, 29. 5812; Brit. Chem. Abs. B. 1935, 714. M. S. 
Platonov and V. A. Plakidina, /. Gen. Chem. (U.S.S.R.), 1934. 4, 472; Chem. Abs., 1935, 29, 2478; 
Brit. Chem. Abs. A. 1934, 1375. A. Lindcnberg. Campt. rend soc. bioi., 1933, 114, IS: 1936 Itt. 
317; Chem. Abs., 1934. 28. 75; 1936. 20. 5906; Brit. Chem. Abs. A. 1936. 967. 

^Iodoform Is solttble in water to the extent of 0.01 g. per 100 cc. $t 2S*C. 

♦♦S. Cornet-Cals and M. R. Comet^Cals, Haile anx en%rs, 1926. 30; Chem. Abs., 1936, 20. 2881. 
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whereby acetoxime and hydrochloric acid are formed. The amount of acid lib¬ 
erated is then determined by titration with caustic potash.**® The error which may 
be introduced by the presence of organic acids is said to be decreased by the use 
of bromophenol-blue as an indicator. The latter has a yellow color when the pH 
is less than 3.0 and changes to violet in the />H range of 3.0 to 3.6. The interac¬ 
tion of acetone with 2,4-dinitrophenylhydrazine to form a precipitate of acetone- 
2,4-dinitrophenylhydrazone has been advocated for the estimation of the ketone.^® 

CH, 

\ 

C=C) H,N~NH 

/ 

CH, 



CIU 


/ 


C==N- NH 


CH, 




>S02 -f H,0 


Comparison of the weights of dinitrophenylhydrazine employed and of hydrazone 
obtained forms a basis for estimating the amount of acetone reacting. Also, a 
quantitative colorimetric estimation of acetone has been reported.**^ The ketone 
mixture is diluted with water and o-nitrobenzaldehyde and caustic soda added. 
The solution is allowed to stand in the dark for 15 minutes and then compared 
colorimetrically with known acetone solutions which have been similarly treated. 

Decomposition of Acetone. The thermal decomposition of acetone leads 
primarily to the formation of ketene and methane. 

CH,COCH, - y- CH4 + CHt=CO 

There is some evidence to show that the breakdown proceeds through a chain 
mechanism. It has lK‘en pointed out that the decomposition may occur by rupture 
of a molecule of acetone 


CHjCOCH, —>• CH,-fCHjCO 

which would be followed by a chain reaction: 

CHiCOCH, + CHa V CH4 4 -CHaCOCH, 
CHaCOCHa ' V CHa=CO CH, 


In order to ascertain whether the addition of methyl groups brings about a chain 
reaction in vaporized acetone, the latter was heated with 1 per cent of dimethvi 
mercury to 350-4(X)°(\ Under these conditions the latter decomposed to mercury 
and methyl radicals. No ketene was produced, indicating that the chain reaction 
mentioned above had not taken place. Instead, a substance identified as acetonyl- 
acetone, CH^COCHjC H.JCOUH3, was formed in amounts corresponding to the 
amount of dimethyl mercury incorporated in the reaction zone. It was concluded 
that the chain reaction given above docs not occur below 400°C.. but that the 
acetonyl groups combine among themselves. 

CHaCOCH, 4-CH, CH 4 -f CHaCOCH, 

2 CHaCOCH, —^ CH,COCHaCH.COCHa 


Palfrav and S. Tallard. Cornet, rtnd,, 1934. IM, 296; Brit. Chcm. Ahs. A. 1934. 992; 
Ckem. Abs., 1935, 29. 2478. 

*•0. L. Brady and Ci. V. Elsmic. Analyst, 1926. 51, 77; Chcm. Abs.. 1926. 20. 1774; Brit. Chcm. 
Abs. A. 1926. 394. R. E. Houghton. Am. J. Pharm., 1934. 106. 62; Chcm. Abs.. 1934. 28. 2641; 
Brit. Ckem. Abs. A. 1934. 425. G. W. Pcrkina and M. W. Edwards, .4m. Pharrn.. 1935. 107. 
208: Brit. Chem. Abs. A, 1935. 998; Chcm. Abs.. 1935. 29. 6166. 

C. E. Pr4tat, AnaJes tssoc. ijuim. Arpcntina, 1934. 22, 67; Chcm. .^bs.. 1935. 29, 81; Brit. 
Chem. Abs. A. 1934. 12.39. 

«F. O. Rice, E. L. Rodow^kan ^nd W. R. Lewi5. .f.A.C.S., 19.14. 56, 2497; Chcm. Abs., 1935. 29. 
727; Brit. Ckem. Abs. A, 1935, 67. 
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Also, Allen^® advocates picturing the decomposition as a chain mechanism. Veloci¬ 
ties of reaction at temperatures in the range 462-529®C. were determined by meas¬ 
uring the change in pressure at definite intervals. The breakdown of acetone to 
ketene and methane was found to proceed smoothly at 529®C. At lower tempera¬ 
tures (462®C.) it was noted that the measured initial pressure was higher than 
would be obtained by extrapolation of the pressure-time curve to zero (see Fig. 
109). It was concluded that this relatively high pressure represents an induction 
period. Introduction of glass packing into the reaction vessel (a 1-1 iter flask) 
was said to affect the reaction in three ways: (1) the shape of the rate-pressure 



Time, in seconds 


Fig. 109. 

Time-Pressure Curve in Thermal De¬ 
composition of Acetone at 462®C. (A. 

O. Allen) 


Courtesy Journal of American Chemical Society 


curve, determined by plotting the logarithm of the pressure against that of the 
reaction rate constant, was changed from a convex to a concave curve; (2) the 
apparent rate at high pressures was not affected when the reaction was carried 
out at 529®C., but decreased to one-half its normal value with the temperature at 
465®C.; (3) the induction period was no longer apparent at any temperature. 
These effects were considered proof of a chain mechanism, for, on the chain hy¬ 
pothesis, a short induction period appears naturally as the time necessary for the 
chain-carrying radicals to attain a steady concentration. Packing is supposed to 
shorten the chains, thus rendering the induction period inappreciable and reducing 
the rate most at lower temperatures, where the chains are longest. Further it was 
suggested that the change of shape of the rate-pressure curve by packing shows 
the great complexity of the reaction. The mechanism considered most plausible is: 


CHiCOCH, 

—>■ 

2CH, -f CO 

CHa -f CHaCOCH, 


CH, + CHjCOCH, 

CHjCOCH, 

—>- 

CH, 4- CHjCO 

2CH, 

—y 

C,H, 

CH, + CHaCOCH, 


C,H,COCH, 


It was pointed out that the combination of two acetonyl groups, mentioned before, 
was not included because the biacetonyl formed would decompose at the tempera¬ 
tures employed. 

•A. O. Allen. J.A.C.S.. 19J6. 5S, 10.S2; Chem. Abs., 1936. 30. 5181; Brit. Chem. Ahs. A, 19.16. 
930. See aUa. J. R. Huflfmann, J.A.C.S.. 1936, 58. 1815; Chem. Abs.. 1936. 30, 7430; Brit. Chem. 
Abs. A. 1936, 1344. 
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Patat and Sachsse®® state that although the decomposition of acetone does pro¬ 
ceed by free radicals, too few are present to account for the total decomposition. 
On the other hand, Winkler and Hinshelwood®^ consider that the reaction is homo¬ 
geneous and that chains must be either absent or very short. 

Diacetone Alcohol. When subjected to the action of alkalies, acetone 
undergoes a condensation similar to the aldol condensation of aldehydes, which 
results in the formation of diacetone alcohol. 


CH, 
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CH, 
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CO + CHiCOCH, 


CH, 

\ 

HO—CCHaCOCH, 

/ 

CH, 


Among the substances aiding in the condensation are scnliuni, potassium and 
barium hydroxides, as well as magnesium amalgam.®'^ Guinot*^ employs alcohol as 
a solvent for the alkaline condensing agent. For example, 800 cc. of an alcoholic 
solution of potassium hydroxide containing 40 g. of the latter was incorporated in 
500 g. of ketone at 10°C. The mixture was allowed to stand for 5 hours, neu¬ 
tralized, and distilled to recover diacetone alcohol. It was said that 14 per cent of 
the acetone was transformed to the alcohol in this manner. For continuous pro¬ 
duction of diacetone alcohol, acetone may be conducted over solid sodium or potas¬ 
sium hydroxide at 20°C.''^ To separate diacetone alcohol from unchanged acetone, 
distillation may be carried out at atmospheric pressure after water is added up to 
10 per cent of the volume of alcohol present in order to minimize decomposition. 
When a still temperature of 105-107°C. is reached, practically all of the acetone 
and some water have been distilled off. The remaining water is removed by vacuum 
distillation below 105°C. The alcohol may then be distilled off at 166°C. and 
760 mm.*'^® 

Diacetone alcohol has been suggested as a solvent,^® but it must be employed 
under neutral or slightly alkaline conditions. In the presence of acids the alcohol 
tends to decompose to mesityl oxide, which is discussed later in this chapter. 

Cyanohydrins. Acetone reacts with hydrogen cyanide to yield an addition 
product, acetone cyanohydrin. 
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Scorah and Wilson*’’^ point out that the addition may be carried out in the liquid 


«F. Patat and H. Sach^c. 7.. physik. Chem., 1935. B31. 105; Chem. Abr. 1936. 30. 2471. 

7. Izlcktrochem., 1935, 41, 493; Brit. Chem, Ahs. A, 1935, 1206; Chem. Abs., 1935, 29, 7134. 

**0. A. Winkler and C. X. Hinshelwood. Proc. Roy. Soc, (.London), 1935. A149, 340; Chem. 
Abs.. 1935. 29, 4246; Brit. Chem. Abs. A, 1935. 827. 

“ Carleton Ellis, “The Chemistry of Petroleum Derivatives,” The Chemical Catalog Co., Inc,, 
New York, 1934. 

“H. Gulnot, U. S. P. 1.937.272. Nov. 28. 1933. to Usines de Melle; Chem. Abs., 19.14. 28, 1048. 
^ R. I.,eopold and B. Schacke. (lernun P. 591,316. 1934, to I. (i. Farbcnind. A.-G.; Chem. 

Abjf.. 1934. 28. 2371. 

•’* E. E. Connolly, British P. 402,788. 1933, to British Industrial .Solvents I.td.; Chem. Abs.. 
1934. 28. 2724; Brit. Chem. Abs, B, 1934. 2(.0. Orman P. 608.098. 1935. to Deutsche CH)ld- und 
Silber-Scheideanatalt vorm. Roessler; Chem, Abs., 1935. 29, 2550. For a study of the equilibrium 
and free energy changes fn the system acetone-diacetone alcohol, see <i. I.. Davis .ind G. H. Bur¬ 
rows, J.A.C.S., 1936, 58. 311; Brit. Chem. Abs. A. 1936. 428. 

••Carleton Ellia, U. S, P. l,984.0ol, Dec. 11, 1934. to Ellis-Fo.ster Co.; Chem. Abs., 1935, 29, 
948; Brit. Chem. Abs, B. 1935. 1152. .See Chanter 17. 

^ •»L. V. D. Scorah and J. Wilaon. British P. 416.007. 1934. to The Triplex Safety Glass Co.; 
Chem. Abe., 1935, 29, 814; Brit. Chem. Abs. B. 19.14. 1003. J. Wilson. British P. 452.285, 19.16; 
Chem. Abs.. 1937, 31. 417; Brit. Chem. Abs. B, 1936. 1082. .See also R. F, B. Cox and R. T 

Stormant, Orp. Syntheses, XP, I, John Wiley & Sons, Inc., 1935; Chem. Abs., P‘35. 29, 

Brii. Chem. Abs. A. 1936. 591. 
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phase and at the boiling point of the ketone (56.15®C.)* For example, 1 mole of 
hydrocyanic acid is incorporated in a boiling solution of 1 mole of acetone con¬ 
taining 0.5 per cent of piperidine. After heating is continued for 0.5-1 hour, the 
products are cooled to 20®C. and acidified with 50 per cent sulphuric acid. Acetone 
cyanohydrin may then be distilled from the reaction chamber. Addition of quin¬ 
oline and phosphorus pentoxide is said to bring about a splitting ofif of a molecule 
of water from the cyanohydrin, resulting in methacrylonitrile, CH 2 =CCNCH 3 . 
In the preparation of aliphatic cyanohydrins the presence of 0.1 per cent of sodium 
cyanide is said to accelerate the reaction.*^® One proposed use for acetone cyano¬ 
hydrin is in the preparation of esters of o-hydroxy fatty acids.*''^ For example, 
799 g. of the cyanohydrin are heated to 75®C. and 1200 g. of 98 per cent sulphuric 
acid incorporated. Methanol (100 g.) and hydroquinone (1 g.) are added and 
the mixture heated on a water bath to 100®C. After 16 hours 300 g. of sodium 
sulphate are introduced into the reaction flask and the products distilled off. Yields 
of 545 g. of methyl-a-hydroxy isobutyrate and 218 g. of methyl methacrylate are 
reported from this procedure. 
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Amines. Acetone reacts with ammonia and with primary and secondary 
amines to form, respectively, primary, secondary and tertiary amines. For ex¬ 
ample, acetone may be treated with hydrogen and ammonia at 300®C. and under 
200 atmospheres pressure to yield a mixture of isopropylamine and diisopropyl 
amine, the ration! the primary to secondary amine being 9:1. An alloy of nickel, 
sulphur and tungsten is suggested as a contact agent.®® With a primary amine 
and acetone in the presence of methyl formate, the production of a secondary amine 
may be represented as: 
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It is reported that the above reactants heated to 210°C. for a period of 2 hours 

•A. D. Macallum, U. .S. P. 1.984.415, Dec. 18. 1954, to E. I. du Pont dc Nemourt & Co.; 
Chem. Abs., 1935, 29, 814; Brit. Chem. Abs. B, 19.15, 1130. British P. 439,054, 1935; Chem. Abs.. 
1936, 30, 2992. 

•I. W. C. Crawford, British P. 419.457, 1934. to Imperial Chemical Industries, Ltd.; Brit. Chem. 
Abi. B. 1935, 92; Chem. Abs., 1935. 29, 2547. U. S. P. 2.056,711. Oct. t 1936; Chem. Abs., 1936, 
30, 8247. U. S. P. 1,993,089, March 5, 1935; Chem. Abs., 1935, 29, 2547. U. S. P. 2.041.820. May 
26. 1936; Chem. Abs., 1936. 30. 4871. U. S. P. 2.042.458, June 2. 1936; Chem. Abs., 1936, 30, 
4871. British P. 405,699. 1934; Chem. Abs., 1934. 28, 4745; Brit. Chem. Abs. B, 1934, 3i3. British 
P. 427,810, 1935; Chem. Abs., 1935, 29, 5857; Brit. Chem. Abs. B, 1935, 620. British P. 410.208 
1934; Chem. Abs., 1934, 28, 6157; Brit. Chem. Abs. B, 1934, 710. British P. 437.197, 1935; Chem. 
Abs., 1936. 30, 2207; Brit. Chem. Abs. B, 1936. 11. See also, Carleton Ellis, “The Chemistry of 
Synthetic Res»ns,” RHnhold Puhiishina Corp.. New York. 1935. 

•British P. 436.214, 1936, to I. G. Farbenind. A.*G.; Brit. Chem. Abs. B, 1936, 55. 
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give the yield of 90 per cent of the theoretical amount of N-isopropyl-a-naphthyl- 
amine.®' The latter may l)e further condensed at 240°C. with an aromatic amine 
to yield a product reported to act as an oxidation inhibitor for rubber.®- Analo¬ 
gously, acetone interacts with a secondary amine to furnish a tertiary amine. 
Meuser®** points out that acetone may be reacted with N-phenyl-/J-naphthylamine 
to furnish N,N-isopropyl phenyl-^-naphthylaniinc. The reactants are heated in 
an autoclave to 250°C. with reduced iodides of iron and tin. 
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Fig. 110. — Schematic Diagram of Method of Making Mesityl Oxide from Acetone. 

(O. Fuchs) 


Mesityl Oxide. This unsaturated ketone may be prepared from acetone by 
the action of such agents as anhydrous alkalies, e.g., calcium oxide, or by zinc or 
hydrogen chloride.®^ In one procedure acetone is treated at 10°C. with an anhy- 
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CO + CHjCOCH, - >- C = CHCOCH, + H,0 

/ X 

CH, CH, 

•* British P. 428,092, 1935, to I. (i. Farbcnind. A. Brit. Chem. Abs. B, 1935. 665: Chem. 
Abs., 1935, 29, 6903. German P. 618.032. 1»»35; Cittm. Ahs., 1936, 30. 107. French P. 776.613. 
1935; Chtm. Abs., 1935. 29, 3687. 

•“ W. L. Semon, U. S. r. 2,015.696, Oct. 1, 1935. to B. F. Goodrich Co.. Brit. Chem. Abs. B, 
1936, 1082; Chem. Abs., 1935, 29, 8405. 

* L. Meuser, U. S. P. 1.975.167. Ocl. 2. 1935. to Naugatuck Chemical Co.; Chem. Abs., 1934. 
28, 7262; Brit. Chem. Abs. B, 1935. 841. f Meuser and P. J. Leader, British P, 401.353. 1933; 
Brit. Chem. Abs. B. 1934, 137; C/iem. Ab.t.. 1934, 28. 2.571. 

•* Carleton Ellis, “The ChcmijUry of Petroleum Derivatives.” The Chemical Catalog Co., Inc., 

New York, 1934. 










430 


CHEMISTRY OF PETROLEUM DERIVATIVES 


drous alkali similar to the ones just mentioned to effect a partial conversion of the 
ketone to diacetone alcohol.^ Dilute sulphuric acid is then added in a quantity just 
sufficient to neutralize the alkali present. The alcohol is admixed with oxalic acid 
and water at 120®C. to split off the elements of water from the alcohol, producing 
mesityl oxide in a reported yield of 95 i)er cent, based on the amount of acetone 
employed. Unreacted acetone may be distilled from the reaction zone at 56®C. and 
760 mm. and recycled (see Fig. 110). The mesityl oxide conies over at 128-130®C. 
under the same pressure. 


tlyPOCHL OR! reJoLUTtON 
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JuamInlc t 


Fig. 111.— .^pI)aratus for .Manufacture of Chloroform. ( P. J. Carlisle) 


Halogen Derivatives of Acetone. Chlorine, bromine and io<line react 
rather readily with acetone in an alkaline solution to form chloroform, bromoforni. 
and iodoform, respectively. In one methfKl, a(|ucous solutions of acetone and cal¬ 
cium hypochlorite are conducted separately into a vessel heated to 70-80®C. (see 
Fig. 111). The liquids are allowed to stand in contact for 2.5 to 12.5 minutes to 
give a yield of 84-88 per cent* of the theoretical amount of chloroform.*'^* A di-sub- 
stituted ketone, fljyni-dichloroacetone is reported to be secured when the halogena- 
tion is effected at the boiling point of the ketone.**" In one ca.se, 150() g. of acetone 
were subjected to the action of chlorine at 56®C. to furnish 1612 g. of (wvm-di- 
chloroacetone. It has been noted that the bromination of acetone is retarded by 
water, and, to a somewhat lesser extent, by alcohols.**'* As a possible explanation, 
it was suggested that acetone exi.sts in two tautomeric forms, 
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*0. P* 2*^25,317, Sepl. 5. 193.1. to Deutsche fiold* und StIher-ScheideAnsialt vonrf. 

RoeMW; CAm. Aht., 1933, 17, 5337. German P. 630..507. 19.16; Chem. Ahs.. 1937. 11. 1 17. 

Carlisle, U. S. P. 1,915,354, June 27, 1933, to E. I. du Pont dt Nemours & Co.; Brit. 
Chrm. Ab$. B, 1934, 136; Ckem. Abs., 1933, 27, 4252. 

" W. O. Herrmnn and E. Baum. C. S. P. 1.916.979, July 4. 1933, to Consortium fiir eleklro- 
chemische Induatrie, G.m.b.H.; Brit. Chem. Aht. B. 1934. .193; Chtm. Aht., 193.t. 27, 4 .S 4 h 
•T. Tomonari, /. fkytik. Chem., 1936, B92. 222; Brit. Chem. Ahs. A. 19.tt,. S2.C 
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ketonic and enolic, the latter being more reactive with halogens. The retarding 
effect, therefore, was said to be caused by the formation of a complex addition 
product of water or alcohol with the ketone form. 

Although direct substitution of fluorine in acetone has not been reported, a 
monosubstituted derivative has been prepared.®® Bromoacetone is dissolved in 
ether and heated to 8S-95®C. Anhydrous tellurium fluoride is then incorporated in 
the reaction chamber. The method is said to give 66 per cent of the theoretical 
yield of fluoroacetone, boiling at 72.5°C. 

Miscellaneous Reactions of Acetone. Among the substances which have 
been obtained from acetone are included mesitylene, isopropyl alcohol, organic acids 
and peroxides, and keto-alcohols and aldehydes in addition to the compounds previ¬ 
ously mentioned. 

In the presence of hydrochloric acid, three molecules of acetone unite to form a 
cyclic compound, mesitylene, l,3,5-trimethylbenzene.‘^® It has been reported that 
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the amount of mesitylene furnished by this condensation at 175®C. and 100 atmos¬ 
pheres pressure varies with the concentration of the hydrochloric acidJ^ The yield 
was found to rise rapidly with increasing concentration of hydrochloric acid 
<d^ = 1.19) until 5 per cent by volume is reached. With proportions of acid 
between 5 and 50 per cent, a gradual fall in the amount of the cyclic compound 
occurs, and terpene-like products with a high degree of condensation appear. With 
a constant concentration of acid at 5 per cent by volume and with varying tempera¬ 
ture, the graphical relationship of temperature to yield of mesitylene (based on 
unrecovered acetone) showed a sharp inflection at 140®C. (see Fig. 112). A simi¬ 
lar break was noted at 170'*C. when the yield was calculated from the amount of 
acetone charged into the apparatus. Between 175 and 190®C. the two curves coin¬ 
cided, pointing to a complete utilization of the acetone. At 140®C. 50 per cent of 
the acetone remains unaffected. At 175-180®C. practically all of the ketone is used 
np, giving 36 per cent of the cyclic compound. 

In another procedure, aluminum oxide is used as a contact agent in place of 
hydrochloric acid.*^® The oxide, which may be secured by heating a natural alumina 
hydrate such as bauxite for a period of 1 hour at 600-900®C., is added to acetone, 
and the two are heated to 330-370®C. under 150-250 atmospheres pressure to give a 
40 per cent yield of mesitylene. 

The addition of hydrogen to acetone leads to isopropanol. This process is the 
reverse of the dehydrogenation of isopropanol which was discussed in connection 

. ^ P. C. R«y, H. C. Goswftmi and A. C. Ray, /. Indian Cham. Soc., 1935. 12, 93; Chrm, Ahs., 
1935. 29. 4330; Brit. Ckrm. Abt. A. 1935. 733. 

»Carleton Ellii, **Thc Chemistry of Petroleum Derivatives,” The Chemical CaUlog Co., Inc., New 
York. 1924. 

^ «V. N. Ipatieff. B. N. Dolgov and I. Voinov, Ber., 1930. 63. 3072; Chrm. Abs., 1931, 25. 2124; 
Bnt. Chem. Abs. A, 1931, 207. E. Sucharda and H. Kucaynski (Roamiki Cktm., 1934, 14, 1182; 
Brit. Ckem. Ahs. A. 1935, 334; Chem, Abs., 1935, 29, 6214) recommend that pressures of less than 
100 atmospheres and temperatures up to 195*C. be employed. 

^ «H. D^se and C. Schuster, U. S. P. 1.977.178, Oct. 16, 1934. to I. G. Farbenind. A.-G.; 
Bnt. Chem. Abs. B, 1935, 840; Chem. Abs., 1935, 29, 181. German P. 579,059, 1934; Ckem. Abs., 
1934, 28, 5082. 
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with the preparation of acetone. Acetone and hydrogen may be conducted together 
over nickel, copper or the oxide or chromite of zinc at temperatures ranging be¬ 
tween 40 and 300®G. and at pressures from 1 to 300 atmospheres.'^* In order to 
suppress any dehydration which may occur with zinc chromite, Lazier*^^ proposes 
to incorporate potassium carbonate in the contact agent. A 10 per cent yield of 
isopropyl alcohol was obtained as follows. A mixture of 100 cc. of zinc chromite 
containing 10 per cent of potassium carbonate is placed in a copper reaction tube. 
Acetone is then pumped at the rate of 1.5 liters per hour through a vaporizing tube 
heated to 60®C. As the vapors leave the latter they are mixed with compressed 
hydrogen and conducted over the catalyst bed, which is maintained at 375®C. and a 
pressure of 200 atmospheres. 

Controlled oxidation of acetone results in the formation of carboxylic acids. 
Flemming and Speerreport that acetone and air at 200®C. and under 25 atmos- 
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Fk.. 112. 

Effect of Temperature on Yield of Mesitylene 
from Acetone. (V. N. Ipatieff, B. N. Dolgov 
and I. Voinov) 


Courtesy Deutsche Chemische Cesellschaft 
Courtesy Verlag Chemie C.m.b.H. 


pheres in the presence of 0.1 to 1 per cent of mangane.se and cobalt acetate yield 
acetic acid. A mixture of triniethylacetic and acetic acid is reported from the 
interaction of acetone, steam and carlx)n monoxide at 300®C. and 350 atmospheres 
pressure.^* Activated charcoal and aluminum chloride are suggested as promoters 
for the reaction. Selenious oxide is said to be an effective agent for partially 
oxidizing acetone to a keto-aldehyde with the formation of but little acid.^^ Hydro¬ 
gen peroxide, prepared in sitit by the hydrolysis of persulphuric acid, has been em¬ 
ployed to oxidize acetone to acetone peroxide.^* For example, a 13 per cent solu¬ 
tion of persulphuric acid is hydrolyzed by heating to 100®C. for 1 minute. It is 
then cooled to —20®C. and acetone incorporated slowly. Stirring is continued for 
15 minutes at the latter temperature. Acetone peroxide may then be extracted with 
l)enzene. 

Condensation of acetone with a higher ketone leads to the production of keto- 
alcohols in a manner analogous to the formation of diacetone alcohol. Thus, acetone 


’’Carleton Kllia. “Hydrogenation of Organic Substances,” Third Edition. I). V^an Nostrand Co.. 
Inc., New York, 1930. « . 

W. A. lazier, U. S. P. 1,895,515. Jan. 31, 19,13, to E. I. du Pont de Nemours & Co.; Brtt, 
them, Abs. B, 1933, 905; Chrm. Abs., 1933. 27. 2455. 

™W. Flemming and W. Speer, U. S, P. 2,005,183, June 18, 1935, to 1. G. Farhenind. A.*G.; 
Chem. Abs., 1935, 29, 5125. 

^A. T. Laraon. U. S. P. 2,037,654, April 14, 1936, to E. I. du Pont de Nemours & Co.; Chem. 


Abs.. 1936, 30. 3836. 

^ N. N. Mel’nikov, Uspekhi Khim., 1936. 5, 443; Chem. Abs., 1936, 30, 5180. 

’"British P. 444.544. 1936. to Bataafrche Petroleum Maatschappij: Chem. Abs., 1936, 30, 5588; 
Brit. Chem. Abs. B. 1936, 683; /. Inst. Pet. Tech., 1936, 22. 173A. 
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and ethyl methyl ketone react at 20° C. in the presence of sodium hydroxide to fur¬ 
nish a mixture of 4-hydroxy-4-methyl-2-hexanone and 5-hydroxy-5-methyl-3-hexa- 
noneJ® The latter compounds are suggested as solvents for pyroxylin. 

A number of synthetic resins are prepared by the interaction of acetone, as well 
as higher ketones, with aldehydes. The condensation products have been proposed 
for use in molding compositions and as constituents of varnishes.®® 


Uses of Acetone 


Since acetone is one of the best known solvents and because of its ready misci¬ 
bility with water, alcohol, ether and many esters, mineral and vegetable oils, it 
finds wide use where solvents are required. Among its miscellaneous applications 
are the preparation of smokeless powder, storing of acetylene, as a fuel and as a 
selective solvent for dewaxing lubricating oils.®^ 

Acetone has been recommended as a constituent of paint and varnish removers. 
One such remq^ver contains 20-40 per cent of a petroleum distillate boiling below 
115°C., 25-40 per cent of a mixture of methanol, ethanol and acetone, and 20 per 
cent of ethyl acetate.”^ A composite of 40-60 per cent of a hydrogenated petroleum 
fraction, 15-40 per cent of acetone and 1-8 per cent of paraffin or ceresin wax has 
been described as effective for the same purpose.Also, hydrogenated gasoline 
may he mixed in a volume ratio of 3:7 with isopropanol and acetone. Paraffin wax 
and cadmium oleate are then incorporated in this solvent to form a liquid effective 
in removing varnish and lacquer.®^ 

In dewaxing lubricating oils, acetone may be employed either alone®® or mixed 
with benzol,*® tetrahydronaphthalene,®^ water-insoluble aliphatic alcohols,®® higher 
ketones such as methyl isobutyl or methyl ethyl ketone,®® o-dichlorobenzene,®® 

™ R. H. Van Schaack, Tr.. V. S. P. 1.<)26,567. Sent 12. 19.W to Van Schaack Bros. Chemical 
Works: Prit Chem. Ahs. B. 19.14. 709; CUem. Ahs.. 1933 27. 5751. 

Carleton Ellis, “The Chemistry of Synthetic Resins.” Reinhold Publishing Corn., New York, 

1935. 

Carleton Ellis, “The Chemistry of Petroleum Derivatives.” The Chemical Catalog Co., Inc., New 
York. 1934. Cf. J. N, Crahay, Irtff. chim.. 1936, 20. 13; Chem. Abs., 1936. 30. 7543. 

“Carleton Ellis. U. S. P. 1,980,043. Nov. 6. 1934. to Chadeloid Chemical Co.; Brit. Chem. Ahs. 

B, 1935, 960; Chem. Ahs.. 1935. 29. 260. 

“Carleton Ellis, l\ S. P. 1,999,165. April 23, 1935. to Chadeloid Chemical Co.; Chem. Ahs., 

1935, 29. 4108; Brit. Chem. Ahs. B. 1936, 462. 

“Carleton Ellis, U. S. P. 2,009.357, July 23, 1935, to Chadeloid Chemical Co.; Chem. Ahs., 1935, 

29, 5956; Brit. Chem. Ahs. B. 1936, 752. 

*R J. Garofalo and C. E. Swift, U. S. P. 1,948.346. Feb. 20. 1934, to I'nion Oil Co. of Calif.; 
Brit. Chem. Ahs. B, 1934, 1047; Chem. Ahs.. 1934. 28. 2884. B. J. Mair and S. T. Schicktan*. 

Paper given before Petroleum Division. A.C.S. Meetine. Pittsburgh, .Sept. 7. 1936. M. R. Cannon 

ana M. R. Fenske, Ind. Eng. Chem., 1936, 28, 1035; Bnf. Chem. Ahs. B. 1936. 1077; Chem. Ahs., 

1936. 30, 7829. 

“ F. X, Covers. U. S. P. 1.945,350. Tan. 30. 1934. to Indian ReSnine Co.; Chem. Ahs.. 1934. 
28, 2520; Brit. Chem. Ahs. B. 1934, 919; /. Inst. Pet. Tech., 1934. 20. 192A. U. S. P. 1.964,985, 
July 3, 1934; J. Inst Pet. Tech.. 1934. 20. 539A; Chem. Ahs.. 1934. 28, 5224. U. S. P. 2.003.664. 
June 4, 1935; Ckem. Ahs., 1935. 29, 493U' J. Inst. Pet. Tech., 1935. 21, 312A. Canadian P. 355.522, 

1936, to Texaco Development Corp.; Chem. Ahs.. 1936, 30, 2748. German P. 600,619, 1934, to 

Indian Refining Co.: / Inst. Pet. Tech . 1934. 20. 541 A. C. B. Bryant and F. X. Covers. U. S. P. 

I. 969,201. Aug. 7, 1934, to Indian Refining Co.: Chem. Ahs.. 1934, 28. 6297; Brit. Chem. Ahs. B, 

1935. 617. H. H. Croos and J. Oprvshek, U. S. P. 2.049.059. Aug. 28. 1936; J. Inst. Pet. Tech., 

1936. 22, 457A. W. P. Gee. W. Kierste<l and B. Y. McCarty. Mat. Pet. Me^s, 1936, 28. 29; 

J. Inst. Pet. Tech.. 1936. 22. 358A. M. L. I.,anRworthy. U. S. P. 1.956.036, April 24. 1934. to 

Texaa Co.; Brit. Chem. Ahs. B, 1935. 136; Chem. Ahs.. 1934. 28. 4218; J. I fist. Pet. Tech., 1934, 
20, 427A. R. E. Manley. U. S. P. 1,980 071. Nov. 6. 1934. to Texas Co.; Chem. Ahs., 1935, 29, 

335; /. Inst. Pet. Tech., 1935. 21. 66A. V. Voorhees, V. S. P. 1,^56.780. Mav 1. 1934. to Stand 

ard Oil Co. of Ind.; Brit. Chem. Ahs. B. 1935. 215; Chem. Ahs., 1934. 28, 4218. W. A. Myers. 

0»7 and Cos /.. 1935. 34. 78; /. Inst. Pet. Teeh.. 1935. 21. 259A. 

H. van der Waerden. Canadian P. 357.974, 1936. to Shell Development Co,; Chem. Ahs.. 1936. 

30. 4662. British P. 430,485. 1935. to Bataafsche Petroleum Maatschapnij; Chem. Abs.. 1935. 29, 
8319; Bn*#. Chem. Abs. B. 1935. 759; /. Inst. Pet. Tech.. 1935, 21, 344A. 

•" H. .Svanoe. U. S. P. 1.981.758. Nov. 20. 1934, to E. I. du Pont de Nemours & Co.; Brit. 
Chem. Abs. B, 1935, 983; Chem. Ahs., 1935. 29. 589. 

•• F. X. Covers. Canadian P. 354.130, 1935. to Texaco Development Corp.; C/nrm. Abs., 1936, 
30. 1553. U. S. P. 2.054,416, Sept. 15, 1936; Chem. Abs., 1936, 30. 7839; /. Inst. Pet. Tech., 

1936, 22, S49A. H. H. Gross and W. V. Overhaugh, British P. 445.172, 1936. to Texaco Develops 

went Corp.; Chem. Abs., 1936, 30, 6549; Brit. Chem. Abs. B, 1936, 681; /. Inst. Pet. Tech., 1936. 
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monochlorobenzene,®' ethylene dichloricle,®- isopropyl ether,®*' bis(2“Chloroethyl) 
ether®"* or a kerosene extract boiling below 300®C.®*'* 'I'he solvent is added to the 
oil and the mixture cooled to a point, usually between —10 to —23®C., where the 
solvent has complete action U|>on the oil and practically none upon the wax. The 
precipitated wax is then removed by tiltration or centrifuging. 

Also, sulphur may be se|)arate<l from hydrocarbons by the action of acetone with 
aluminum or zinc chlorides®® or caustic smla, or potash.®^ It has been reported that 
acetone, combined with ammonia, is effective in removing unsaturated constituents 
from mineral oils.®** A lubricant said to be free flowing when kept under pressure 
and away from air, but which assumes a heavy consistency when exposed to the 
atmosphere, may be secured by admixing an extreme pressure lubricant with ace¬ 
tone, carbon dioxide and rubber cement.'*® The lubricant is recommended for use 
in chassis bearings. Further, acetone is suggested as a solvent for cellulose ace¬ 
tate,'®® asphalt,'®' and tar.*®- Among the miscellaneous uses for which acetone 
has been employed are included cleansing agents.'®*’' a solvent for woml preserv¬ 
ers,'®^ and as a pickling solution for steel when mixed with sulphuric acid.'®^ It is 
interesting to note that a substituted derivative of acetone, dihydroxyacetone, is 
reported to be a good antidote for hydrocyanic (prussic) acid poisoning.'®® 


Ketexe 


It has been previously mentioned that the thermal decomposition of acetone 
leads to the formation of methane and ketene. 

CHjCOCH, —>- CHi + CHr-CO 

Besides the theoretical aspect of the above decomposition, practical prcxluction of 
ketene has also received some attention. For example, ketene may be obtained 
by conducting acetone vapors through a reaction chamber composed of chromium 

23, 269A. For use of aertone or methyl ethyl ketone mixed with benzene, toluene, xylene or cumene, 
see F. X. Covers, tfr S. P. 2.060,805 and 2,061.541, Xov. 17. 19J6, to Indian Rehnini^ Co.; Chem. 
Abs., 1937, 31. 849; J. Inst. Pei. Tech.. 1937. 23. 76A. 

••B. V. McCarty, U. S. P. 2,024.107, Dec. 10, 1935, to Texas Co.; J. Inst. Pet. Tech., 1936, 

22, 104A. 

British P. 413.307, 1934, to Standard Oil Co. of Ind.; Brit. Chem. Ahs. B. 1934, 871; Chem. 
Abs., 1935, 39, 594. 

•■French P. 762,949. 1934. to Aktiebolaget Separator Nobel; Chem. Abs., 1934. 28. 5224. 

•• E. W. Reid, U. S. P. 1,947,359, Feb. 13, 1934, to Carbide and Carlxm Chemicals Corp.; Chem. 
Abs., 1934, 28, 2515. Canadian P. 356.140, 1936; Chem. Abs.. 1936, 30. 2746. 

•■S. H. Diegs and T. M. Page, U. S. P. 1.976..544. Oct. 9. 1934, to Standard OH Co. of hid.; 

Chem. Abs., 1934, 28, 7518; /. Inst. Pet, Tech., 1935. 21. 27A. 

••C M. Kellogg, U. S. P. 2.047,826. Aug. 14. 19.16; J. Inst. Pet. Tech.. 1936. 22. 456A. 

••I. Levine, U. S. P. 1,950,735, March 13, 1934, to Univer.«il Oil Products Co.; Brit, them 

Abs. B, 1935, 215; Chem. Abs., 1934, 28, 3578. 

■■B. A. Stagner, British P. 425,623, 1935; Chem. Abs., 1935, 29. 5645; Brit. Chem. Ahs. B. 
1935, 441. 

••W. H. Vofck, U. S. P. 2,047.755, July 14. 19.16, to Calif. Spray Chemical Corp.; J. Inst. 
Pei. Tech., 1936, 22, 456A; Ckem. Abs., 1936, 30, 6181. 

••J. F. Werder, U. S. P. 1,995,371, March 26. 1935, one-half to K. Rogern; Chem. Ah.t.. 193.5. 
29, 3151. 

•••See. for example, French P. 785,036, 1935. to T. (i. Farlietiiiid. (tern. Ahs.. l93o. 30. 

1559. C. Dreyfua and W. Whitehead, U. S. P. 1,958.238, May 8, 19.14, to Olanese ( orp. nf 
America; Brit. Chem. Abs. B, 1935, 223; Ckem. Abs., 1935, 29, 4231. Britii^h V. 444.035. 19.16. t>» 
British Celanesc, Ltd.; Brit. Ckem. Abs. B, 1936, 491. 

•••French P. 780,112, 1935, to Alexander Wacker Ges. fflr elektrochcmischc fndiiMrie Ci.m.b.if.; 
Chem. Abs., 1935, 29, 6044. 

•«E. O. Rhodes and F. D. Hager, Canadian P. 336.568, 1933, to The American Tar Products 
Co., Inc.; Chem. Abs., 1934, 28, 1846. 

•••R. Wilte, German P. 616,885, 1935; Chem. Abs., 1936, 30, 543. U. S. P. 1.993.469 March 
5, 1935; BHi. Chem. Abs. B, 1936, 1070. 

•••C. H. Siever, U. S. P. 1,983,248, Dec. 4, 1934; Chem. Abs., 1935, 29, 576; Brit. Chem. Ahs 
B, 1935, 104L 

••O. Fakler, French P. 783,758, 1935; Chem. Abs., 1935, 29, 7931. 

Htymans and H. Handovsky, Compt. rend. soc. biol., 1934, 117, 83; Chem. Abs., 1935, 29, 

507 * 



PRODUCTION. PROPERTIES AND USES OF KETONES 435 


and iron which is heated to 550®C.^®^ The gases issuing from the heating zone 
are immediately led to a second chamber (made of copper) which is heated to 
temperatures of 600 to 750 °C\ (see Fig. 113). In both steps the pressure is held 
at 5 lbs. per sq. in. Another pi u; jsal is to pass acetone vapors directly into a 
copper tube heated to 700-850°C., the contact time of the vapors being less than 
1 second.^^^* 

Because of its instability, it has been proposed that ketene be dissolved, as 
quickly as it is formed, in an inert solvent, when the unsaturated ketone is to be 
employed in further synthesis. Thus, the gases secured by thermal decomposition 
of acetone are scrubbed at 35-55®C. (Fig. 114) with acetone and then conducted 
into another portion of acetone at 0®C.^^® At the lower temperature a solution of 
ketene in acetone is formed which may then be utilized in various acetylation reac¬ 
tions. Other solvent liquids mentioned are pentane, hexane, benzene, diethyl ether 


Furnace 


Vaporizing Tubc (Stul i 


Liquid 

Aqetonl 

Storagl 


CrackingTubi 

(Copper) 



^fkcCRACKMG Tuac 

^^^Chrome-IronAll oy) 

^ Outlet For 
Ketene 


Chrome-Iron AuovJNcm 


Gas Heaters 


Fio. 113.—Sketch of Method for Thermal Decomposition of Acetone to Ketene. 

(Cl. H. Reid) 


and methyl ethyl ketone. If the ketene is to be used directly the liquid with which 
it is to react may be substituted for the solvent liquid. Thus, the gaseous de¬ 
composition products are introduced directly into acetic acid to form acetic an¬ 
hydride or into 2-ethoxyethanol to form 2-ethoxyethyl acetate.*^® Wiezevich and 
Frolich**® suggest the production of ketene by passing acetone through a column 
of molten lead contained in a reaction vessel lined with fireclay. The lead is main¬ 
tained at the required temperature (600-9(X)®C.) by circulation of a portion of it 
through a heating coil. 

One metluxl for the laboratory pr€|xtration of ketene is as follows.”' Acetone 
is dropped directly from a .separatory funnel into a quartz reaction tube heated to 
650-750®C. The exit gases are led into a Pyrex tube immersed in solid carbon 


G. H. Reid. Canadian P. .I.S.>.617. 19.16. to Carbide and Carl>on Chemical Corp.; Chrm. Ahs., 
1936, SO, 2578. Britijih P. 41.1.709, 19.14; Brit. Chrm. Abs. B, 19.14, S2.5; Chem. Abs., 1935. 20. 
482. French P. 749.245. 1933; Chem. Ahs.. 1933, 27. ,‘i757. 

D. Grave* and C. H. ('.reenewalt. T. S. P. 2.069.243. Feb. 2. 1937, to E. I. du Pont de 

Nemours & Co.; Chrm. Ahs.. 1937, SI. 1826. 

^ >«G. H. Uw, V. S. P. 1.942.110, Jan. 2. 1934. to Carbide and CarUm Chemical* Corp.; Cbcm. 
Ahs.. 1934. 28. 1718. Briti*h P. 397.025, 19.13; Chrm. Ahs.. 19.14. 28. 780; Brit. Chem. Ahs. B. 
1933. 955. Canadian P. 355,618, 19.16; Chem. Ahs., 1936. SO, 2578. Frtmch P. 7.50.804, 1933; 
Chrm. Ahs., 1934. 28. 1052. 

““C. O. Younff and G. H. Reid. I*. S. P. 1.926.642. Sept. 12. 1933. to Carbide and Carbon 
^emlcalt Corp.; Chrm. Ahs., 1933. 27. 5753. French P. 730,724. 1932; Chrm. Ahs., 1933. 27, 306. 
Canadian P. 338.162, 1933; Chrm. Ahs.. 1934. 28. 1718. (ierman P. 604.910. 1934; Chrm. Ahs.. 
1935, 28. 813. 

Wieie\ich and P. K. Frolich, Briti.*h P. .196.568, 1933. to Standard Oil Development 

Co.; Chrm. Abi.. 1934. 28, 483; Brit. Chrm. Ahs. B. 1933, 905. French P. 742.985. 1933; Chrm. 

Ahs., 1933. 27, 3722. 

***F. O. Rice. ?. Greenlierir, C. E. Wafers and R. E. Vollrath. J.A.C.S., 1934, $6. 1760; Chrm. 
Ahs., 1934. 28, 6ld4; Brit. Chrm. Ahs. A, 1934, 1091. 
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dioxide in order to condense ketene and undecomposed acetone. At the end of a 
reaction period of 0.5 hour the ketene is distilled off by warming the solution 
rapidly to the boiling point of acetone (56®C.). The receiver for the di^^tillate is 
maintained at —80®C. For larger-scale production with the same type of reaction 
tube, temperatures greater than 750° C. may be employed and unreacted acetone may 
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be recycled through the furnace.*^** (Sec Fig. 115.) It is stated that the best 
yield results when less than 10 per cent of the acetone is dcconipo.sed per passage. 

Also, ketene may be produced from acetic acid or acetic anhydride by thermal 
treatment. 


2CH,COOH (CH,C0)20-f H,0 —2CH2=CO-h H,0 


Thus, acetic acid may be heated to 740°C. at 35 mm. pressure in the presence of 
sodium phosphate, which promotes the formation of the anhydride.*** In the 
thermal treatment of acetic anhydride to give ketene, Wiezevich*** suggested 
heating the anhydride to 800-1000° C. for 5 seconds by passing through a heated 
copper vessel and then suddenly cooling the product. Also, there is introduced into 
the reacted .stream an organic liquid insoluble in water and inert to ketene to 


O. Rice, U. S. P. 1,879,497, Sept. 27, 1932, to Rdhm and Haas Co.; Chem. Ahs., 1933, 

27 313. 

French P. 777,483, 1935, to Consortium fur elektrochemiache Industrie G.m.b.H.; Chem. Abt, 
1935, 29, 4029. British P. 435,219, 1935; Brii. Chem, Abt. B, 1935, 1085; Chem. Abt . 1936, 
80, 1072. 

“»P. J. Wieaevich, U. S. P. 2,045,739, June 30, 1936, to Standard Oil Development Co.* Chem, 
Abt., 1936, 80, 5597. 
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facilitate the subsequent settling out of water. Recovery of the ketene, unused 
acid anhydride and added organic liquid is then made. The latter may be chloro¬ 
benzene, butyric acid, j^c-amyl acetate, phenetol or isopropyl ether. 

Properties and Uses of Ketene. Ketene is a gas at ordinary tempera¬ 
tures; it can be condensed to a liquid boiling at —56®C. and solidifying at 
—The substance tends to polymerize to resinous matter at ordinary 
temperatures, although the pure liquid is stable at —80®C. Polymerisation may be 
inhibited to a considerable extent by various solvents.'^® 

The photochemical decomposition of ketene has been studied to determine the 
mechanism which it follows.^'® One apparatus consisted of a cylindrical quartz cell 
of 20 cc. capacity immersed in a constant-temperature water bath with a window of 
crystal quartz. Illumination was secured with a quartz mercury vapor lamp. It 
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was found that the decomposition of ketene is accompanied by a pressure increase 
and that the gaseous products are carbon monoxide and ethylene. In addition a 
solid film was deposited gradually on the walls during illumination. WTien only 
ketene was present in the illuminated zone the reaction yielded quantitatively carbon 
monoxide and ethylene in the theoretical ratio. Also, it was noted that the reac¬ 
tion, as measured by the increase in pressure, stops before all the ketene has been 
consumed. Since the same result occurred when ethylene was added, it was con¬ 
cluded that the retardation of the decomposition was due to the presence of the 
latter. The solid deposit was assumed to have the composition (CHo'In, since all 
of the original ketene was accounted for either as free carbon monoxide or as un¬ 
decomposed ketene. and because no hydrogen or deposits of free carbon were ob¬ 
served among the products. From these data it was deduced that the primary 
reaction upon absorption of light is : 

H*C==CO —H,C-fCO 

^ Carleton Ellis, “The Chemistry of Petroleum Derivatives,” The Chemical Catalog Co., Inc., 
New York. 19S4. 

Carleton Ellis, “The Chemistry of Synthetic Resins.” Reinhold PublisUinK Corp.. New York, 

1935. 

^ ’‘“W. F. Ross and G. B. Kistiakowsky. J.A.CS.. 1934. 56. 1112; Chem. Abs., 1934. 28. 4314; 
Brit. Chem. Abs. A. 1934, 740. 
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Further, from the information obtained that the quantum yield with the 3130A. line 
was near unity, the conclusion was made that the reaction: 

H,C==CO-h CH,= —C0 + C,H4 

docs not occur to any significant extent, so that methylene radicals must react with 
each other to form ethylene. The retardation and finally complete discontinuance 
of pressure increase was thought to be attributable to the reaction of methylene 
groups w’ith ethylene, the ultimate product being the solid polymer. On the other 
hand, Norrish, Crone and Saltmarsh*'^ maintain that the reaction between a methy¬ 
lene group and ketene does take place rather than the combination of methylene 
groups. 

Acetylation with Ketene. The addition of ketene to alcohols results in 
acetylation of the latter. 

R()H + CH,-=CO ROOCCHa 

where R is an alkyl, cycloalkyl or aryl group. Ketene is a powerful acetylating 
agent, and, under proper conditions, will add to most organic substances containing 
active hydrogen atoms, provided that the compounds can Ik? li(|uefied or dissolved 
in a solvent inactive toward ketene.'*^ In the procedure, 10 g. of the substance to 
lie acetylated were placed in a reaction flask, fitted with inlet and outlet tulies. The 
inlet tube was connected with a reservoir containing ketene at — 8 ()°C. By allow¬ 
ing this reservoir to warm up, ketene could be passed through the reaction tube 
at a convenient rate. The outlet from the latter was connected to a third tulie, 
kept at —80®C., in which the unreacted ketene was condensed. The reaction vessel 
was heated in an oil bath alxive the melting point of the compound to be acetylated. 
In this manner cetyl alcohol was converted at 180®C. into cetyl acetate, /i»r-butyl 
alcohol at 80®C. into /^r-butyl acetate, and phenol at 183®C. into phenyl acetate. It 
is interesting to note that attempts to acetylate benzamide by means of ketene at 
180®C. resulted in the production of benzonitrile and acetic anhydride. The prob¬ 
able course of this reaction was said to be: 

CH^O-f C 4 H 4 CONH, —C.H^CONHCOCH, 

C.H 4 CONHCOCH, —C.HsCN -h CHaCOOH 
CH,COC)H -h CHr=CO —(CH,C0),0 

For the production of phenyl acetate from ketene and phenol O.S to 2 per cent of 
sulphuric acid may be employed as a promoter to give a reported yield of 92-93 
per cent of the theoretical amount of phenyl acetate, using a contact period of 1.5 
hours.”® 

Hurd and Williams'have studied the interaction of ketene with thioalcohols, 
aromatic aldehydes, hydroxy acids and .salicylic acid. With ethanethiol, the acety¬ 
lation may be represented as: 

CH,=CO + C,H»SH CH,COSC,H* 

To effect this transformation, 4 g. of liquid ketene and 3.5 g. of ethanethiol were 
mixed and kept at —80®C. for 3 days and then warmed to 20® C. On distillation, 

R. G. W. Norrish. H. G. Crotie and O. I). Saltmarsh, J.A.C.S., I9.M. 56, 1644; Brit. Chem. 
Abs. A. 1934. 976; Chem. Abs.. 19,14, 28. 5.1.17. 

**• F. O. Rice. J. Greenberif. C. E. Wafers and R. F.. Vollrath. J.A.C.S., 19.14. 56, 1760; Brit. 
Chem. Abs. A, 1934. 1091; Chem. Abs., 19.14. 28, 6104. For a dtscussiun of the heats of reaction 
of ketene with alcolKda. see F. O. Rice and J. Greenlierg. /.A CS.. 19.14. 56, 2268; Chem. Abs., 
1935, 28. 673; Brit. Chem. Abs. A, 19.15. 36. Cf. P. K. Frolich and P. J. Wieievich. U. S. P. 
2.018,759. Oct. 29. 1935, to Standard Oil Development Co.; Brit. Chem. Abs. B, 1936, 1032; Chem. 
Abs., 1936. 10. 107. 

'**G. D. Graves. U. S. P, 2,007.968. July 16. 1935. to E. T. du Pont de Nemours A Co.; Brit, 
Chem. Abs. B, 1936, 633; Chem. Abs., 1935, 28. 5857. British P, 4.16,885. 1935; Brit. Chem. Abs. 
B. 19.16. 11. 

'»*C. D. Hurd and J. W. Williams. J.A.C.S., 1936. 58. 962; Chem. Abs., 19.16, 80. 5182. 
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5,1 g, of ethylthioacetate were collected between 109 and 115®C. Cinnamic alde¬ 
hyde unites with ketene in the presence of fused potassium acetate to form an 
anhydride of ^-styrylacrylic acid. 

CHtCO 

C«H,CH==CHCHO - y rCtHfcCH==CHCHCH=CO“l 

L Ah J 

CHiCO 

->- rC.H»CH=CHCHCH==COn 

L (^OCH, J 

->- C,H.CH=CHCH=CH—CO 

(!>C0CH, 

In the procedure, about 0.25 mole of gaseous ketene was conducted into a mixture 
of 2 g. of fused potassium acetate and 10 g. of cinnamic aldehyde. The products 
were dissolved in ether and extracted with a 10 per cent caustic soda solution. 
When sulphuric acid was added to the alkaline extract /^-styrylacrylic acid crystal¬ 
lized out. The addition of ketene to mandelic acid results in the formation of an 
acid anhydride. 

H H 

cooH + 2CHr=co —c,Hi(!:—CO—o— ccx;h, 

Ah ococh, 

To illustrate this, 0.08 mole of ketene gas is passed into a solution of 5 g. (0.033 
mole) of mandelic acid in acetone. The acetone is then removed by distillation 
under reduced pressure, leaving acetylmandelic acetic anhydride, a viscous, light 
red liquid. Acetylsalicylic acetic anhydride may be secured in a similar manner 
from salicylic acid (o-hydroxybenzoic acid) and ketene. Addition of water to the 
anliydride furnishes acetylsalicylic acid. 

Also, it has l>een reported that acetylation may proceed through a Friedel- 
Crafts reaction.'-^ Ketene was passed into a suspension of 120 g. of aluminum 
chloride in 100 cc. of benzene, maintained at 0®C. Stirring was continued until 
evolution of hydrogen chloride ceased. The product was poured on ice and ex¬ 
tracted with benzene and the extract washed with water, dried and distilled. Two 
cuts were retained: one, boiling at 90®C. under 15 mm. pressure, contained 15 g. 
of acetophenone (CflH,^COCH 3 ) ; the second, which boiled at 110®C. under 15 
mm. pressure, consisted of 7 g. of />-ethylacetophenone. It was thought probable 
that the formation of the latter compound was due to the presence of ethylene in 
the ketene. Acetyl chloride, also an acetylating agent, may be prepared by passing 
ketene and hydrogen chloride at about 100®C. over active carbon or silica gel.^‘^- 

One of the suggested u.ses for the acetylating property of ketene is in the prepa¬ 
ration of an accelerator for vulcanizing rubber.'^3 Ketene is prepared by conduct¬ 
ing acetone vapors through a silicon dioxide tube heated to 600-700®C. and equipped 
with a copper spiral. The gases issuing from the tube are led through a con¬ 
denser to remove unchanged acetone. The ketene is then passed into a solution 
of mercaptohenzothiazolc. C,iH 4 (NSC SH), in chloroform. The acetylated thia- 

^ '«F. ,S. Sprinn ami T. Vickcistaff. 1935, 187.1; Brit. Chrm. Abs. A, 1936, 726; C/irm. 

^bs.. 1936. 30, 1750. 

““W. Ksehenbteh. German I*. 638.441. 19.U»; Chrm. Abs., 1937. 31, 1042. 

, '* I). F. Twinn, 1). }. Hadley and F. A. Jonea. P. 420.852, 1934, to Dunlop Rubber Co., 

btd.; Brit. Chrm. Abs. B. 1935. 163; Chrm. Abs., 1935. 29. 3552. 



440 


CHEMISTRY OF PETROLEUM DERIVATIVES 


2 ole is a deactivated compound which may be reactivated by heating just before 
it is to be used in the vulcanization step. 

The reaction of ketene with haloamines has been investigated.^^^ Among the 
latter substances were monochloroamine, dibromoamine, nitrogen trichloride and 
dimethylchloramine. In the procedure ether solutions of the amine and ketene 
were cooled to —60®C. and admixed. At the end of 3 hours, the reactants were 
warmed to room temperature (20°C.) and the precipitate which formed was filtered. 
Some of the results obtained are indicated in Table 101. 

Table 101 .—Reaction of Ketene with Haloamines. 


Reactants Yield, % M. P., ®C. Formula of Product 

CHjCO-fNH.Cl. 73 111-112 CH,CONHCl 

CH,CO + NHBr.. 18 88-89 CH,BrCONH, 

CH,CO + (CH,)2NC1 . CH,ClCON(CH,), 

CHjCO-fNCb. 14 114-115 CH,ClCONH, 


Polymerization of Ketene. Rice and Greenberg'report that ketene does 
not polymerize to an appreciable extent in the gas phase. When introduced into 
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a Pyrex vessel over mercury the gas showed no decrease in volume over a period 
of an hour. Brown spots of polymerized ketene then began to appear on the 
surface of the glass, but the formation of these was erratic. However, liquid 

^ Cl. H. ColefiMin. R. L. PttenK>n and G. E. Goheen, J.A.C.S., 1936, 58, 1874; Chem Ahs 
1936, 30, 8155; Brit. Chem. Abe. A, 1936, 1495; Proc. Iowa Acad. Set., 1935, 42, 122; Cktm AHm ' 
1936, 30, 8155. 

^F. O. Rice ind J. Greenberg, J.A.C.S., 1934, 56, 2132; Chem. Abe., 1935, 20, 116: Brit Chem 
Abe. A. 1935, 1336. * 
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ketene was reported to polymerize completely in 1.5 hours, when it was allowed to 
warm up from —80®C. to 0®C. The rate of polymerization was stated to follow 
a bimolecular law.^^e Further, it was pointed out that the polymerization is en¬ 
tirely independent of the presence or absence of oxygen, peroxides, hydroquinonc 
and anthraquinone. 

Controlled polymerization of ketene to cyclobutane-1.3-dione, b.p. 127®C'.. has 
been carried out with the aid of such metals as steel, copper or chrome nickel 
steel.For example, ketene is first separated from its acetone solution by cooling 
to solidify the acetone. Ketene is then liquefied by liquid air, placed in a steel 
bomb, and allowed to warm up to 25®C. under its own pressure. Cyclobutane- 
1,3-dione is said to be furnished in amounts up to 85 per cent of theoretical. Also, 
it has been suggested that the ketene-containing gases from the pyrolysis of acetone 
be utilized to prepare diketene directly.^-^ Such gases may contain, by volume, 
about 8 per cent of ketene, 10 per cent of methane, 3 per cent of ethylene and car¬ 
bon monoxide and about 79 per cent of unchanged acetone. The latter is removed 
by conducting the gases through a brine-cooled condenser (see Fig. 116). The 
ketene dissolves in the liquid acetone, forming a 10 per cent solution which leaves 
the condenser at — 10®C. and is collected in an uncooled receiver. As the tempera¬ 
ture in the receiver rises, the ketene polymerizes slowly to diketene. Uncondensed 
gases are led to a tower where they are scrubbed with acetone to recover any 
uncondensed ketene. 

Constitution of Diketene. The structure of diketene may be represented 
as a diketone, keto-enol or dienol. 

CH, CO CH-CO CH-C(OH) 

III! I II !i 

CO-CH, C(OH)—CH, C(OH)--CH 

Measurements of the dipole moment, molecular refractivity and heat of formation 
have been employed to establish the constitution of this dimer.The dipole 
momentof dimeric ketene was estimated to be 3.15 at 25®C. in benzene solution 
and 3.30 in carbon tetrachloride. Calculated values of the dipole moment for the 
diketone form is zero, for the keto-enol form, 3.0-3.2, and for the dienolic form, 
0-3.3. On this basis the keto-enol form was stated to be most probable. Also, 
measurement of the molecular refractivity**^ substantiated the keto-enol form. In 
this case the refractivity of dimeric ketene was found to be 20.14, vvbiie that cal¬ 
culated for the diketone was 18.99, for the keto-enol, 20.16, and for the dienol. 
21.32. The observed heat of formation of diketene (1081 Cal. per mole) was 
found to be compatible with those calculated for the diketone form (1101 Cal. per 
mole) and the keto-enol form (1075 Cal. per mole). The calculated value for the 

A bimolecuUr reaction i* one in which two molecules react. 

“'P. J. Wicjtevich and A. H. Gleason. U. S. P. 1.998.404. April 16. 1935. to Standard Oil De¬ 
velopment Co.; Chem. Abs., 1935. 29. 3689; Brit. Chrm. Abs. B, 1936. 442. 

G. H. I-aw, I!. S. P. 2.019,983. Nov. 5, 1935. to Carbide and Carbon Chemicals Corp.; Ckem. 
Abs., 1936. SO, 487; Brit. Chrm. Abs, B, 19.16. 1195. Canadian P. 352.920. 1935; Chrm. Abs.. 
1935, 20, 8008. British P. 410,394. 1934; Brif. Chrm. Abs. B, 1934, 665; Chrm. Abs,, 1934, 2$. 
6160. French P. 761.731. 1934; Chrm. Abs., 1934. 20, 4072. 

*»W. R. Aneut, A. H. Leckie. C, G. UFevre. R. J. W. UFevre and A. Wasaerman. J.C.S., 
loss, 1751; Chrm. Abs., 1936. SO. 1740; Brit. Chrm. Abs. A. 1936. 191. 

*** Dipole moment it the product of the magnitude of the equal and opposite ionic charges and of 
the distance by which they are separated. 

Molecular refractivity may be expressed as 

1«1 ~ ? M 

where n is the index of refraction, d the density, and Af is the molecular weight. 
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dienol form is somewhat lower (1049 Cal. per mole). On the other hand, Hurd 
and Williams*®*-* maintain that the structure of the dimer'®-'* of ketene may be repre¬ 
sented as acetylketene or a resonance isomer*-'*'* of tliis substance: 

CH,—C==0 CH,—C==C—H 

H(!:=c=o t)—c=o 

The calculated heat of formation of acetylketene was found to be 1086 Cal. per 
mole, which is in fairly close agreement with the value listed above. F'u.ther- 
more, according to Hurd and Williams, the structure proposed by them would 
account for the further polymerization to the tetramer, which is dehydroacetic acid. 


() 

/ \ • 

CHa--C CO 

i! t 

HC CH~C()CH3 

\ / 

c 


o 


One suggested use for diketene is in the preparation of acetoacetanilide.As 
an illustration, diketene is slowly added to a solution of aniline in toluene, main¬ 
tained at 50 to 70®C. On cooling the reaction mixture to 20®C\ a yield of the 
crystals separates, and on further cooling to 5®C. another crop of acctoacetanilidc 
is secured. Subsequent evaporation of the mother liquor yields additional cry.slals 
of both acetanilide and acetoacetanilide from which the latter may be extracted 
with caustic soda solution. 


Prkparatio.n of Hi(;hkr Kktonks 


The acetone homologues are good solvents for many purposes. In the cellulose 
lacquer industry especially their higher Innling points make these ketones in some 
respects superior to acetone.*'*^ They have been prepared by the distillation of 
wood, the dry distillation of the calcium salts of the aliphatic acids, the oxidation 
of alcohols, the condensation of organic acid chlorides with hydrocarbons and the 
reaction of lower aliphatic ketones with aliphatic primary alcohf)ls. 

Preparation from Secondary Alcohols. Methyl ethyl ketone, CH.,- 
COCH 2 CH.H, is a colorless liquid of pleasant odor, boiling at 78.6®C'. One method 
of preparation is by the oxidation of secondary butyl alcohol. Batalin and Sekre- 
tareva^*"*^ reported an 88 per cent yield of the ketone by oxidizing jfcY-butanol at 
about 500®C. with the aid of a zinc oxide catalyst. The main fraction of the c<»n- 

»«C. D. Hurd and J. W. W^illiani!i. LA CS.. 19.16. 58. 962: Chem .Ih.x . 30. S\H2 

’•Note afso Carleton Ellis, “The Chemi^itry of Synthetic Re»ii»^," Keinhold f'oip . 

New York, 1935, 553. 

When a molecule ha* two alternative utruclure* which have nearly the name enerny ctmteni 
and a similar spatial arrangement, then a state of continuous and very rapid oscillation may occur 
between the two forrr*. Any such molecule is said to be in a state of resonance. 

•*G. H. Law, U. S. P. 1,982,675, Dec. 4. 1934, to Carbide and Carbon (*hemical« Corn.; them. 
Aht., 1935. 29. 482. British P. 429,982, 1935; Brit. Chem. Abs. B, 1935. 761; Chem. Ahs . I9,t5. 

29. 6907. French P. 781,167, 1935; Ckrm. Abs.. 1935, 29, 6252. 

••Carleton Ellis. “The Chemistry of Petroleum Derivatives." The Chemical Catalog Co., Inc., 
New York, 1934. 

S. Batalin and E. V. Sekretareva, Sintet. Kauchuk, 1936, No. I, 14; Chem. Abs., 1936, 

30. 4148. A commercial plant for the separation of methyl ethyl ketone from methyl propyl* ketone 
has been described by I. F. Chistov and A. M. Terekhov. Lesokhimicheskaya Prom,, 1934 3 No 
11. 15; Brit. Chem. Abs. B. 1935, 1036; Chem. Abs.. 1935, 29. 2911. The density, vapor pressure 
and index of refraction of methyl ethyl ketone as functions of temperature are discussed by W A 
Felting. L. Sbofner and N. B. Garlot^ J.A.C.S., 1934, 36, 2252; Chem. Abs., 1935. 29, 670; Beil. 
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(lensate, boiling from 78 to 81®C., had 0.8057, 1.382. For producing 

a higher aliphatic ketone from a lower one a mixture of the latter with a lower 
aliphatic primary alcohol together with hydrogen or nitrogen may be led over a 
catalyst at 150 to 400®C. The contact agent suggested is alumina containing small 
proportions of copper, silver, cupric or cuproUs oxide, silver oxide or molybdenum 
trioxide. In this manner acetone and methanol give methyl ethyl ketone, and methyl 
propyl ketone is prepared from ethanol and acetone.*^® Likewise, methyl amyl 
ketone results from butyl alcohol and acetone and higher ketones from ethanol and 
methyl ethyl ketone. 

Methyl propyl ketone, CH 3 COC 3 H 7 , may also be secured by the catalytic 
dehydrogenation of .yrc.-pentanol.*^® The alcohol is heated to 400°C. in contact 
with an alloy of 60 per cent copper, 38.5 per cent zinc and 1.5 per cent tin.^^* 
Other ketones result on similar treatment of different secondary alcohols. Methyl 
propyl ketone is said to result from the treatment of a mixture of acetone and 
ethanol at 150-400°C. with a mixed catalyst, e.g., magnesium, 89: aluminum, 8 ; 
copper, 2; and silver, 1 per cent.'^^* Higher ketones may also be prepared by 
condensing ketones with aldehydes and subjecting the product to further treat- 
nient.'^^ With an alkaline catalyst, ethylhexaldehyde and acetone yield undecyl 
ketol, which, on losing water, forms an unsaturated undecylene ketone. C 4 H 9 CH- 
(C*jH.-,)CH=CHCOCH. boiling at 229®C. Hydrogenation gives a saturated ke¬ 
tone boiling at 93®C. 

Di-«-propyl ketone. C 4 H 9 COC 4 H 9 , wbich boils at 143.5°C.. is a solvent for 
l>oth cellulose nitrate and acetate and also for rubber, natural and synthetic resins, 
and for linseed and castor oils. In addition, it is free from toxicity and has a 
pleasant sweetish odor.^^- To convert w-butanol to dipropyl ketone, the alcohol 
may be subjected at 4()0 to 5(X)°C. to the action ot oxygen compounds of such 
metals as iron. cop|KT and manganese mixed with oxides of zinc, magnesium or 
calcium. Subatmospheric pressures are recommended.'**’* Dipropyl ketone may 
lie pnxluced indirectly fronv the fermentation of carbohydrates.'** The latter, 
when inoculatetl with a lactic ferment, will procluce lactic acid, (a-bydroxypropionic 
acid). The fermentation is effected in the presence of calcium carbonate to form 
calcium lactate. The licpiid is then inoculated with a butyric ferment to convert 
the lactate to calcium butyrate. The latter, after recovery in a concentrated form, 
is treated with sulphuric acid to liberate butyric acid, wbich may l)c collected by 
distillation. Passage of the fatty acid at 350®C. over thorium i»xide deposited on 
pumice causes conversion to di])ropyl ketone. 

Dritiiih P. 400..?S4. 10.^.*. to Drulsche Cold- und Si1l*cr-Schcidpanstah vorm. Ropssler; Chem. 
Ahs,, 19.14, 28. 201.1; Brit CUem. Ahs. B. 19.14. 10, Cerman V 616.016. 19.1.«;; Chrm. Abs., 1935. 
28. 8002. For niptluxU t*i drviiiK kc!onp«i. spp VV. H. Shilflfr and R. C. Mithoff. T. S. P. 2.000.043. 
May 7. 19.15. to Standard Cil (o. of Calif.; Brit. Chem. Ahx B. 19.16. 5.17; Chrm. Abs.. 1935. 
28, 4021. Cf. A. A. Pr)anijihniko\. Rn^jitan P. .11.9.19. 19.1.1; Chew. Abs., 19,14. 28, 3425. 

*»F. M. Archihald and C M. Hrampr. T, S. P. 2.028.267. Jan. 21. 19.16. to Standard Alcohol 
Co.; Chem. Abs.. 1936, 30, 1805; Brit. Chem. Abs. B. 1937. 118. For a dixcusMon of the methods 
of dptprniintng methyl propyl kpionr. »pp A. A. Pryamjihnikov. l,esokhitmeheskay« Brom.. 1933, 2, 
No. 3, 27; Brit. Chem. Abs. B. 1935. 663; Chem. Abs.. 1935. 28, 1749. 

'••For the apparation of methyl prot»>l kptonp, app .?, A. van Mplapn and S. L. I,anf;pdij|k. V. S. P. 
2.010.384, Auf, 6. 1935, to Shell Dexelopment Co.; Chem. Abs., 1935. 28, 6252. British P. 417,101, 
1934, to Rataafachp Petroleum Maatachappij; Brit. Chem. Abs. B, 1934. 1050; Chem. Abs.. 1935, 
28, 1100. French P. 770.622. 1934; C/u***i. Abs.. 1935. 28, 476. A. A. Pryani^huikuv. Rusaian P. 
31.010, 1933; Chem. Abs., 1934. 28. 3425. 

*•••<>. Fucha, K. Natijnka and W. Uuerfurth. S. P. 2.064,254. Dec. 15. 1936; Chem. Abs., 1937. 
II. 703. 

'•'French P. 786,734. 1935, to Carhide and Carlwn ChemicaU Corp.; Chem. Abs.. 1936, 30, 734. 

'•• Carlelon Ellia, '*Thp Chemistry of Petroleum Derivative*,” The Chemical Cataloir Co.. Inc.. 
New York, 1834. 

‘••C. Bloomfield. L. C. Swallen and F. M. Crawford. C. S. P. 1,978.404. Oct. 30, 1934, to 
Commercial Solventa Corp.; Chem. Abs., 1935. 28, 177. 

Htbbert, U. S. P. 1.283.183, Oct. 29, 1918; Chem. Abs., 1919, 13, 187; J.S.C.!., 1919. 
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Other Ketones from Alcohols 

Dehydrogenation of menthol by conducting a mixture of its vapor with steam 
over catalysts at 185®C. is said to give a 96 per cent yield of methone.'**® Also, 
borneol may be converted into camphor by dehydrogenation in the liquid phase.*^® 
For example, the alcohol is mixed with benzene in the ratio 3:1 by weight and the 
two placed in a closed vessel with a small proportion of nickel. The reaction 
chamber is then heated to 200®C. under a pressure of 100 lbs. per sq. in. Oxida¬ 
tion of a secondary alicyclic alcohol, such as cyclohexanol, to the corresponding 
ketone is said to be possible by passage of the former in vapor phase, with oxygen, 
over a catalyst of metallic silver at temperatures between 500 and 600° 

Unsaturated Ketones from Alcohols. Dehydrogenation or oxidation of 
unsaturated alcohols with the aid of catalysts leads to the production of unsaturated 
ketones. GrolP^® converted 2-methyl-l-butene-3-ol into methyl isopropenyl ketone 
by passing the alcohol over brass spelter in a copper tube lieated above 250°C. 

CH, OH CH, O 

H,C=(''—\_C_CH, 

I I /• 

H H H,C 

Similar treatment of 2-methyl-2-butene-4-ol gave ^,y3-diniethylacrolein. Silica 
gel and active alumina when used as catalysts in this treatment are reported to 
give saturated ketones in place of the unsaturated.Thus, phenylisopror)enyl- 
carbinol, CeH 5 CH(OH)C(CH 3 )=CH 2 . passed over active alumina, would give 
phenyl isopropyl ketone. On the other hand, the same unsaturated alcohol is said 
to give the corresponding unsaturated ketone by oxidation at about 410°C. in the 
presence of vanadyl sulphate supported on silica gel.^®^ 

Ketones from Paraffins and Cycioparaffins 


An interesting observation in the field of organic synthesis is that the Friedel- 
Crafts reaction is in many cases applicable to olefins, paraffins and cvcloparaftins. 
rhus, with the aid of condensing agents, organic acid chlorides will react with 
these types of hydrocarlions to yield ketones. 

By the condensation of ;/-pentane with acetyl chloride in the presence of alu¬ 
minum chloride, Hopff^®^ obtained a ketone which he considered to be 2-acctvl- 
pentane (methyl w-propyl acetone), CH 3 COCH(CH 3 )CH 2 CH 2 CH 3 . However, 
Nenitzescu and Chicos^* report that the main product is methylisopropylacetonc 
(3,4-dimethyIpentan-2-one) accompanied by some methylisopropenylacetone (3,4- 


1935 M fl2?*”***’ German P. 608,622, 1935, to Rhcininche Kampfer-Fabrik G.m.b H.; Ckem. Abs.. 

^ Henke. U. S. P. 1.933.215. Oct. 31. 193.1. to E. I. dn Pont He Vetnour. * 

£^^361^^^’ *73; Chem. Abs., 1934, 28, 483. French P. 736.087. 1932; Chem. Abs ! 1933’ 

Gravel, U. S. P. 2.015.751, Oct. 1. 1935. to E. I. du Pont de Nemnnr. A r« . -ri....- 

Abs., 1935. 29, 8002; Brit. Chem. Abs. B. 1936. 1143. Wemour* & Co.: Chem. 

H* A. Groll. British P. 435.494. 1935. to Bataafsche Petroleum MaatJichannii • #?»;# m 
Uii *' ” 19."»; 

<•* j®"*- P. '♦M.MO. 19.15: Chrm Ah. lOW «n t-tnn 

^ “H. Hopf. Bfr.. WJl. 64. 27.19: Chrm. Ah,.. 19.12. 26. 12.16 RrU Ch/m X ’ i®'li*., • 

Cbeni‘*''7 of Prtroleuni Dtrivative.." The Chemicl Ceiili* fo*.' Iw Ntt 

ChZ^AU- l»if!5r72*7;!' “• A. 1«S. mi: 
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dinicthyl-3-penten-2-one). To explain this reaction, initial isomerization of 

w-pcntane to 3-methyl butane was postulated. The following scheme was proposed: 

-H. CHiCOCl 

CH,(CH,),CH, CH,CH(CH,)CH,CH, —CHaC(CHa)=CHCH, ->- 

CH, Cl CH, () CH, CH, () 

\l ! il ^ i! 

c —c -C- CH, - y C—C -C—CH, 

/ I /I i 

CH, H CH, H H 

-HCl 

Y 

CH, CH, O 

\ I !l 

C==C-C--CH, 

/ 

CH, 

In a similar manner «-hexane and acetyl chloride gave 4-mcth> 1-3-ethyl pentan- 
2-one and 4-methyl-3-ethyl-3-penten-2-onc. 

A somewhat analogous behavior has been found in the action of aluminufu 
chloride and acetyl chloride on cyclohexane.'^* The reported mechanism is that 
methylcyclopentane is first formed, w'hich loses hydrogen to yield a methylcyclo- 
pentene. The latter adds acetyl chloride to give a chloroketone. which in the pres¬ 
ence of inactive aluminum chloride splits out hydrogen chloride, forming 1-methyl- 
2-acetylcyclopentene. With active aluminum chloride, however, hydrogenation 
also takes place to l-methyl-2-acetylcyclopentane. 

CH, Cl CH, CH, 

/ \ / 


H,C 

1 

i 

C~CH, 

I 

i 

-HCl 

H,C 

C—CH, 

!' 

H,C 

CHCH, 

H,C— 

—C CO CH, 


H.C— 

—C -CO- CH, 

H,C— 

—CH-CO—CH: 


i 

H 


In an investigation of the constituents of commercial petroleum benzine, treat¬ 
ment with aluminum chloride and acetyl chloride gave large yields of cyclic 
ketones, indicating the presence of considerable amounts of alkylcyclopentanes in 
the fractions.'*'*^ Cyclohexane hydrocarbons were converted to henzenoid hydro¬ 
carbons by dehydrogenation, and aromatic hydrocarbons were removed by oleum 
treatment before the fractions were subjected to the aluminum chloride-acetyl 
chloride reaction. In each case unsaturated ketones were first obtained (20 to 60 
per cent yields) which could l>e reduced to saturated ketones. Further hydrogena¬ 
tion gave cycloparaffins. 

According to Schaarschmidt'**^® saturated paraffin and cycloparaffin hydrocar¬ 
bons may be converted to corresponding ketones by treatment with phosgene and 
aluminum halides at temperatures of 4-5 to — 15®C. Thus, isopentane will yield 
diisoamyl ketone in the presence of aluminum chloride. If n-pentane is also pres¬ 
ent in the original reaction mixture, it may be separated and treated with phosgene 

w*C. D. Nenittetcu and G. G. Vantu, Suit toe. rJnm.. 1935. (5> 2. 2209: Chem. Abt., 1936, 
10. 1749; Brit. Ckom. Abs. A. 1936, 205. Sre also H. Hopff, Ber., 1932, 65. 482; Brit. Chem. Ahs. 
A. 1932, $14. 

N, D. 2:«HnakU and L. I^cder-PacWndorff. Onn.. 1935. 518. 260; Brit. Ckem. Abs. B. 1935. 
836; Ckom. Abs., 1935, 29, 6401. N. D. /.ellnskii and E, M, Taraam>va. Ann., 1934, 508, 115; 
Ckem. Abs., 1934. 28, 3384; Brit. Cktm. Abs, A, 1934, 295. 

, >»A. Schaarachmidt. U. S. P. 1.995 752 and 1.995.753. Mar. 26. 1935, to Antarw Trust Ref- 

iattred: Ckmi. Abt„ 1935. 28, 3349; Brit. Ckem. Abs. B. 1936, 442. Swiss P. 165,822, 1934; Ckem. 
Abs.. 1834, 28. 2724. 
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and either the bromide or iodide of aluminum. It has also been proposed to employ 
carbon monoxide in place of phosgene.'®® Thus, isopentane or methylcyclohexane 
may be treated with carbon monoxide and aluminum bromide at 0 to 20®C. under 
pressure. The resulting intermediate complex is decomposed with cold water or 
ice to yield ketones. 

The reaction of selenious acid or anhydride with cyclic compounds containing 
the group CH=CHCH 2 is said to give unsaturated ketones.'®^ A solvent, e.g., 
benzene, may be employed for the selenium compound and the reaction carried 
out under pressure. Methylcyclohexene, 1-menthene, 3-menthene, a-pinene, 
)5-pinene, dipentene and eugenol may be treated in this manner. 

Higher Ketones from Carbo.xylu: Acids 


It is reported that simple olefin hydrocarbons may be converted into aliphatic 
carboxylic acids by direct combination with carbon monoxide and steam under 
high pressure according to the reaction. 

RR'C=CR''R'''-f H,0CO -CHRR' CR"R'"CCX>H 


where /?, R*, R'* and R"' represent hydrogen atoms or alkyl radicals.*®** The re¬ 
action is said to be catalyzed by volatile halides, such as hydrogen chloride,'®® by 
active carbon and ammonium chlori<le,'®® and by boron phosphate.*®' Thus, pro¬ 
pionic acid may be obtained from ethylene by the above reaction at 350°C. and 
700 atmospheres. Carboxylic acids of this type may be treated catalytically to 
give ketones, so that the two types of reaction in conjuncti<ni form an indirect 
method of making ketones from olefins. Practically theoretical yields of diethyl 
ketone have been reported'®^ from treatment of propionic acid vapor at 3()0-370®C. 
in the presence of a thoria aerogel catalyst.'®® In the procedure, the acid was dis¬ 
tilled into a catalyst chamber consisting of two concentric glass tubes sealed at the 
ends so that a 4 mm. space was formed between them (see Fig. 117). The lower 
5 cm. of the annular space was filled with broken pumice, and above that was 
placed 18 g. of the catalyst. The l)alance of the space was filled with pumice to 
aid in bringing the entering gases to the required temperature before reaching the 
aerogel. Heaters w^ere placed inside as well as outside of the catalyst chamber to 
obtain a maximum heating surface. The yields of diethyl ketone varied from 94.5 
to 100 per cent, depending on the temperature (300 to 374®C.) and rate of flow 
of vapor (3.0 to 12.3 g. per minute). In a similar manner, 94.4 to 1(X) per cent 
yields of di-w-butyl ketone and 92.8 to 100 per cent yields of di-w-heptyl ketone 
were obtained from w-valeric acid and from caprylic acid, respectively. Other 
catalysts for the decomposition of acids to ketones include oxides of thorium and 
cerium.'®^ 

Also, oleic acid is said to \ye converted into oleone, a waxy ketone, in 83 per 
cent yield by contact with reduced iron or ferric oxide at 200-320®C. in the pres- 


'••A. Schaa.schmidt. U. S. P. 2.0.17.050, April 14. 19.16. to Antarcs TruM Rrci<iterfd' Chem 
Abs.. 1936. 30. 3440. ^ v rm. 

5^hwenlc and E. Rorxwardt. German P. 582.545. 1933. to Scherinit'Kahlfwinm .\-G • Chem 
Abt.. 1934. 2i. 779. French P. 751.807. 1933; Chrm. Abs.. 1934. 28. 779. 

»**G. B. Carnetiter. U. S. P. 1.924.766. Ainc. 29. 1933. to E. I. dii Pont de Nenionr* A Co* 

Chem. Abs., 1933. 27. 5.140; Brit. Chem. Abs. B. 1934. 534. * 

w*G. B. Carpenter. U. S. P. 1.924.763. Aug. 29. 1933, to F.. 1. du Pont dc Nemour* it Co.* 

Chem. Abs., 1933. 27, 5340; Brit. Chem. Abs. B. 19,14, 5.14. ‘armour* « va. 

A. T. f.4irM>n and W. E. Vail, V. S. P, 1.924.765. Aug. 29. 1933. to E. T du Pont 
Kemoura & Co.; Chem. Abs., 1933. 27. 5340; Brit. Chem. Abs. B. 1934. 534. ‘ 

W. E. Vail, U. S. P. 1.924.764. Aug. 29. 1933. to E. I. du Pont de Nemour* 4 Co • Chem 
Abs.. 1933. 27. 5.140; Br//, Chem. Abs. B. 19.14. 5.14. * 

S. S. Kiatler. S- Swann. Jr., and E. G. Appel. Ind. F.np, Chem., 1934, 26. 388- Cksm jtk» 
1934, 28, 3845; Brit. Chem. Abs. A. 1934, 609. 

^ An aerogel it a colloid in which the phaaea are aolid and vat>or. 

German P. 630.909, 1936. to Mataon Camua Duchemin (Soc. anon.); Chem. Abs.. 1937, j|, no 
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encc of a non-oxidizing gas such as carbon dioxide.^®® A proposed method for the 
preparation of aldehydes and ketones from petroleum acids consists in converting 
the latter into a-bromo acids and thence into a-hydroxy acids which are subjected 
to dry distillation.*®® 

Condensation of aromatic hydrocarbons with acyl chlorides by action of Friedel- 
Craft's condensing agents furnishes aralkyl ketones. In the case of monoalkyl 
benzenes the acyl group is said to be substituted in the para position.*®^ The fol¬ 
lowing example illustrates the preparation of />-n-propylpropiophcnone. A mixture 
of 204 g. of H-propylbenzene and 150 g. of propionyl chloride was slowly added to 
a stirred suspension of 150 g. of aluminum chloride incorporated in 200 cc. of 
carbon disulphide. After the evolution of hydrogen chloride ceased, 30 g. of alu¬ 
minum chloride were added and stirring continued. In the synthesis of methyl 



Courtesy Industrial and Enffineerinff Chemistry 

Fig. 117.—Apparatus for Production of Ketones from Organic Acids, Employing Aerogel 
Catalysts. (S. S. Kistler, S. Swann, Jr., and E. G. Appel) 


naphthyl ketones from naphthalene and acetyl chloride, Rivkin*®® found that less 
resinous by-products were formed if the aluminum chloride was added slowly to 
the mixture of reactants in a solvent. The condensations were effected in a closed 
copper container provided with a mechanical stirrer. Optimum yields were ob¬ 
tained when concentrated .solutions were employed and the temperature maintained 
around 10®C. In one case, 130 g. of naphthalene and 80 g. of acetyl chloride were 
dissolved in 1000 g. of benzene. To 300 g. of this solution were added 150 g. of 
aluminum chloride, and after a few minutes of stirring, the remaining portions of 
the reactants were introduced dropwise. the temperature being kept between 10 
and 13*C. At the end of 6 hours a complex compound separated from the solu- 

••0, K. Trrttler, U. S. P. 1.941,640, Jan, 2. 19.14. to Mathieson Alkali Works; Chem. Abt., 

1934. at, 1715. 

*** A. E. ChichilMhtn. M. M. Katinelson and C. V. Chelintnrv, Russian P. 31.440, 1933; Ckem. 
Abs., 1934, It, 3227. 

Baddeley and J. Kennfr, 1915, 303; Brit, Chrm. Abs. A. 1935, 612; Chrm. Abs,, 

1935, It, 3323. 

M. RWkin, /. Cen, Cktm, (U.S,S.R,), 1935, 5, 277; Chrm, Abs,, 1935, 29. 5102. 
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tion. This complex was decomposed by immersing in ice water and on fractiona¬ 
tion yielded 69.5 g. of methyl naphthyl ketone, b.p. 156-160®C. under 9 mm. pres¬ 
sure. With the same amounts of naphthalene and acetyl chloride dissolved in 500 
g. of nitrobenzene and the temperature between 8 and 10®C., 154 g. of methyl 
naphthyl ketone were secured in 9 hours. Instead of acyl chlorides, the corre¬ 
sponding carboxylic acid or acid anhydride may be employed in this type of reac¬ 
tion, provided that sufficient condensing agent is present. Thus, treatment of a 
mixture of 1 mole of acetic acid and 2 moles of toluene with 2.5 moles of aluminum 
chloride in an air stream at 105°C. was said to give an 80 per cent yield of 
^-methylacetophenone.'®® Condensation of 1 mole of acetic anhydride with S 
moles of toluene aided by 3 moles of aluminum chloride at 100°C. afforded a 75-85 
per cent yield of 4-methylacetophenone.'^*^ Employment of an aluminum hydro¬ 
silicate catalyst at temperatures of 100-350°C. has been proposed for an analogous 
condensation of aromatic hydrocarbons with aromatic carboxylic acids.'^^ Thus, 
jS-naphthyl phenyl ketone may be produced from naphthalene and benzoic acid. 
The reaction is stated to be applicable to the production of ketones from hetero¬ 
cyclic compounds (except compounds of the pyridine series), including indole, 
thiophene and thionaphthene. Bruson and Stein*describe a method of prcnlucing 
alkylated aromatic ketones by reaction of an acylating agent with a mixture of a 
non-alkylated hydrocarbon, such as benzene, and an aliphatic halide in the presence 
of a condensing agent. In this manner the aliphatic chloride is said to interact 
with the cyclic compound to form a homologue of benzene. The latter then com¬ 
bines with the acetylating agent to produce the ketone. For example, benzene, 
amyl chloride and acetyl chloride may be treated with aluminum chloride at 100°C. 
to furnish amylphenyl methyl ketone, which boils at 121-123°C. at 3 mm. pressure. 
The latter compound has been suggested as a solvent in paint removers an<l as a 
lacquer ingredient. 


Properties and Uses of Higher Ketones 


The homologues of acetone, in general, undergo the same reactions as the 
simplest ketone. They form addition products with hydrogen cyanide and sexlium 
hydrogen sulphite, condensation products with hydroxylamine, hydrazine and 
phenylhydrazine, and may be oxidized to acids or reduced to alcohols. 

Decomposition by Ultraviolet Radiation. The photochemical decompo¬ 
sitions of methyl ethyl and methyl butyl ketone have been studied to determine the 
mechanism of each of these reactions.*^^ The apparatus consisted of a quartz 
flask attached to a water-cooled condenser and spherical bulb (sec Fig. 118). By 
completely evacuating the system and cooling the quartz fla.sk in liquid air a sample 
of the ketone could be distilled into the flask from a side reservoir. The liquid air 
was then removed and the ketone allowed to reflux bv slight heating. The vapor 
in the neck of the flask was illuminated by a vertical mercury lamp, furnishing 
lines of 3000-2200A. The products of the photodecomposition were collected in 
the spherical bulb, from which samples were easily drawn off for analysis. In the 


*«P. H. Groffgint and R. H. Nagd. U. S. P. 1.966.797. July 17. 1934. to the Sreretarr of 
Africnlturc, U.S.A.; Brit. Chem. Abs. B, 1935 443; Ct'rm. Abs.. io 34 . 28, 5469. 

**P. H. Graarffins, U. S. P. 1.991,743, Feb 19. 1935. to the .Secretary of Agriculture ITS A ♦ 
Chtm. Aht., 1935. 29, 2175; Brit. Chem. Abs. B. 1936, 91. Cf. P. H. Groggint and R H NaieV 
IT. S. P. 1.997,213, April 9. 1935. to the Secretary of Agriculture. U.^A.; Chrm Ahi 1935 
29. 3688; Brii. Chem. Abs. B. 1936. 442. ' 

^ S. Skraup. tJ. S. P. 1,995.402. Mar. 26. 1935. to Rheiniache Kampfer-Fahrik GmbH • Chem 
Abs.. 1935. 29. 2974. German P. 671.454. 1935: Chrm. 4bs.. 1936. SO. 1066. ’ ^ 

*■>» H. A. BniMfi and O. Stein, U. S. P. 2.004,069. June 4, 1935, to Rdhm & Haat Cn • Che^ 
Abs., 1935. 29. 4773. 

G. W. Norriah and M. E. S. Appleyard. J.C.S., 1934, 874; Chem. Abs. 1934 28 
Brit. Chem. Abs, A. 1934. 852. ‘ 
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case of methyl ethyl ketone it was concluded the reaction proceeds through two 
courses, one leading to ethane, propane, butane and carbon monoxide, the other to 
ethylene and acetaldehyde. 

3CH,COC,H» C,H.-I-C,Hg + C4 H,o- f 3CO 

CHsCOQHi C,H4 + CH,CH0 

With methyl butyl ketone the decomposition may be represented as: 

CH,CH,CH,CH,COCH, —> CH,CH==CH, + CH,COCH, 

These results were somewhat unexpected, in view of the fact that the carbonyl 
group is the one which absorbs the lines between 3500A. and 2000A. However, 


Fig. 118. 

Apparatus for Photochemical Decomposition 
of Ketones. (R. G. W. Norrish and 
M. E. S. Applcyard) 

A. Quarti flatk O. Stopcock 

B. Water condenaer E. Mercury lamp 

C. Liter globe K. Trap 

H. Trap for collecting fractions 
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the carbonyl group apparently was not disrupted in the photochemical change 
since no oxygen was found in the decomposition products. It was assumed that 
the energy passes in whole or in part from the carbonyl link to some point in the 
hydrocarl^n chain, with the result that carbon monoxide and a mixture of paraf¬ 
fins are produced in nearly equivalent proportion. 

3CH,COC,Hi 3CH« + 3C,H» + 3CO 

3CHff3C,Ha —C,Ha + CaH,-f C4H,a 

Also, the photochemical decomposition of di-n-propyl ketone follows a mechanism 
similar to that proposed for methyl butyl ketone.'^^ 

H. Bamford and R. G. W. Norriah. J.CS., IMS. 1S(M; Ckatn. Abs„ 1936, SO. 1304; Brit. 
Ckfm, Abi, A. 1935. 1460. R. G. W. NorHah. Aftm Pkysicockim, U.RS.S,, 1935. S. 171; /. Pkys. 
Ckm. iV.SSM.), 1936. 7. No. 2; Abt„ 1936. SO, 3493. See alao T. G. Pcaraon and R. H. 

HMmrt, 1935, ISO, 331; Ckom, Abi, A, 1935, 1331; Ckem, Abr, 1935. 39, 7377. 
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CH,CH,CH, ,C,H,4 + CO CH, 

CH,CH,CH, '^CHp=CH, + CH,CH,CH, 


CO 






1/3(C,H. + C^H.o + C,H,.) + CO 


C,H. + CO 


CH, 


CH, 


\ 

/ 


CO + CH,=CH, 


In all cases the break in the hydrocarbon chain was found to occur between the 
carbon atoms lying in positions a and fj to the carbonyl group. It was therefore 
concluded that there is some sort of resonance between the carbonyl group and the 
carbon to carbon link in the a or ^ position, as a result of which the electronic 
energy of excitation of the former can be readily transferred to the latter. That 
free radicals play a part in the photochemical decomposition of ketones is indicated 
by the apparent formation of the propyl radical from diisopropyl ketone. 

In cyclohexanone, 10 per cent solutions of methyl butyl ketone and of di-M- 
propyl ketone irradiated at 20®C. gave 98 per cent yields of proj)ene and ethylene, 
respectively. However, at 100°C. the propyl ketone also formed ethane and carbon 
monoxide^^^'* From the behavior in ga.seous phase and in solution, two types of 
reaction mechanism were postulated; one having activated molecules with rela¬ 
tively long lives which can be readily extinguished by solvent molecules ; the other 
having molecules with .such short lives that there is no time for intervention of 
solvent molecules between activation and reaction. 

Other studies of photoreactions in solution show that the nature of the solvent 
influences the type of products formed.Mercury arc irradiation of liquid 
acetone or of its solution in carbon tetrachloride showed evidence of a reaction in 
which no gas was evolved. Products of treatment in hexane solution were more 
unsaturated (to bromine) than those obtained from acetone alone. On the other 
hand, a solution of the ketone in benzene did not show a photoreaction. Alcohol 
formation in hexane solution and in cyclohexane was noted; the product in the 
former case was supposedly diniethyl-w-hexylcarbinol and, in the latter, cyclo- 
hexyldimethylcarbinol. 

Oxidation. The action of oxidizing agents on ketones leads to carboxylic 
acids or keto-aldehydes. Both saturated ami halogen substituted ketones may be 
converted in this manner. For example, methyl ethyl ketone subjected, in^thc 
liquid phase, to the action of ga.seous oxygen at 75 to i05®C. under 4 atmospheres 
pressure is said to give acetic acid.’^^ A catalyst consisting of a mixture of fer¬ 
rous acetate and acetic acid is suggested. In the same manner, methyl isopropyl 
ketone is converted to a mixture of acetic and formic acids, cyclohexanone to adipic 
acid, and acetophenone to benzoic and formic acids. Oxidation of ketones in the 
presence of copper at a temperature of 350®C. is reported to give polyketones and 
keto-aldehydes rather than acids2^* 


”•* H. H. Gtarebrook and T. G. Pear«on. t.C.S., 1936. 1777; Chem. Abs.. m7 SI 1356 

R. G. W. Norrlsh and C. H. Bamford. Naturt, 1936. lU, 1016; Chem. Abt., 1937, 11, 1703; 
DTlt» A# 193 /2 91* 

>»• E. J. Bowen and E. L. A. E. de la Praudiere, J.C.S., 1M4, 1503; E. I Bowen and A T 
H^, .W 1*16, 1685; Oum. Abs.. 1935, M, 1012; 1937, 11, 129«; Bril. Ckrm Abs A. t9U. 
1316! 193/0 If 39* 

W. Flcmminfr »fid W. Speer. German P. 583.704, 1933, to I, G. Farbeninil A fl • 

Abs., 1934, ZB, 1055. French P. 751,160, 1933; Chfm. Abt., 1934. 2f 1055 pinck P * aa 
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Electrolytic oxidation of cyclohexanone in dilute sulphuric acid, employing lead 
oxide and platinum electrodes, has produced maleic acid, a mixture of cyclic un¬ 
saturated ketones and a hydrocarbon. CigHm, presumed to be triphenylene.^^^ 
It was thought that cyclohexanone first dehydrogenated to a mixture of two iso¬ 
meric cyclohexadienones. 
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1,3-cyclohexadiene-6-one 


V 

H, 

1 A-cyclchexadiene-6-om 


the latter being oxidized to maleic acid. Condensation of two molecules of 1,3- 
cyclohexadiene-6-one with elimination of water, and the corresponding condensa¬ 
tion of three molecules of the ketone, gave respectively dicyclohexenedienehexene- 
dienone and tricyclodihexenedienehexenedienone. Subsequent elimination of a 
molecule of water from the latter would explain the formation of triphenylene. 

Addition of hydrogen cyanide to a ketone, and subsequent oxidation, yields an 
unsaturated acid. In one process, hydrogen cyanide is added to methyl ethyl 
ketone to form a ketone cyanohydrin which is then treated with sulphuric acid at 
80-100®C. in the presence of hydroquinone. The latter is said to inhibit the forma¬ 
tion of polymers of the cyanohydrin. The product is heated under reflux with 
water and ethanol to produce the ethyl ester of a-methyl crotonic acid together 
with the free acid.*^* In like manner acetophene may be converted into atropic 


O 

!i 


CN 


COOH 


CH,tCH,CH, —>► CH.^CH,CH, —>■ CH,Ci=CHCH, 

I 

OH 


acid (a-phenylacrylic acid) and ethyl atropate. 

A halogen-substituted ketone may be treated with an oxidizing agent to produce 
halogen-substituted acids from which hydroxy acids may be obtained. Thus, lactic 
acid may be secured from a-chloroethyl methyl ketone by this means.^^® In the 
procedure, concentrated nitric acid is blown, together with air, through a capillary 
tube into a well-stirred mixture of a-chloroethyl methyl ketone, chloropropionic 
acid and water maintained at 80-100®C. The products of the oxidation are said 
to be a-chloropropionic acid and .small proportions of acetic acid and 1,1,1-dinitro- 
chloroethane. Fractional distillation is employed to separate the chloropropionic 
acid, which boils at 186®C. The latter may be treatetl with aqueous caustic soda 
and heated in an autoclave at 130®C. for a period of 2 hours to form lactic acid 
(a-hydroxy propionic acid). The oxidation and subsequent hydrolysis may be 
represented as 

CH*CHCICCX:H, CH,CHC1C00H CH,CH(0H)C(X)H 

Pirron«, Cm 9. ckim. itat,, 1936, 66, 244; Chrm, Ahs.. 1937. 31. 1371. 
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Ci^. Abt., 1936, SO, 7124; /. /n/t. Pet, Tech,, 1936, 22. 368A. French P. 797,943, 1936; Ckem, 
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It is reported that halc^en-substituted ketones containing two aromatic rings are 
autoxidized on exposure to air.^®® In one case benzyl-2-chlorophcnyl ketonc» 
which is a liquid, on standing slowly solidified and acquired a strong odor of 
benzaldehyde. The latter substance and, in addition, o-chlorobenzoic acid were 
isolated from the solid product. The suggested mechanism for the autoxidation 
was given as 



Electrol3rtic Reduction. The electrolytic reduction of. ketones lias l>ecn 
reported to lead to the formation of straight-chain saturated hydrocarbons,'*** 
For example, a high yield of pentane is said to be obtained when 70 g. of methyl 
propyl ketone are dissolved in 70 cc. of 39 per cent sulphuric acid and reduced at 
5S-W®C., employing a cathode of cadmium and a current of 5 amperes. 

Miscellaneous Reactions. Ketones containing only ethyl groups or higher 
react with zinc and organic halides to form metallic compounds which on hydrolysis 
yield tertiary alcohols.'** Thus, dipropyl ketone, zinc and ethyl iodide give ethyl 
dipropyl carbinol. In like manner triethyl carbinol is made from diethyl ketone. 

The action of aqueous solutions of nitrites upon methyl ethyl ketone has been 
utilized to prepare biacetyl.'*** For example, the ketone mixed with amyl nitrite 
in the molecular ratio 1:2 and heated to 35-50°C. gives isonitrosoethyl methyl 
ketone. Subsequent treatment with dilute sulphuric acid and steam-distillation 
yields biacetyl. 


CH,COCH,CH, + C»H,|NO, 


NOH 

cm,, + ch,coI!:ch, 


H«), 

- >- CHiCOCOCH, 


The effect of phosphorus pentachloride upon methyl ethyl ketone has been 
studied by Charpentier.^" The reaction yielded 60 per cent of 2.2-dichlorobutone. 
b.p., 102®C., and 40 per cent of a liquid boiling' between 60 and 65*C. The latter 
proved to be a mixture which could not be completely separated by repeated dis¬ 
tillation. However, the two end fractions (b.p. 58.5-58.9®C. and b.p. 65-66*C.) 
were oxidized by potassium permanganate, the lower fraction furnishing propionic 
acid and the higher one acetic acid. It was therefore concluded that a portion of 
the 2,2-dichlorobutane lost a molecule of hydrogen chloride to form both 2-chloro- 
1-butene and 2-chloro-2-butene. 

1936*313^ I*"*'*"*' 1935, 57, 2733; Chtm. Abi.. IV.16, 30. 17*2; Bril. Cbrm. Abt. A, 
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Treatment of diethyl ketone with a methanolic solution of calcium hypochlorite 
is reported to give a mixture of chloroform, acetic acid and propionic acid.^®* 
The reaction was explained on the basis of enolization of the ketone by alkali 
followed by reaction of the enolic hydroxyl group with calcium hypochlorite and 
isomerization to the a-chloroketone. The latter then follows the same procedure 
to form an a,a-dichloroketone. 

Ca(OH)* Ca(OCl)t 

CH,CH,COCH,CH, ->- CH,CH,C(OH)=CHCH, - ^ 

CH,CH,COCl==CHCH, —> CH,CH,COCHClCH, —> CH,CH,CXXX:i,CH, 


Uses of Higher Ketones 


Because of their selective solvent properties, some of the higher ketones have 
been recommended for dewaxing lubricating oil. The general procedure consists 
of mixing the ketone with the oil and cooling to between —10 and —23®C, in 
which range the ketone has excellent solvent action on the oil and substantially none 
on the wjix. The latter is then removed by filtration or centrifuging. Among the 
ketones suggested for this purpose are included methyl ethyl.a mixture of 
methyl ethyl and dipropyl,*®® methyl isobutyl,acetophenone*®® and cyclohex¬ 
anone.*®® Some ketones have been recommended as solvents for resins and cel¬ 
lulose acetate and nitrocellulose lacquers, among them being methyl ethyl ketone, 
methyl butyl ketone, methyl propyl ketone, methyl amyl ketone*®® and cyclo¬ 
hexanone.*®* Also, the higher ketones are employed in some cases in reactions 
with other substances, as. for example, phenols, to form synthetic resins.*®^ 
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Chapter 19 

Sulphur and Sulphur Compounds in Petroleum and Its 
Distillates. Their Occurrence, Chemical Properties 
and Possible Applications 


All crude petroleums contain sulphur compounds, though the proportion ol 
such bodies varies widely depending upon the source of the oil.^ Pennsylvanian 
and Rumanian oils probably have the smallest amounts, being about 0.03 per cent 
or less. Some American oils, such as those from fields in Texas, possess about 
1 to 2.S per cent, and the highest sulphur content (about 5 per cent) is generally 
associated with Mexican crudes. Practically all types of sulphur derivatives have 
been isolated from mineral oil distillates. Thus, Kazarnovskaya and Sosnina^ 
state they found elemental sulphur, hydrogen sulphide, mercaptans, thioethers, di¬ 
sulphides and thiophenes in the gasoline and kerosene fractions of Russian crudes. 
The presence of amyl mercaptan and ^cr-hexyl mercaptan in the gasoline cut boil¬ 
ing at 113-155®C. (from Japanese shale oil) has been reported,* and a lower-boiling 
(below 40®C.) distillate contained dimethyl sulphide and ethyl mercaptan.^ 

One objection to sulphur or its derivatives in petroleum products is the cor¬ 
rosive action on metals. This may occur when the distillates are stored, or from 
the sulphur dioxide (and subsequent sulphuric acid) formed when the liquids are 
employed as fuels in internal combustion engines.® There has been considerable 
controversy as to the maximum, permissible sulphur content of refined oils, par¬ 
ticularly for gasoline and kerosene. In spite of the wide differences of opinions on 
this question, in the United States an almost universal value of 0.1 per cent total 
sulphur was adopted. In addition the fuel should be non-corrosive to copper, thus 
indicating the absence or only a very small proportion of elemental sulphur. 

The effect of sulphur derivatives on the color stability of gasolines was investi¬ 
gated by Egloff, Morrell, Benedict and Wirth.® With straight-run distillates, the 
addition of ethyl, n-propyl or n-amyl mercaptans had little effect on the color when 
the sample was exposed to light from a carbon arc lamp. (Sec Fig. 119.) When 
die corresponding disulphides were incorporated, however, the ga.solinc became 
cloudy after exposure. In the case of cracked distillates or these blended with 
straight-run fractions, both types of sulphur compounds effected a development of 
haze and a deepening in color. The latter phenomena were most marked with elc- 
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mental sulphur in cracked gasolines. Both haze and color could be removed from 
straight-run products by filtration through paper, thus indicating that suspended 
particles were responsible for these effects. Filtration (after exposure) of cracked 
spirits clarified, but only slightly improved, color, showing that in this instance 



Courtesy Industrial and Engineering Chemistry 

Fic. 119.—Carbon Arc Apparatus for Determining Color Stability of Gasoline. 

(G. EgloflF, J, C. Morrell. W. L. Benedict and C. Wirth. Ill) 

soluble colored compounds liad been formed. Substitution of individual hydrocar¬ 
bons, viz., ff-heptane. 2.2.4-trimethylpentane. octenc-2, diisobutylene. cyclohexcne, 
cyclopentadiene, benzene and toluene for gasolines led to analogous results.^ In 
the presence of elemental sulphur all the hydrocarbons developed color on exposure 
to light, and all reacted with this element. The olefins and cycloolefins furnished 

C. Monrtn. W. L. Benedict and G. Efiog. /ad. Bug. Cham, 1936. St. 448; Chem, Ahs,. 
1914, 89. 3979. 
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hydrogen sulphide and mercaptans, while the paraffins, cycloparaffins and aromatics 
gave hydre^n sulphide and thioethers. It was also found that on dissolving 
«-propyl disulphide in the hydrocarbons and exposing the solutions to light and 
oxygen that sulphur dioxide and trioxide were formed. If the tests were carried 
out in an atmosphere of nitrogen or hydrogen the development of mercaptans was 
observed. 

Schulze and Buell* have shown that organic sulphur compounds reduce the 
lead susceptibility of motor fuels, i.e., the increase in octane number on the addi¬ 
tion of lead tetraethyl is less per unit volume of reagent the greater the proportion 
of sulphur in the fuel. In general, alkyl disulphides are the most harmful in this 
respect and thioethers less so, while cyclic compounds exhibit the least effect. 
Comparison of aliphatic sulphides and disulphides indicated that reduction of oc¬ 
tane number was greater with the homologues of higher molecular weights and 
with the branched-chain isomers. Results obtained with some disulphides are given 
in Table 102. 

Table 102 .—Effect of Disulphides on Lead Susceptibility of Gasoline. 


Compound 

Reference fuel. 

Methyl disulphide 
Ethyl disulphide.. 
ii-Butyl disulphide 
5«:-Butyl disulphide 
fer-Butyl disulphide 
Benzyl disulphide... 

Diphenyl disulphide.. 

Schulze and Buell also found that reducing the sulphur content of a natural gaso¬ 
line from 0.037 to 0.008 per cent increased the octane number by two points. 
Furthermore, the^addition of 1 cc. of lead tetraethyl to the desulphurized fuel 
yielded a product having an 81 octane number as compared with 75.6 for the 
untreated gasoline and same quantity of lead. 

Because of the above mentioned effects, corrosion, liglit instability, and change 
in anti-knock property of fuel, removal of at least part of the sulphur in some 
types of petroleum distillates is practically imperative. The resulting accumula¬ 
tion of sulphur-containing .substances as by-products of rebning operations has 
stimulated efforts towards their utilization. For this rca.'Hnn the chemistry of the 
various types of .sulphur derivatives found in petroleum and their possible applica¬ 
tions are of interest. 


Wt. % 


Octane Number at 

cc. of Lead 


Sulphur 

Added 

0 

Tetraethyl per 
1 2 

Gallon 

3 

6 

— 

51 0 

65 5 

70 7 

74.7 

79.5 

0 30 

48 9 

52 4 

53 0 

56 2 

64 5 

0.41 

48.4 

52 4 

55 6 

58 2 

64 5 

0.064 

50 6 

58 7 

63 6 

66 5 

72.7 

0.028 

50 3 

59 6 

65 8 

60.5 

75.8 

0 028 

50.6 

59 6 

65 4 

60 1 

75.6 

0 034 

49.3 

58 8 

64 6 

68.6 

76 2 

0 036 

49 9 

59 6 

66 1 

60 8 

76.6 


Hydrogen Sulphide 


Because of its well-known highly toxic property and its corrosive acti^m on 
metals,® the elimination of hydrogen sulphide from petroleum distillates and re¬ 
finery gases, particularly those from high-sulphur crudes, is of importance. In 

•W. A. Schulze <ifid A. E. Buell. Nat. Pet. Newt. 19.15. 27 (41). 25; Chrm. Aht.. 19.15. 29, 
S.106. Oit & Cat /.. 19.15. S4 (21). 22: Chem. Abs.. 19J6, SO, 8.18. Oil fir Cat 19.16. 34 (JH). 
28. .See atzo .S. F. Birch and R. SUnfncld. Ind. Etuf. Chem., 19.16. 28, 668; Chem. .ihs., PLI6. 30, 
.5401; /. Imt. Pel. Trek., 1936. 22. 307A; Brit. Chem. Abt. B, 19.16. 775. 

•The corronMw of m holder* I* di*cu*t«d by H. HolIitifC* and W. K. HutchiMMi. CUtm. A Ind., 
1935. 726. 752; Brit. Chem. Abt. B. 1935. 932; Chem. Abt., 1935. 29, 6733. Cat World. 1935. 102, 
676, 696; Cat. Indutiry, 1935, 52. 317, 417; Chem. Abt., 19.15, 29, ^22. For a deacrij^ion of the 

effect of *ulphttr<rtidea on tee W. F. Rofer*. OH & Oat 1935, 34 - . 

Pet. Tech.. 1936. 22, 15A. Prevention of corroaion of diitillation equipment by 
canftic MM 1* defcribed by L. Set'aldi, CrognenthU Neflyanik, 1934. 4 (8), 45; 

1, 1935, 1011; Cham. Abt., 1935, 29. 2719. 


oy; /. intt. 

employing aqueous 
Brit. Chem. Abt. 
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the case of distillates, extraction with solutions of alkalies, such as sodium hy¬ 
droxide or carbonate, or with aqueous suspensions of less soluble metallic hydrox¬ 
ides, e.g., magnesium hydroxide, is usually sufficient.^® Crosby and Carney'* 
suggest the use of aqueous suspensions of lime,, operation being conducted under 
pressure to prevent the formation of emulsions. In the procedure, the distillate 
and suspension of lime are admixed in a series of U-tubcs (Fig. 120) under a 
gage pressure of 20-45 lbs. per sq. in. In this manner, hydrogen sulphide is said 
to be converted to calcium hydrogen sulphide. After a contact period of 1 minute 
the mixture is conducted to a separator. In the latter three layers are formed, the 
upper layer consisting of the distillate, the middle of unused lime, and the lower 
of calcium hydrogen sulphide. The distillate may then, be scrubbed with dilute 
caustic soda to remove the remaining hydrogen sulphide. Unused lime may Ik* 



Fi(.. 120.—Sketch of MetluKl for Removal of Hydrogen Sulpliide by Treatment of Petro¬ 
leum I)istillate'i with Lime Susi»ensi*nis. (R. H. CroNby and H. R. Carney) 


recycled, v,hile the calcium hydrogen sulphide i^ discardetl or employed in pre¬ 
paring frei:h lime suspension. \"acuum flashing of kerosene, to eliminate 60-90 
per cent of dissolved hydrogen sulphide, followed by caustic washing is proposed 
by Woods.*2 Another method consists in agitating the distillate with a water 
solution of sulphur dioxide, whereby hydrogen sulphide is oxidized to elemental 
sulphur.** The resulting aqueous suspension of sulphur is then separated and 
added to a sour distillate, which has been subjected to treatment with sodium 
plumbite, to effect sweetening (q.v,). 

Although hydrogen sulphide may be removed from gaseous mixtures by wash¬ 
ing with water*^ (under pressure), aqueous inorganic alkalies are more often em¬ 
ployed for this purpose. In the case of sodium carbonate the reaction is 

Na,CO, + H,S —NaHS-b NaHCO. 

^ For a review of thetie methods, see Carlelon Ellis, **The Chemistry of Petroleum Derivatives.*’ 
The Chemical Otalog Co., Inc., New York. 1934. 

»‘R. H. Crosby and B. R. Carney, U. R, P. 2,030.245. Feb. 11, 1936, to Shell Developnwm Co.; 
/. fuel. Ptt. Tech., 1936, 22, 213A; Ckem. 1936. 30. 2362. 

»»G. M. Woods, Petroirtim Eng., 1936, 7 (5), 84; 7. Inst. Pet. Tech,, 19.t6. 22. 2<V.A; Chem. 
Ahs., 1936, 30, 3212, 

«W. G. HamUton, R. G. Fdlis and H. P. McCormick, V. S, P. 1.993.140. Mar. 5. I9.t5, to 
Standard Oil Co. of Calif.; Cksm. Abt„ 193S. 29. 2731; Brit. Chrm. Abs. B, 1936. 261. 

**German P. 604,294, 1934, to Metalled. A.-G.; Ckem. Ahs., 1935, 29, 914. 
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Recovery of hydrogen sulphide from the spent liquor may be accomplished by dis¬ 
solving sufficient carbon dioxide in it until all sodium carbonate is converted to the 
bicarbonate and subjecting the solution to reduced pressure, heating slightly if 
nccessary.^^ Stronger heating then liberates carbon dioxide and changes sodium 
bicarbonate to carbonate. Rosenstein and Kramer'® suggest washing gases with 
a solution of tripotassium phosphate. Hydrogen sulphide may be regenerated by 
heating the extraction medium. \^arious types of organic bases have been recom¬ 
mended also, such as triethanolamine.'^ N-ethylglycocoll and sodium salts of 
dimethyl-N-anthranilic acid,'® ethylenediamine, quinoline, pyridine, or their homo- 
logues'® (in organic solvents), or tri- or tetramines,-® e.g., monohydroxymethyl- 
diethylenetr iamine. 

If the gases contain both hydrogen sulphide and carbon disulphide and aqueous 
calcium hydroxide be employed as the extraction medium then calcium thiocar- 
bonate is formed.-' The reactions occurring in this instance may he indicated in 
the following manner: 

H,s MiO rs, 

Ca(OH), CafSH). - Ca(()H)(SH) Ca(()H), CaCS, 

Concentrated aqueous solutions of so<lium phenolates or sorlium salts of tar 
acids are projX)sed by Shaw-'-* as extraction media. The phenolates from a shale 
tar (boiling 200-30()°C.) are reported to absorb hydrogen sulphide three times as 
rapidly as carbon dioxide, thus affording a method for the separation of these 
gases.^ Another procedure consists in passing the gases through an a(|ueous 
suspension of manganese oxide or hydroxide, whereby manganese sulphide is 
formed and also carbonate, if carbon dioxide be present.-^ Treatment of the mixed 
manganese compounds with steam results in hydrolysis of the sulphide and libera¬ 
tion of hydrogen sulphide. On heating the residue, out of contact with air, the 
carbonate is decomposed into manganese oxide and carbon dioxide. 

Alkaline solutions of the oxides or salts of arsenic, antimony or tin, have been 
recommended as extracting agents for hydrogen sulphide.-' A two-stage process 

“G. H. Hullman and C. W. Pilo, British P. 436.218, 1935 ; Pnf. Chem. Ahs. B. 1936, 53; 
Ckrm. Abs.. 1936, 30. 1982. 

L. Ros«n§tdn and (». A. Kramer, 1’. .S. P. 1.945.163. Jan. 30, 1934. to .Shell Development Co.; 
Brii. Chem. Abs. B, 1935. 227; Chfm. Ahs., 1934. 28, 2478. French P. 795,59(», 1936 to Rataafsche 
Petroleum Maatschapptj; Chem. Abs.. 1936. 30, 6181. 

J. D. Seguy, L. S. P. 1,986.228. Jan. i. 1935. to I'nivcrsal Oil Pro<luctii Co.; Chem. Abs., 

1935, 29, 1241; J. Inst. Pet. Tech . 1935, 21, USA; Brit. Chem. Abs. B. 1935. 1 126 cf. H. Baehr. 
U. S. P. 2.045,747. June 30. 1936. to I. G. Farbenind. A. G.; Chem. Abs., 1936, 30. 5771. British P. 
444,327, 1936; Brit. Chem. Abs. B. 1936, 583. 

«H. Ulrich. H. Dehnert and F. A. Frie^. U. .S. P. 2.011.386, Aug. 13. 1935, to I. (i. Far- 
benind. A.-C.: Chem. Abs., 1935, 29, 6477. 

>»Brili»h P. 417,379, 1934. to I. G. Farbenind. A.-G.; Chem. Ahs.. 1935. 29, 1234; Brit. Chem. 
Abs. B. 1935, 55. 

»H. Baehr and W. Wenael, German P. 620,932, 1935. to I C,. Farbenind A.C ; Chem. Abs., 

1936, 30. 1897. 

«C. P. I>«bb«. V. S. P. 1.952.703. Mar. 27. 1934, to Universal Oil PrcMluct# Co.; Brit. Chem. 
Abs. B. 1935. 89; Chem. Abs.. 1934, 28, 3577. 

*• J. A. Shaw, U. S. P. 2.028.124,,Jan. 14, 1936, to Kopjier* Co. of Delaware; Chem. Abs.. 1936, 
80, 1546. U. S. P. 2.028.125, Jan. f4. 1936; Chem. Abs., 1936, 30, 1546. See alio M. Shoeld, 
U. S. P. 2,002,257. May 21, 1935, to Koppera Co. of Delaware; Chem. Abs.. 1935. 29. 4554. 

•A. Dobryanakii, I. Nikhamov, D. Alekaandrovich and V. Tret’yakov, Coryuchte Slantsmi, 1935, 
5 (1). 42; Chem. Abs., 1936, 30, 3620; J. Inst, Pet. Tech . 1936, 22. 35IA. 

K. Roller, Hungarian P. 113,893, 1936; Chem. Abs.. 1936, 30, 3180. For the preparation of 
the manganese oxide, tee M. O, Kharmandar'yan and E. I«. Kopeliovich. J. Applied Chem. 
(U.S.S.R.), 1936, 9, 23; Chem. Abs.. 1936, 30, 6141. 

• M. V. Hoftman, S. G, Aronov and E. M. Mikhel'non, Coke and Chem. (U..S.S.R.). 1033, No. 5, 
49; Chem. Abs.. 1935, 20, 3140; Brit. Chem. Abs, B. 1936. 6. M. V. Hoftman. S. G. Aronov. S. E. 
Senitchenko. Coke and Chem. (U.S.S.R.) . 1086, No. 2-3, 91; Brit. Chem. Abs. B, 1936, 965. H, A. 
Gollmar, U. S. P. 1,957.262. May 1, 1934, to Kopperi Co. of Del.; Chem. Abs., 1934, 28, 4211; 
Brit. Chem. Abs. B, 1935, 294. German P. 611.618, 1935, to Heinrich Koppera G.m.b.H.; Chem. 
Ahs.. 1935, 20, 6027; /. Inst. Pet. Tech.. 1935. 21, 266A. Heinrich Koppera G.m.b.H.. Britiah P. 
443,407, 1936, to Heinrich Koppera’ Induatriecle Maatachappij N, V.; J, Inst. Pei. TetAt,, 1936, 
22, 199A; Brit. Chem. Abs. B, 1936, 485; Chem. Abs.. 1936, 30, 5398. A. R. Powell, Chem. Met 
Ena.. 1936, 48, 307; Chem. Abs.. 1936, 80, 5764, Gas Affe. 1936. 77 (26). 711. Gas J. 1036. 
218. 277; Chem. Abs., 1936. 80, 6924. Operationa Involving the uae of auch aolutiona are Iminm aa 
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involving partial removal of the sulphide by such solutions and elimination of resid¬ 
ual hydrogen sulphide with aqueous ammonium sulphite is described by Ey- 
mann.^® In other instances aqueous suspensions of metallic hydroxides, e.g., those 
of iron, zinc, or manganese, may be employed in the first stage, and an aqueous 
solution of a thionate in the second stage.-*^ The use of ammonium bisulphite 
solutions at 60-100°C. has been proposed.^® 

Other processes comprise treatment with ammonia or sulphur dioxide in the 
gaseous phase^ or with sulphur dioxide dissolved in an organic base such as 


Fig. 121. 

View of Gas-purification Plant Kni- 
ployiiiR Thioarscnatcs for Kemoxal 
of HydroRen Sulphide. Thxlox 
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pyridine or (luinoline. Or the gases containing hydrogen sulphide are scrubbed 
with an aqueous solution containing two or more electrolytes.'” e.g., sodium chloride 
and magnesium sulphate, or phosidioric acid and ammonium sulphate, after which 
the litjuids are treated with gases made by burning sulphur.*^- .Also it has been 
reported that hydrogen suli)hide may be removed from crude gasoline by lowering 


the “Thylox'" procc*‘^. See H. A. (Gollmar. In<i. h.uu. C ftem.. 26, l.tO; C kcm. Abs,, 1^34, 28. 

1841; J. Inst. I\t. Tech.. I';».t4. 20. 181 A. Hni i hem Ahs. B. 1<>34. 485. 

*• C. E)rfnann I'. S P. J.()02..t65. .Max 21. IV.tS. to Kopl)er^ Co. of I>claw«re; Chem Abs.. 19.15, 
28. 4.554: Bht. Chrm. Abs. B. IM.tp. SSC „ . « 

^ C. Kymann. C. .S. P. 1.97.5.25.1. May 1. 19.14. to Koppers ( o. of I>elaware; Bnt. C hrm. Abs. B, 


193S 88. 

•A. G. Rcnit>a»hcv!»kii and V. V. Morozov. Russian P. 40.496. 19.14; Chrm Abs., 1936. SO, .1974, 
*• P. E. Kuhl. C. S. P. 2.028..1.16, Jan. 21. 19.lo. to Standard Oil IVvelopment Co.; Chrm Abs., 
1936, SO, 1546 For the u«e of anhydrous amnwni.'i in the neutrapzatuxn of acidic liquids or vamrs 
in |>etroleum distillaiion njuipment, sec R. K. WiKnlward. Oi/ Sr (,as .C. I'^.U. S3 (17). .1,1; J. Jmst. 
Pe$. Tech., 1935. 21, 20A: Cbtm. Abs., 19.14. 28. 7497. 

•“British P. 4.10.865, 19.15, to C. Otto & I'o. Cimh.H ; Chem. Abs.. 1935 29. 8257; /. Imst. Prt, 
Tech., 1935. 21, 343A; Brit. Chem. Abs. B. 1935. 891. French P. 776.06.1. l‘^35; Chrm, Abs., 1935. 
29, 347.1. 

•* Employment of organic salts in non-aqueous liquids has also been sugf^stetl. C/. W. K. Hutch¬ 
ison and Cl. I)<MiKin, British P. 456,661, 19^''. to (ias Light 8 Coke t'o.; Brtt. Chtm. Abs. B. 1937, 
14; J. Inst. Pet. Trek., 19.17, 2S. 56A: t/fcm Abs.. 19.17. SI. 3245. 

••M. J. l^ahy. V. S. P. 1.995.545. Mar. 26, 1935; Bnt. Chem. Abs. B. 1936. 437; Chrm, Abs., 
19S5. 29, 3143. Rr/tner, 1936. 15. 276; J. Inst. Pet, Tech.. 1936, 22. 439A. 
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the pressure over the latter.'*^ In this manner the sulphide is said to ))e separated 
together with some of the lower boiling hydrocarbons. Rectification of the gaseous 
portion is then effected to recover the hydrocarbon present. The use of muddy 
iron ore has been suggested in another niethod.^^ Chlorine may also he employed 
to replace the sulphur in hydrogen sulphide.®'* The sulphur is then treated at 112- 
170®C. with hydrogen sulphide. Pure sulphur is said to he furnished in this way. 


Fig. 122 . 
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(. .\T.\LYTic Oxidation of Hydko<.e.n .Sl'li’hidk 


*1 he ease with which hydrogen sulphide is o.xidized to water and elemental sul¬ 
phur furnishes a Ijasis for the retnoval of this compramd fron) either li((uiil or 
gaseous mixtures. For example, a<|ueous licpiids used in scrubbing gases are 
caused to flow simultaneously with a stream of air (or oxygen) over coke or 
pumice on which a catalyst is supjwted.®^ The latter may consist of metallic 
hydroxides or oxides, .such as those of titanium, vanadium, chromium, iron, molyb¬ 
denum or tungsten. When water contains dissolved or suspende<l low-boiling 
organic compounds, e.g., benzene, it can he conducted through two filters of acti¬ 
vated carbon, the first of w'hich adsorbs sulphur or sulphur compounds, and the 
second the organic substances.*^ The liquid is treated with oxygen i or other 
oxidizing agents) licfore passage through the first filter. 


® M. IV Youker. tV S. IV 2,048,241, July 21. 19.16, to Philli|»^ iVOdleiiiu < (him. ,fSt 
19.16, 30. 6184; J. Imgt. Pet, Tech., 1936, 22. 453A. 

French P. 799.536, 1936. to Soc. Auf. Kldnne; Chem, Abs.. IV.16. 30, 7796. 

Schorn»tein and J. Theheratb. C»«rman P. 630.32,5. 1936; Chem. Abt . 1936. 30, 5739, 

H. Hoflfngt and W. K. Hutchiaon. Britiah P. 421.643. 1934. to The (ian f.ight a (‘nice (*o 
Chem. Abe., 1935, 29. 3814. Cf. 0. V'. Petrov, Coke and Chem. (C.S..S.k.), 1936. No. 2 3 67- 
Brit. Chem. Abs. B. 19.36, 965. 

Certnan P, 623,479, 1935, to Carbo-Norlt-l’nion ViTwaltunKM ; Chem. Abt., 1936, 

30, 2054. 
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Preferential oxidation of hydrogen sulphide in producer gas*® or in gases from 
hydrogenation or cracking operations*® may be effected in the presence of activated 
carbon. Aqueous ammonium sulphide is employed for extraction of elemental 
sulphur from the catalyst and reactivation of the latter carried out at 110-120°C.'*® 
Kazarnovskii and Pisarev^^ suggest adding oxygen to the extent of 25 per cent 
excess over that required for oxidation of hydrogen sulphide, 3 per cent ammonia, 
and then heating the mixture to 70-75°C. Afterwards the gaseous mixture is 
conducted over carbon at 115-120°C. It is reported that iodine-treated activated 
charcoal has a greater adsorptive power for hydrogen sulphide (and also sulphur 
dioxide) than pure activated charcoal.■*- 

A process developed by Bacon'** includes bringing gases, containing hydrogen 
sulphide as an impurity, into contact with alkaline solutions in the presence of 
o.xygen. A mixture f)f zinc or iron salts may he adderl as catalyst to the alkali 
and operation cv)nducted under pressure. 

pROPKRTlKS OF HyDROGK.X SlI.PHIDK 

Under atmosplieric j)ressure and ordinary temperatures, hydrogen sulphide is a 
gas. It can be condensed to a liquid boiling at —59.6°C. and freezing at —82.9®C. 
The critical temperature and pressure of this sulphide are 1(X).4°C. and 88.9 at¬ 
mospheres, respectively.^'* The density of the liquid at temperatures ranging from 
—81® to 58®C. was determined by Baxter, Burrage and Tanner,^* who found the 
value at the lower temperature was 0.938 and 0.680 at the higher temperature. 
The results of these investigators are shown graphically in Fig. 123. The solu¬ 
bility of hydrogen sulphide in hydrocarbons, e.g., hexane, benzene, or toluene, is 
generally greater than in water. The distribution coefficients,^* at various tem¬ 
peratures, of this sulphide between benzene and water are given in Table 103. 

Table CoefficUtUs of Hydrof^rn 

Sulphide between Bentene and Water. 

Distribution 


'remperature. C(X?fficit*nt 

0 . 5.3 

12 5.55 

20. 5 7 

M) . 5 75 

40. 5 81 


The solubility of different types of hydrocarbons in liquid hydrogen sulphide 
was investigated by Ter res and Vollmer.^^ They noted that at 0®C. paraffins, 
aromatics (such as benzene and toluene), hydroaromatics and heterocyclic com¬ 
pounds (e.g., quinoline) were miscible in all proportions. Other compounds, for 

“P. Herold and W. Baumann. U. S. P. 1.984,971. Dec. 18. 1934, to I, G. Farhenind. G.; 
Chrm. Ah*.. 1935. W. 1234. French P. 796.294. 19.t6; Ckrm. Ah*., 19.16, SO, 6146. 

»K. Gdtte, German P. 615,510. 1935. to I. G. Farhenind. A.-G.; Ckrm. Abs., 1935. 29. 8297 
♦•.A. Tyulyukov and M. Khrenova. J. Chrm. /wd. (Afojnotr), 1935, 12, 247: Chrm. Abs., 1935. 
20, 4921: Bnt, Chrm. Abs. B. 1935, 708. 

S. Kaxamovalrtl and K. Piaarev, j. Chrm. Ind. (Moscotr), 1935, 12, 913; Chrm. Abs.. 1936, 
SO, 823; Bnt. Chrm. Abs. B, 1936. 177. 

«V. A. Fyanlmv. /. Crn. Chrm. (V.S.S.R.). 1935, 5. 1112; Chrm. Abs., 1936, SO. 927. 

“T. S. Bacon. U. S. P. 2.019.468. Oct. 29. 1935. to I^ne Star Gas Co.; Chrm, Abs., 1936. 
SO, 272. 

Theme vatuea are from **International C ritical Tablea,** McGraw-Hill Book Co., New York, 
ItSi. For a dlacntaion of the tranaformationa of aolid hydrofen sulphide, see E. Jutti and H. Xitka, 
Physik. Z.. 1936. S7. 435; Brit. Chrm. Abs. A, 1936, 926: Chrm. Abs., 1936. SO, 5853 

••}. P. Baxter. L. J. Burrate and C?. C, Tanner. J.S.C.I.. 1934, $S, 410T. Chrm, Abs.. 1935, 
2f. 3890; Bnt. Chrm. Abs. A, 1935. 290. 

^S. A. Shchukarev and I. B. Khakham, J. Gen. Chrm. (C.S.S.R.), 1935, 5. 1056; Chrm. Abs., 
193^ SO, 2464. 

Terrea and W. Vollmer, Prtrotrrm Z.. 1935. SI (19). 1; Chrm. Abs., 1935. 29, 8302; 
BfH. Chrm. Ate. B, 1935, S81; /. Inst. Pet. Trch.. 1935. II. 251 A. 
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example, phenol, o-cresol and dicyclic hydrocarbons (naphthalene) exhibited a 
high solubility in the liquid. All the substances investigated formed only one 
liquid phase with hydrogen sulphide and in no case was a miscibility gap ob¬ 
served. Toluene, phenol and ((uinoline formed intermediate compounds of the 
types, 2 CflH 5 CH 3 HoS, 2C\;ll.-,OH HmS and C 9 H 7 N H^S. respectively. Octadecane 
and hexahydrobenzene yielded solid solutions with hydrogen sulphide. 

Miscellaneous Reactions of Hydrogen Sulphide. Combination of 
olefins and hydrogen sulphide at high temperatures (65()-725°C\ ) in the presence 
of catalysts furnishes a variety of products, including mercaptans, thiophene and 
its homologues, thioethers and carbon disulphide. At lower temperatures (200- 



Fig. 123. 

Temperature-Density Curve for 
Lifjuid Hydrogen Sulphide. (J. 
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300®C.) mainly mercaptans are formed.**^ Propone and hydrogen sulphide, ac¬ 
cording to Barr and Keyes,reacteti, when using a nickel snlphirle catalyst, to 
yield isopropyl and «-propyl mercaptans in the ratio of approximately 2:1. The 
temperature range was 2(Xj-300''(^, and larger yields were obtained at the lower 
temperatures. Some of the results of these investigators are given in fable 104. 


Table 104. 

■ Yields of Mercaptans from Propene and Hydrogen .Sulphide. 

Total Mercaptan Isopropyl «*Propyl 

Temp. 

(on version 

Mercaptan 

f * 

Mercaptan 

r ' 


(/ 

- r, 

/c 

( 

300 

12 

7 8 

4 2 

275. 

19 

12 3 

6 7 

250 

29 

18.8 

10 2 

225V 

40 

26 0 

14 0 

200v 

. 50 

32 5 

17 5 


• PiKures at lhe*« temperatures are estimated. 


^ For review of the^ methwi*. nee Carlcton EIIi«. "The rhemi«»try i>( IVtr<ilrum Derivatives," 
The Crhcmical Catalog Co.. Inc., New York, 1934. 

^ F. T. Barr and D. B. Keye«, Ind. Una. CUem., 19 . 14 , 26. 1111 ; Chem Ahs . 19 . 14 , 28. 7124; 
Bfit. Chem. Aht. A, 1934, 1307. cf. C. C. Allen. 1*. S. F. 2.0.*>1 .HOft, Aug. 25, 19.16, to Shell 
Development Co.; Chem. Ahs.. 1936, 30, 6764. E. C, William* and C. C. Allen. C. S. P. 2,052 268. 
Auf. is, 1916 , to .Shell Development Co.; Chem. Abs., 1936, 30, 7122 
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Union of hydrogen sulphide and isobutene may be effected in the following 
manner The olefin is dissolved in cold 75-80 per cent sulphuric acid, yielding a 
mixture of /er-butyl acid sulphate and di-ter-butyl sulphate. A rapid stream of 
hydrogen sulphide is passed into these sulphates whereupon an oily layer of mcr- 
captans is formed. After completion of the reaction and dilution of the mixture 
with water, the upper layer is removed, washed with water, dried and distilled. 
It consists essentially of /rr-butyl mercaptan. 

Analysis indicated that a mixture of 2-thiol-2-methylbutenc-3 and 2,3-dithiol-2- 
methyl butane 

(CH,),C(SH)CH==CHa and fCH3'-2C(SH)CH(SH jCHj 

respectively, resulted from the action of hydrogen sulphide on isoprene at %'C., 
using ferric oxide as a catalyst.’*^ Fhe former compound was readily oxidized by 
peracetic acid. Further investigation was precluded by the odor of the products. 

Nenitzescu and .Scarlatescu'*^' report that passage of gaseous hydrogen sulphide 
and ethylene oxide through a Kaschig column results in the formation of /3,/i^'-di- 
hydroxycthyl sulphwle, provided tlie rings liave been moistened prcviou'^ly with 
some of the product. Otherwise reaction docs not appear to take place. With 
furan (another cyclic oxide), at and aluminum oxide as a catalyst, substi¬ 

tution of o.xygen by sulphur occurs and thiophene is formed."*^ It is suggested in 
this instance that splitting of the ring takes place with the prcxluction of an inter¬ 
mediate hydroxy mercaptan which then undergoes dehydration and cyclization. 

Hr - CU HC — CH HC - CH 

Hr (T1 H.S >- H(' ril >- HC' CH + H:0 

1 ; ' ' 

() HO SH S 

Another example of the replacement of oxygen by sulphur (accompanied by ring- 
formation ) is the preparation of .cyni-trithiane from formaldehyde and hydrogen 
sulphide.'*^ 

Decomposition of hydrogen sulphide (at —15*^ to in a high frex|uency 

discharge is ai>parently a brst order reaction, proceeding according to the ecjuation 

(ic (it = - C'l 

in which K is .i measure of the s]H*ed and A is the limiting concentration of hydro¬ 
gen sulphide.'*' 1'he values of A and K at \arious temperatures are; 


Temp. 

Values <T: 



H'. 

.1 


K 

IS 

14 0 

3 

750 

4 

57 3 

1 

034 

- .S 

73 

0 

061 

15 

S6 0 

0 

250 


Polysulphides are probably formed as intermediate products and the rate at uhicii 
they further disintegrate (^vall-reaction) into various sulphur polymers determines 
the constant R. 

W. M. I.rr. V S. I* .\n\. IJ. tw .(/>» 30, 

J. Hoc^rkrn aiul N. >. <1. I.nulr. A'ri. fon ilnm , 54, T.iw. Cltrm .-ths . 30. 

Brit. Chew A. J 4 S 0 

^ I> NcnitrrHcii .iml .\ .'Scarl.itrM u. 68. tint, ( /.. wi .f/’v A. 1'^'5 C /» »»? 

.4hs., 29, 

II. K. Vin Vv. /tro. 69. 440; Clum. .Ifu. I'i'uK 30. 

'* R. \V. Ho-it aiui K, \\ “(nti.iiuc .S\nilic'Cv ■■ Tohn W ilrv \ Sou-, New N *nk 

16. 81: C/irm. .’ihs . W.U.. 30. .isj.v 

-‘1.. KoltHlkina. /. f*hys. Chrtn (f' .V V.AM. 10^5. 6, 428; Chi'm. .^bs . 30. 20S4 
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Utilization of Hydrogen Sulphide 

This gaseous sulphide is said to be a cheap and economical raw material for 
the manufacture of sulphuric acid, yields of the latter as high as ^>8 per cent having 
been reported.The gas is burned with excess air to give water and sulphur 
dioxide. The latter, mixed with air or oxygen, is converted into sulphur trioxide 
by passage over a vanadium oxide or tin dioxide and chromium oxide catalyst at 
350-400®C. Absorption of the trioxide in water yields sulphuric acid. A flow 
diagram of one such method is indicated in Fig. 124. This process is applicable 
to mixed gases containing hydrogen sulphide, such as those from coke ovens or 
hydrogenation operations. 

When mixed with inert gases, complete conversion of the sulphide into sul¬ 
phuric acid is not economically feasible.®® For instance, with a gas whose compo- 


fUS Am 
'fi I 




3 


I— 




XV I JOj f 

^ _ I 


Ac4> 


Fil. 124. 

Flow DiaRrain for Manufacture of Sulphuric Acid from H>- 
(Irogen Sulphide. (T. Hechenbleikner, T. C. Oliver and S F, 
Spangler) 


>ition is 30 per cent hydrogen sulphide and 70 per cent carlx)n dioxide only 70 
I^er cent removal of the former (as sulphuric acid) is considered practicable. 

Another method of utilization comprises treatment with halogens (chlorine or 
bromine) in the presence of sulphur mono- or dichlorirle.”'^ riic hydrogen halide 
thus formed is afterwards washed with a hydnKarbon, e.g., xylene. Drosdotf and 
Truog®^ suggest stripping iron oxide coatings from minerals by suspending the 
sample in water, treating with hydrogen sulphide, and then with 0.05N hydro¬ 
chloric acid. The ripening of alkali-cellulose by air or a gas containing oxygen is 
said to be accelerated by the presence of an alkali sulphide, e.g., sodium sulphide.®® 
Mild oxidation of hydrogen sulphide, particularly in the form of its alkali salts, 
gives rise to thiosulphates. Aqueous solutions of these alkali salts may he obtained 
by the methods previously described for the purification of gaseous mixtures or 

•^W. .Siccke, Chem. Fabrik, IMS. 415; Ckem. Ab$.. 19.16, 30. ^77 \ Brit. ( hern. Ahs. B, 19.15. 
1140, Metaligei. Periodic Rev., IMS, No. 11, 14; Brit. Chrm. Ahs. B, 19.16, .167. Scr alfM» Ckem. 
Trade J., 1935, 97, 391; J. Inet. Pet. Teck., 1936. 22, 19A. Ind. Ckrmisl, 1936, 12, 167; 
Brit. Chem. Ahs. B, 1936, 493. W. Steck<‘ and C. l«n I). Ktxilman. ('f«rman P. 610.448. 193,5. 
!« Mcullgea. A.-G.; Chem. Ahs., 1935, 29, 3788. I. Hechcnblciknrr. T. C, Oliver and S. F. 
Spangler, IT. S. P. 2,003,442, June 4, 1935. to Chemical Coniitructtcm Corp.; Ckem. Ahs.. 1935, 
297 4906; Brit. Ckem. Abe. B. 1936, 833. H. Weittenhiller, GiUckouf. 1936, 72, 399; Ckem. Ahs.. 
1936, 30, 6139: Brit. Ckem. Ahs. B, 1936, 625. 

MHoelzer. Gas n. Wasserlaek. 1935. 78. 894; Ckem. Ahs., 1936. 30. 1210. 

A. M. ntfford, U. S. P. 2,028,087. Jan. 14, 1936, to Wtngfoot Corp.; Ckem. Ahs., 1936, 80. 1525. 
•* M. Droa<M and E. Truof, Am. Mineral, 1915, 20, 669; Brit. Ckem. Ahs, A, 1936, 49; Ckem. 
Abe.. 1936, 30, 5907. 

••BrHiab P. 419,58$, 1934, to I. G. Farbenind. A.G.; Brit. Ckem. Ahs. B, 1935, 96; C8#«ii. 
Ahs., 1935, 39, 3156. 
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of liquids. For example, in the Koppers process in which gases are scrubbed with 
sodium carbonate solution (for hydrogen sulphide removal) and the latter regen¬ 
erated by aeration with air (or other oxidizing gases) some thiosulphate is 
formed.®® After sufficient accumulation of this compound has taken place it may 
be recovered from the spent alkali. According to Hasenbach,®' passage of hydro¬ 
gen sulphide over sodium sulphide at 300®C. yields sodium hydrosulphide. Treat¬ 
ment of the latter with air at 1(X)-150®C. gives sodium thiosulphate. 

2NaHS-f-20a Na,S,0, + H,0 

Meschorer®^ recommends the use of manganese dioxide in the oxidation of 
aqueous sodium sulphide. This procedure, however, furnishes large proportions 
of sodium hydroxide and carbonate as by-products. Larger yields of thiosulphate 
are obtained by air-blowing concentrated sodium sulphide solutions (61 per cent) 
and employing finely divided activated charcoal as the catalyst.®® In this instance 
reaction is vigorous and good temperature control is necessary. Separation of any 
carbonate and hydroxide may be effected by recrystallization of the thiosulphate 
and extraction with alcohol. 

In place of oxygen. ^Hulphur dioxide (or sulphurous acid or its salts) may be 
u.sed as the oxidizing agent. For example, a(jueous sodium sulphide and sulphur 
dioxide are conducted simultaneously into a .solution of sodium sulphite niaintaine<l 
at 60®C'.®^ The delivery rates of the reactants are such that sulphur dioxide is 
always slightly in excess and neither hydrogen sulphide nor sulphur is formed. 

2NajS 4" -f" NajSOa —^ 3\asSjOj 

ScKlium bisulphite may be used instead of the sulphite.®^* Or the gas containing 

2.\a:S 4^ 2NaHS(), 4- 2SC); —4\asS.O, 4- H,() 

hydrogen sulphide can be treated with a solution of scxiium sulphite and bisulphite 
at 70-75®(\®*» 


2Na,S(b 4^ 2NaHS(), 4 2 H 3 S >- 4Na,S.(b .UljO 

Another variation comprises reacting s(Klium polvsulphide with sodium bisulphite 
at 60°C 

2Na.S, f ftNallSO, >- .«^Na-S;< b f 4H;.() 

b'oersler and .Mommsen®® have shown that a large yield of tliio^ulphatc is 
easily obtained on mixing aijueous sodium hydrogen sulphide and bisulphite in the 
molecular ratios of 2:1. Also sodium sulphide and sulphur dioxide 

2 NaHS + 4NaHS(b >- NatS, 0 , + 3 H 5 O 

K. \V. .S|>err. Jr. and I>. L. \’. S, T. 1 6.^9.90.^. Aujj 27. 1927. tt» K4ip|>cr^ l u,, 

Brit. Chem. B. 1927. 815: rfcrm. Ahs.. 1927, 21. .^2.'i5. Hrjti^h P. 209.ih9. 1922; JSCI. 

1924. 43. 104B 

•** W. HaMrnhach. V S. P. 90.1.1.1.5 .md 90.1.1,16. Nov. V 1908; 1908. 27. 11.5.1; O-rm 

1909. 3. 694 and 69,5. Srr also Briti«h P. 2.1.217B and 2.1 2l7r. 1907 to Vercin Chem 
Kahrik; J.S.C.I.. 1908. 27. 282; Chrm. .^bs., 1909, 3. 2e>2. (Wurman P. 194.8.81. 1907: i hrm. . 

1908, 1. 910; Chrm .4hs.. 1908, 2. 1768 

•"I. Mrjichorcr. ('.erman P 211.882, 1908; Chrm. Zfntr.. 1909. 2. .192; them Ahs . 1909. 3. 49.1. 

K. E. Naff. British P. 174.65.1. 1920; J.S.C I., 1922. 41. 21.5A; Chem. Abs.. 1922. 16. 1S.15. 

H, Howard. U. S, P. 1.760.1,17, May 27. 1930. to (Ilra»*4flli Chemical Co.; firtt. Chrm. Abs. 
B, 19.10, 11,50; Chrm. Abs.. 1930. 24. 3613. 

••• K, C. Marburg, (ierrnaii P. 380,756, 1921, to Chem. Kabr. (Iricsheim-Klektron; J.S.C I . 1924. 
43, 16B. 

dermaII P. .527.956, 1930, to I. <1. Farlienind, A.-<I : Chem. Zeutr.. 1931. 2. 1734. 

German P. 208.63.1. 1908. to l)estr6e & Cie.; J.S.C. I.. 1909. 28. 473; Chem Abs.. 1909. 3. 
-042. Cf. F. Rtiaherg, German P. 370.593, 1919. to Rhenania Wrein. Cliera. Kabi J.S.C.I.. 

1923. 42, 499A. 

*«F. Foeriter and E. Th. Moinmwn. Ber., 1924. 57. 2.58; CA#m. Abs., 1924, 18, 1254; J.S.C! 
1‘^24. 43. 253B. 
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or sodium sulphite and hydrogen sulphide furnish sodium thiosulphate provided 
the acidity of the reaction mixtures is controlled. This can be done by adding 
initially sufficient alkali hydroxide to secure formation of sodium bisulphite or 
hydrosulphide, as required. It is interesting to note that an ore flotation agent 
may be secured by the interaction of rosin and hydrogen sulphide at 80°C. in the 
absence of conditions which would promote oxidation. 

Detfxtion of Hydro(;en Sulphide 

Tests for this compound depend upon its color reaction with reagents, par¬ 
ticularly metallic salts. One type, of detector consists of biter pa|)er moistened 
with a solution of lead acetate (10 g.) in 50 per cent acjueous glycerol (100 
cc.)^>> The stain obtained when this treaterl paper is exposed to the gaseaus 
sample is reported to be sensitive to 1 part of hydrogen sulphide in 80,(XX) parts of 
gas. Another type is essentially a glass tube packed with granules of activated 
aluminum oxide coated with silver cyanide or lead acetate.Cias is conducted 
through the tube and the distance over which a color change occurs is a measure 
of the proportion of hydrogen sulphide. This detector operates at temperatures 
of —22° to -1-25°C. and with samples containing 0.0025-0.05 per cent hydrogen 
sulphide. In another procedure the hydrogen sulphide is absorbed in acpieous silver 
nitrate, containing 1 per cent of the silver salt.*’*'* Silver sulphide is precipitated, 
and dissolved in potassium cyanide solution. On treating the latter with sodium 
plumbite, colloidal lead sulphide is formed, and its color compared with standard 
solutions. Bell and Hall*^*^ recommend a dilute aciueous soluti(»n of '>odium nitro- 
prusside. In this instance the color changes to pink, mauve, or deep violet 
depending upon the quantity of sulphide which passes through it. 

LandgraF*^ suggests {)ellets of manganese dioxide coated with sirupy j)hosphoric 
acid as an absorption medium in gas analysis. .\ methcKl for determining the rate 
of absorption of hydrogen sulphide, as well as the total amount, by gas-purifying 
materials is descril)ed by Bruckner."^ One-half to one gram of the material to 
be tested is placed in a 500 cc. reaction flask, and then a measured volume of 
hydrogen sulphide is introduced. The container is kept at 20°(\ and the decrease 
in pressure with time is recorded. Afterwards the sulj)hur content of the s|>ent 
absorption agent is determined by treatment with sodium sulphite which is con¬ 
verted to thiosulphate. 


Elemental Sulphur 


The presence of elemental sulphur in petroleum distillates may Ik* attributed to 
decomposition of comf)lcx sulphur compounds during distillation operations, oxida¬ 
tion of dissolved hydrogen sulphide, or employment of an excess of this element 
in drxrtor sweetening Probably the chief objection to it in low-boiling 

distillates (gasoline and kerosene) is its corrosive actif)n on metals. A number of 


J. N. Borglin and E. C>tt, S. P. 2,052,210, Aug. 25, I9.D), to Herculrii Powder Co.; 
Ckem. Ahs.. 19.16. 30, 7089. 

P. Woog. R. Sigwalt and J. de Saint-Mar*, Bull. soc. thim . I9.U, 2 (5), 1214; Chrm. Abs.. 

1935, 29, 6531; Brit. Chem. Abf, B, 1935, 948. Scr ol*o. R, Kraus, (hem. Fahrik 1936 241; 
Brit. Chem. Ahs. A, 1936, 811; Chem Ahs.. 19.16. 30, 4726. 

•'J. B. T.ittlefield. W. P. Yant and L. B. Berger, Bur. Mines, Rept. of tni^estiaattons 3276 
1935; Brtt. Chem. Abs. B. 19.15, 947; Chem. Ahs., 1935, 29, 5382; J. Inst. Fet. Tech., 1935, 21, 446a! 

•A. (Jilierton, Compt. rend., 1933, 197, 646; Chem. Abs., 1934, 28, 72. I. S. Shereshevskava J. 
Applied Chem. 1936. 9, 572; Chem. Abs., 1936, 30. 7489; Brit. Chem. Abs. A. 1936 811 

•J. Bell ami W. K. Hall, Chem. and Ind., 1936, 89; Chem. Ahs., 1936. 30. 2875. 

’•A, I^ndgraf. Chem. Fabr., 1935, 71; Chem. Abs., 1935, 29, 2693; Brit. Chem. Abs. B, 1935 .190. 
^ H. Bruckner, Brennstof Chem.. 1936, 17, 21; Brit. Chem. Abs. B, 1936, 306* Chem Abs 

1936. 30. 5764. 
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procedures, involvinjj the use of alkalies, solid alkali sulphides, and metallic ele¬ 
ments (sodium or nickel), have been ^sug^ested for its removal from petroleum 
fractionsThis element (sulphur) can be extracted also with aqueous solutions 
of alkali polysulphides, provided the composition of the latter Contains less sulphur 
than that corresponding to the tetrasulphideJ^ 

Reaction of petroleum hydrocarbons with sulphur gives rise to a variety of 
products. In many instances heterocyclic compounds, e.g., thiophene, are obtained 
when unsaturated hydrocarbons are employed. For example, acetylene and sulphur 
at 290-3^X)°C. yield not only thiophene but also thiophenol, carbon disulphide and 
hydrogen sulphide.According to HessleJ^ substitution of cracked distillates for 
acetylene and use of lower temperatures (20()-250°C.) results in thiophene deriva- 



I*l(i. 12.^ Sketch of .XpjKiratus tur Maknij; C <»lh»idal Sulphur from lisdrofien Sulphide. 

(( I. Kam>l)iirf^) 


tives. Oxides or hydroxides of iron, nickel, cobalt, manganese, chronnum or the 
alkali earth metals may he used as contact agents. The reaction products may be 
separated by fractional distillation and sulphonalion of these is reported to furnish 
materials which can he employed in therajH*utic aial cosmetic preparations. Dis¬ 
tillation of higher-lK)iling fractions, e.g., asphalt oil, mixed with .sulphur until the 
loss in weight is 22-25 per cent, yields ingredients applicable in coating compo¬ 
sitions.^*^ 

Heating sulphur with a hydrocarlxm oil or in a current of coal gas and absorp¬ 
tion of the resulting hydrogen sulphide by ferric oxides or an aqueous solution of 
sodium hydroxide followed by treatment with an oxygen-containing gas furnishes 

A di»cuMton id the reactions of clcmetual sulphur with various com(>ound$ is given by Carleton 
EUis, "The Chemistry of IVirolcum I>erivatives.'’ The Chemical Catalog Co.. Inc., New York, 1M4. 

W. A. Schulse and I, V ('haney, U. S. IV 2,020.661. Nov. 12. 193S, to Phillips Petroleum Co.; 
Chem. Abs., 1936. SO, 60.t; J. Inst Pet. Tfch.. 1936, 22, 23A; Br it. Cktm. Abs. B. 1936. 777. 
See alto, A. S. Krendrl and V*. A. Kitaittev, Krram. i Stfklo. 1936, 12 (3), 6; Chrm. Abs., 1936, 
so. 5764. 

C. T. Bhatt, K. S. Nargund. 1). O, Kanga and M. S. Shah, /. Bombay, 1934, S (2), 159; 

Brit. Chem. Abs. B. 1935, 325; Chvm Abs.. 193.S. 29. 4762. 

E, T. Mettle, U. S. P. 1.996.334. Apr. 2, 1935, to Thioj>hene Products Co.; Brit. Chem. Abs. 
B, 1936, 444- Chem. Abs., 1935, 29. 3468. 

H. S. Holt. U. S. P. 2,002.634, May 28, 1935, to E. I. du Pont de Nemours St Co.; Brit. 
Ckrm. Abs. B, 1936, 510; Chem. Abs., 1935, 29. 4485. 
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colloidal sulphurThe latter may be withdrawn as a froth (Fig. 125) while 
the partially fouled solution of ferric oxides containing some hydrogen sulphide is 
employed as an absorption agent for further quantities of the sulphides. Complete 
conversion of mineral oil (at 400-700®C.) to hydrogen sulphide and carbon disul¬ 
phide is said to be attained if the heating operation is carried out in a cast iron 
retort packed with aluminum or stainless steel turnings.^^ 

Combination of olefins and sulphur nmy be effected by submitting the hydro¬ 
carbon to the simultaneous action of hydrogen sulphide and the element.Basic 
substances, such as ammonia, amines, piperidine and substituted guanidines or 
thiuram sulphides, can be used as carriers for sulphur. Particular applications of 
this procedure are the vulcanization of rubber or the preparation of factice. 

An investigation of the reaction between sulphur and benzene, at 80°C., in the 
presence of aluminum chloride was made by Dougherty and Ffamrnond.*^ These 
investigators found that the products were diphenyl sulphide and thianthrene, an<l 
the ratio in which these two compounds were formed depended to a marked degree 
upon the proportion of aluminum chloride employed. When the amounts of re¬ 
actants were kept constant, increasing the (|uantity of aluminum chloride to ().2-0.3 
mole increased the yield of lx)th sulphur comp<junds. From there on the yield of 
<liphenyl sulphide increased wliile that of thianthrene decrea'^cd. This is illustrate<l 
by the results given in Table 105. 

I ahi.k 105. — YiAds of Diphfnyl Sulphide and Thianthrene 
from Benzene (2()() ei\) and Sulphur f.?i /?.). 


.Moles of 

.Moles of 


.Muminum 

Diphenyl 

.Mok-s of 

('hloride 

Sulphide 

Thianthrcr 

0 1 

0 032 

0 1 

0 2 

0.062 

0 179 

0 3 

0 147 

0.125 

0 4 

0 215 

0 118 

0 5 

0 310 

0 068 

0 6 

0 310 

0 068 

0 K 

0 361 

0 046 

1 0 

0 350 

0 053 


Reactions for the formation of these tw'o compounds can be represented as follows: 
For diphenyl sulphide 

S AlCb ^ C.He-AlCU —C.Hk-S-S- H AICI.-f AlCU 
C.H*—S—S—H AlCb T AlCb CtH*—S~ AlCl, 4- AlCb f H^S 

and for thianthrene 


2C*Hr~S~C*H» AlCl,-f S, 2C*Hr--S-~-S~C.H» AlCl, 

S 

/ \ 

2C*H4—S-S-C.H. AICI,+ S, 2 C.H 4 C.H 4 AICI,-f 2H^S 


With aromatic ketones, in the absence of catalysts, the course of the reaction 
appears to be governed largely by the temperature. For example, benzophenone 
and sulphur at 155-175®C. (in an atmosphere of nitrogen) furnish biphenylacyl. 


^ C. J. Ramtburg. U. S. P. 1,983,399, Dec. 4, 19J4, to Kopper* Co. of Bril. Chrm. Abs. 

B. I9J6, 319; Chrm. Abs., 193$, 29, 564, 

H. Bodennein, U. S. P. 1,981,161, Nov. 20, 1934, to Meigs. BoAftett ftnd Slaughter, Inc.; 
Brit. Chrm. Abr. B. 1935, 948; Chrm, Abi., 1935. 29, $63. 

^French P. 787,810, 1935, to Alexander and Poananskv; Chrm. Abs., 1936, 80, 1068. 

••G. Dougherty and P. D. Hammond, J.A.C.S., 1935. 57, 117; Brit. Chrm. Abt. A. 193$. 334; 
Cl^. Abs.. 1935. 29. 1402; /. Imt. Prt. Trek., 1935, 21, 90A. Cf. j. BAtecken, Rre. trmv. chim\ 
1905, 24, 209; J.C.S.. 1905, 80 (1), 583; Chrm. Zrnir,, 1905, 2, 22#. 
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anti at 180-210®C. thioindigo is also obtained.*^ In a similar manner, the products 
from a- or ^-acetonaphthone are 1,2- and 2,1-naphthothioindigo. Also coumarin 
may be treated with sulphur at 220-230®C. for a period of 48 hours to furnish a 
thiophene derivative (CikH^ 04 S), which melts at 331-331.5®C.*^ 

When sulphur is added to potassamide dissolved in liquid ammonia, a yellow 
precipitate is first formed which redissolves on the further addition of sulphur.*'* 
The reaction appears to he represented by 

6KNH, + 3S -y S(NK), NHa + KaS (insoluble) 

<jr if carried out rapidly 

6K.\H,-fI2S >- S4(\K>2 + 4 NH 5 4-Kx84 

Incorporation of sulphur slowly also yields some potassium trisulphide. 

In studying the action of carbon tetrachloride on sulphur,*^ chlorides of iron, 
aluminum or copper were employed as catalysts and the temperature maintained 
at 120°C'. It was stated that the reaction results in the pnxiuction of carlxui di¬ 
sulphide and sulphur monochloride, and that the two latter substances also interact 
to give the original reactants. Kcjuilibrium was said to be represented as: 

22 . 4 ^ >- 

6 S 4 ^ ('('I 4 CS 4- 2S.C1: 

- 77 . 4 ^ 

.Although, as previousls mentioned, the presence of elemental sulphur in ga^^o- 
line is objectionable, nevertheles^ addition of a small j)roportion (0.01-0.0.^ per 
cent) of this element, or (»f selenium or tellurium, to lubricating oils is recom¬ 
mended.^*’ A stable emulsij)n of sulphur, particularly in oils intended for cutting 
• iperatioiis, is (ibtained h\ employing sodium oleate as the emuKifying agent.In 
other instances, sulphuri/erl hibrieants are preparefl by heating the oil ancl sulphur 
to 300-5rK)°F. under a pre^sure of 75-1.>0 pounds per s(|uare inch.^" Prior to re- 
acli<»n with sulphur, oxidi/.ed parafim wax may be incorporated with the li(iuid.^* 


MkKC.AI'TAN.S 


.Sulphur-containing compounds of thi^ type, because of the presence of the 
-SH group, are characterized by their acidic t)roperties.^-‘ Reaction with alkalies 
to form mercaptides is well-known and serves as a basis for extraction of mer- 
captaiis from jH’troleum distillates. The distributif)n coelhcients of some low-boiling 
niercaptans between a cracked naphtha (boiling H3-338^F.) and dilute aqueous 
caustic soda (0.417 lb. per gal.) were determined by Happel and Robertson.®^ 

•'T. W. ?p*icrski. Rorrniki Chem., 1934, 14, 216; Chrm. lOMi, 29. 2161; firif. Chem. Jhs. 

A. IQ.U. 77.1 

S/|>prl and Thmirlnicka. Roesniki Chrm., 193h. 16, 101; Brit. Chem A. 1936, 997. 

*** F. \V. Bci'K^trom. / amyrg. allgem. Chem., 1934, 221. 113; Chem. Ahs.. 1935, 29. 4689. 

Fromin. /. Crn. Chrm. (U.SS.R.), 19,16, 6. 852; Chem Ahs., 1936. 30. 6633. 

'■■'French P. 788.8.57. I’^.l.S. to .Standard Oil Orvclnivincnt Co.; Chrm. Ahs, 1936. 30, 1993. 
HritUh r. 451.372, 1936; Bnt. Chrm. Ahs. B, 1936. 970; J. Inst. Bet Tech.. 1936. 22. 5UA; 
Chrm Ahs, 19.17. 31. 5.14 See also. S. Sakano. Jaiyincsf P. 1 1 1,324. 1935: Chem. Ahs., 1936. 

30, 2366. For incorjKiration of dithiocarlxmatp in luhncatinR oil. srr B. B Farrington and R. T.. 
Htimphrcya, I*. S. P. 2,020 021, Nov. 11. 19.1S. tn Standard Oil Co. of Calif ; Brit. Chrm Ahs. 

B. 1936. 918; Chem Ahs.. 1936. 30, 60H. 

"'V'. K. Abrams, I*. S, P. 2,007,137, Inly 2. 1915. to .Stilflo Cofi». of .Vmcrica: Chrm. Ahs., 

1935, 2». 5649. 

R. F. Nelson, Canadian P. 348,522. 1935, to Texaco Devclopniml Corp.: (hem Ahs., 19.1.5, 
29, 3510. 

•»B. Gallsworthy. V. S. P. 1,987.397, Jan. 8. 1935. tn Texas Co.; Hrii. Chrm. Ahx. B. 193,5. 

1083; Chrm, Ahs., 1935, 29. 1621. 

^ For the measurement of acidity of various dimercaptin^ in ethvl alct^ho) ^re (i. Schwarsenlach 
and A. K.pprecht. //We. Chim. Acta. 1936. 19. 169; Chrm. Ahs., 1936. 30. 4074. 

^ HapH tnd O. W. Robertson, Ind. flng. Clbrm.. 1935. 17. 941; Chem. 1935. 29, 6748; 

UrtV. Chrm, Aht. B, 1935. 887; A /ttst Prt Treh.. 1935. tl, 369A. 
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Their method was as follows: The cracked naphtha, before and after shaking with 
half its volume of the alkali solution, was fractionated into several cuts, and the 
mercaptan content of each cut determined. From the data so obtained, distribution 
coefficients (Table 106) were calculated. 

Table 106.— Mercaptan Distribution Coefficients between Cracked 
Naphtha and Aqueous Alkali. 

End Point Distribution 


Cut °F. Mercaptan Coefficient 

1 . 65 Methyl 213 

2 . 125 Ethyl 80 0 

3 . 180 Propvl 10,7 

4 . 235 Butyl 3.0 

5 . 280 Amyl 1 0 

6 . Residue He.xyl 0 


These investigators also show that 2-stage countercurrent extractirm with more 
dilute alkali (0.05 lb. sodium hydroxide per gal.) is effective in removing mer- 
captans. In the first stage the naphtha was bubbled through partially spent alkali 
and in the second stage the washed distillate was treated with fresh alkali in a 
centrifugal pump. The mercaptan contents of the naphtha before and after each 
treating stage are detailed in Table 107. 

Table 107.— Countercurrent Treating of Sour Naphtha with Aqueous Alkali. 

Mercaptan vSulphur (lb./gal.) 

Mercaptan Raw Naphtha 1st Stage 2nd Stage 


Methyl. 0.0077 0.0036 0 0009 

Ethyl . .•. 0 0027 0.0014 0 0005 

Propvl. 0.0014 0.0013 0 0007 

Butyl. 0.0005 0 0006 0 0004 

Amyl. 0.0002 0 0002 0 0002 

Hexyl. 0 0003 0.0003 0 0003 

Total....:. 0 0128 0.0074 0 0030 


Separation of cracked petroleum distillates into fractions containing predomi¬ 
nately one type of mercaptans is described by Lacoinble.^* P'or example, a cut 
boiling at --12° to —7°C. was found to contain only methyl mercaptan and only 
ethyl mercaptan was present in a fraction boiling about 15-2l°r. 

Regeneration of alkali solutions, employed for the extraction of mercaptans 
from petroleum oils, may be accomplished by washing with an immiscible liquid 
in which elemental .sulphur is dissolved.^* The liquid should be a solvent for the 
reaction procluct of sulphur and the mercaptide-containing solution. Another pro¬ 
cedure involves the use of an oxidizing agent such as sodium hypochlorite, whereby 
mercaptans are converted into disulphides.®*^ Blowing air through the hot spent 
alkali is suggested also.®^ 

Alcoholic, instead of aqueous, solutions of alkalies may be employed as extrac¬ 
tion agents.®’'* In this instance sufficient water is added to the alcohol to render it 
immiscible with the petroleum distillate. After extraction, the solvent is removed 

A. E. T-acombe. U. S, P. 2.009.554. July 30. 1935, to Shell Development Co.; Chem. Abs., 
1935. 29, ^414; Brit. Chem. Ahs. B, 1936. 683. 

•*R. E. Burk and E. C. Hujrhe*. V. .S. P. 2.020.932. Nov. 12. 1935. to Standard Oil Co. 

of Ohio; Chem. Ahs.. 1936. 30. 607. See aUo. R. E. Burk. I’. S. P. 2.009.954. July 30. 1935. 

to Standard Oil Co, of Ohio; Chem. Abs.. 1935. 29. 6413; /. Inst. Pet. Teeh., 1935, 21. 381A; 
Brit. Chem. Abs. B, 1936. 680. French P. 788.470. 1935; Chem. Ahs., 1936, 30. 1549. 

«W. A. Schulze. V. S. P. 1.998.849. Apr. 23. 1935. to PhilHr.« Petroleum Co.; Brit. Chem. 
Abs. B. 1936. 358; Chem. Ahs.. 1935. 29. 4163; /. fnst. Pet. Tech.. 1935. 21. 220A. 

I.,. V. Chaney and W, A, Schulze. I*. S. P. 1,998,863. Apr. 23, 1935, to Phillips Petroleum 
Co.; Brit. Chem. Aht. B, 1936. 358; Chem. Abs., 1935, 29. 4167. 

*^W. M. MalisofF. T. .S. P. 1.968.842. Aug. 7. 1934. to Atlantic Refining Co.; Chem. Abs., 

1934. 28. 5975; Brit. Chem. Abs. B, 1935. 616. Canadian P. 333.899. 1933; Chem. Abs.. 19.U, 

27. 4916. 
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by distillation and the residue treated with steam to effect hyurolysis of the mercap- 
tides and distillation of the resulting mercaptans.®® Another method of recover¬ 
ing niercaptans comprises contacting the vapors of cracked distillates with aque¬ 
ous sodium plumbite whereby lead mercaptides are formed and hydrolyzing the 
latter with steam.®^ 

Properties of Mercaptans. As previously mentioned, the presence of the 
-SH group is the explanation offered for the acidic properties of mercaptans. A 
well-known method for their preparation is reaction of alkyl halides with alkali 
hydrosulphides. Application of this procedure to dihalides, however, results not 
only in the formation of bodies containing two -SH groups but also sulphide 
mercaptans.®® For example, distillation of the product from ethylene chloride and 
potassium hydrosulphide gave a 45-55 per cent yield of ethylene mercaptan, 
C 2 H 4 (SH) 2 , 16 per cent of the sulphide derivative, HSC 2 H 4 SC 2 H 4 SH, and 1.5 
per cent of the disulphide, HSC 2 H 4 SC 2 H 4 SC 2 H 4 SH. In addition, dithiane and 
polymeric sulphur compounds were obtained. 

Mercaptans react with many types of reagents, such as oxidizing agents (oxy¬ 
gen, sulphur and halogens ) to form disulphides, with aldehydes and ketones to 
give mercaptals and mercaptoles, respectively, and with acids to yield esters.®® 
Being derivatives of hydrogen sulphide probably accounts for their disagreeable 
odor'®^^ and toxicity,*®' particularly of lower-boiling mercaptans. 

Oxidation. Although mild oxidation results in disulphides, more vigorous 
reaction furnishes sulphonic acids. Thus, /cr-amyl mercaptan and hydrogen per¬ 
oxide give the hygroscopic /cr-pentanesulphonic acid,*®^ and 2 , 2 '-dimercaptodiethyl 
ether and the same reagent yield the corresponding disulphonic acid.*®® Kita- 
mura*®^ reports that when the sulphur atom is joined to a carbon atom wdth a 
double bond, oxygenated products are obtained in place of disulphides on treat¬ 
ment with hydrogen peroxide in an alkaline medium. He represents the reaction as 



or -f HiO, — 

I 

HN—C=S 


SH 


1 / 


HN—C 


\ 

OH 



—N=C—OH 

4-H,S 

HN—C=0 


Hydrogen sulphide formed during the reaction is probably oxidized to sulphuric 
acid. Herrera*®*"^ considers the reaction to be 


\ \ 

C=S 4 - 2NaOH 4 - 4H,0, C-=0 + Na^SOi 4 - 5H,0 

/ / 

W. M. Mali^off, V. S. P. 1.968.84.t. Aug. 7. 1934, to Atlantic Refining Co; Chem. Ab^, 
1934. 28, .S975; Brit. Chrm. Abs. B, 1935. 616. 

W. N. Davis and M. M. Holm. V. S. P. 2.013,203, Sent. 3. 1935, to Standard Oil Co. 
of Calif.; Chrm. Abs., 1935. 29. 7062; Brtf. Chrm. Abs. B. 1936. 971. 

“J. R. Meadow and A. E. Reid. J.A.C.S., 1934. 56, 2177; Chrm. Abs., 1935, 29. 797; Brit. 
Chrm Abs. A, 1934, 1365. 

••For a review of auch re.ictions. see CarleHm Ellis. "The Chemistry of Petroleum IVrivatives," 
The Chemical Catalog Co.. Inc.. New York. 1934. For the use of ketones in refining petroleum 

distillates, sec I. Levine. U. S P. 1.951.324. Mar. 13. 1934, to Universal Oil Products Co.; 

Brit Chrm. Abs. B, 1935. 215; Chrm. Abs., 1934. 28. 3578. 

MM The odorixing of natural or water gas with a mixture of mercaptans and amino compounds 
II described by W. \V. Odell, U. S. P. 2 032 431. Mar. 3, 1936; Chrm. Abs.. 1936, 30, 2730. 

The toxicity of methyl mercaptan was investigated by A. E. Cole, /. Pharmacol.. 1935, $4, 
448; Chrm. Abs.. 19.36, 30, 1443. 

H. J. Backer. Rrc. trar. chim.. 1935. 54. 215; Chrm. Abs.. 1935, 29. 2914; Brit. Chrm. 

Abs. A. 1935. 471. 

H. J. Backer, Rrc. trav. chim., 1935, 54. 205; Chrm. Abs., 1935, 29, 2915; Brit. Chrm. Abs. 
A, 1935. 472. 

*•* R. Kitamura, J. Pharm. Soc. Jaban, 1935. 55, 300; Chrm. Abs.. 1935. 29. 5810 

J. J. Herrera. Anatrs soc. rspaA. fis. guim.. 1935, 33. 877; Chrm. Abs., 1936, 30, 3349; 

Bnt. Chrm. Abs. A, 1936, 983. 
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Thiobenzylaniide or thioacetic acid and hydrogen peroxide gave the corresponding 
oxygenated compounds, but the peroxide had no effect on benzyl sulphide or di* 
sulphide. 

Preparation of Thioethers. At elevated temperature and in the presence 
of catalysts mercaptans lose hydrogen sulphide and are converted into thioethers. 
With activated carbon or alumina carrying cadmium or zinc sulphide, temperatures 
of about 300°C. are required.^*^ At 150-210®C. and under 5 to 50 atmospheres, 
the sulphides of phosphorus or molybdenum may be employed as contact agents.^®*^ 
Before subjection to thermal treatment, substances which may act as catalyst poi¬ 
sons should be eliminated from mercaptans.^^® This may be accomplished by 
bringing the latter into contact with a solid adsorptive or polymerizing agent, e.g., 
activated charcoal, at 200-600°C. 

.Another procedure for the preparation of thioethers is that described by Lee.^®'^ 
Oletins, such as propene, butene-2, or pentene-2, are converted into the correspond¬ 
ing sulphuric acid esters and these in turn treated with a mercaptan. Thus, to an 
ester mixture comprising /cr-amyl hydrogen sulphate, di-Zcr-amyl sulphate, and 
sulphuric acid (75 per cent concentration) is added ethyl mercaptan. The react¬ 
ants are kept stirred until reaction is complete, overheating being carefully avoided. 
The oily layer, which separates, is removed, washed, neutralized, dried and dis¬ 
tilled. The product is essentially /cr-amyl ethyl sulphide. Klein^^® suggests utili¬ 
zation of the reaction between aromatic sulphonic acids and mercaptans. For 
example, 1,8-dilauryl thioether of anthraquinone can be made from disodium an- 
thraquinone-l,8-disulphonate and lauryl mercaptan at a temperature of 130-160°C. 
and under a pressure of about 30 pounds per square inch. 

The type of product obtained by combination of mercaptans and acetylene de¬ 
pends largely upon the catalyst employed.'*^ In the presence of basic compounds 
vinyl thioethers are formed. Thus, when acetylene is passed into a mixture of 
phenyl mercaptan, »i-butyl alcohol and potassium hydroxide (in an autoclave) 
until the pressure is 15 atmospheres and the reactants heated for 16 hours at 160°(1, 
vinyl phenyl sulphide is obtained in a 91 per cent yield. If zinc acetate be added to 
the above-mentioned ingredients, then vinyl phenyl sulphide and .n'»»-<liphenyl 
ethylene sulphide (C\’,H.-^SCH. 2 CH 2 SC«H-) are secured in 25 and 75 per cent 
yields, respectively. Cadmium salts may be used as catalysts in a similar manner. 

Hydroxythioethers are prepared by the interaction of mercaptans with olefin 
oxides.^To illustrate, ethyl mercaptan arul ethylene oxide give 2-hydroxydicthyI 
sulphide, and phenyl mercaptan and this oxide (in the presence of activated char¬ 
coal) unite to form phenyl-2-hydroxyethyl sulphide. At 90°(\, propyl mercaptan 
and cyclohexene oxide yield propyl-2-hy<lroxycyclohexyl suli)hide. Condensation 
of higher mercaptans, e.g., w-dodecyl mercaptan, and ethylene oxide (using sodium 
methoxide as catalyst) furnish compounds which arc soluble in water and may be 
employed as scouring, dispersing, wetting and emulsifying agents.'*'* 

K. Frolich, r. S. P. 2.0.t5.12I, .Mar, 24. to Standard Od DrvrU.pnicnt Co.; 

Chem. Ahs.. 1936, 30, 2985. Sc€ aUo, C. C Allen. C S. P 2.0.51.807, Au». 25. 19.16, to Shell 
development Co.; Chem. Ahs., 1936. 30, 6760. 

»«»W. Seaman. U. S. P. 1.993,287, Mar. 5. 193.5. to Standard Oil Development f’o.; Hnt. 
Chem. Ahs. B. 1936, 264; Chem. Ahs.. 1935. 29. 2547. 

R. Huffman and J. M. Whiteley. Jr.. U. S. P. 1,999.612, .Mar. 26. 1935. to Standard 
Oil Development Co.; Chem. Ahs., 1935, 29, 2976; Brit. Chem. Ahs. B, 1936, 441. Sec also F. Schmei- 
ing. Oel, Kohle. Erddl, Tecr, 1936. 12 (.39). 837. 

“•W. M. Ijee, U. S. P. 2.020.421. Nov. 12. 1935; Chem. Ahs.. 1936, 30, 489. 

X. Klein. U. S. P. 2.033,339, Mar. 10, 1936. to E. I. du Pont de Nemours & Co.; Chem. 
Ahs., 1936, 30. 2986. 

“'British P. 427.903, 1935, to I. O. Farhenind. A. (’•.; Brit. Chem. Ahs. B, 1935, 620; /. Itist. 
Pei. Tech., 1935. 21. 269A; Chem. Ahs., 1935. 29, 6769. 

C. D. Nenitze»cu and N. Scarlatescu, Ber., 1935, 68, 587; Chem. Ah.t., 1935, 29, 3979; Brit 
Chem. Ahs. A. 1935, 729. 

“•British P. 437.590. 1935, to I. <1. Farhenind. A.-C.; Brit. Chem. Ahs. B. 1936. 88- Chem 
Ahs., 1936, 10. 2206. Cf. French P. 794.961. 1936; Chem. Ahs., 1936, 30. 5237. Also. French 
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The addition of aromatic mercaptans to acetylene derivatives is described by 
Kohler and Potter.^As an example, 24.8 g. of thiocresol were added slowly to 
20.4 g. of phenylacetylene, sufficient cooling being employed to prevent the reaction 
temperature from exceeding 100°(\ The product, />-methyltolyl benzal sulphide 
(CH 3 Cj;H 4 SCH-CHCrtH-,), exists in two isomeric forms ; the one having the 
higher melting point (65°C\) separates on dilution of the reaction mixture with 
petroleum ether. After filtration and evaporation of the filtrate under reduced 
pressure, the otlier isomer (m.p. 44""C.) is obtained. The relative proportion of 
isomers depends upon the reaction temperature, higher temperatures favoring the 
formation of the low-melting isomer. The higher melting compound is slowly 
isomerized on distillation. Both isomers can be oxidized with hydrogen peroxide 
in acetic acid to give, successively, the corresponding sulphoxides and sulphones. 

Photochemical Reactions of Mercaptans. Weiss and Fishgold^^*'^ inves¬ 
tigated the effects of radiation from a mercury arc on neutral or alkaline aqueous 
solutions of mercaptans. The primary reaction was considered as 

RSH + hu —y RS -f H 

Also in these soIutir>n< where a certain proportion of the anion RS~ is present, an 
electron transfer occurs 


RS-HOH f hu -~ y RS -f H + OH- 

followed by 

2H ~> H., and 2RS RS--SR 

The quantum efficiency with respect to the development of hydrogen was aK\av> 
less than unity, indicating that reverse reactions were taking place. That is, hydro¬ 
gen atoms and RS radicals were recombining and also disulphides were being re¬ 
duced to mercaptans. Some splitting of mercaptans into hydrocarbons and sulphur 
was observed. 

These investigators also report that many compounds possessing a —SH group 
react with fluorescent dyes in the dark. On irradiating with light which is ab¬ 
sorbed by the dye this reaction (reduction action) is accelerated. Weiss and Fish- 
gold believe that the strong quenching effect of such sulphur compounds on 
fluorescent dyes is represented in principle by the reactions given above, in which 
the activated dye replaces the quantum. 

Interaction of Mercaptans with Aldehydes and Ketones. As ))ievi- 
ously mentioned, mercaptans combine with aldehydes and ketones to form mer- 
captals and mercaptoles. respectively. The products obtained from aromatic mer¬ 
captans anfi formaldehyde. lu^wever. depend upon the rckative proportions of the 
two reactants.Thus, /^-thiocresol (2 moles) and formaldehyde (1 mole) dis- 
solvcfl in acetic acid and the solution saturated with hydrogen chloride yield the 
oily insoluble mercaptal. 
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^ H.ui»»nale <!«• matenerrs cuK>iautt> v\ ,U pitKluiiv 

inimitiucs »hi .\or<l rrunirs. rtahlisvcmruts Kiihlntanii; Clicm. Ahs.. W.^(> 30 

C/iom 57. 1.^16; Ckrm. Ahs! 29. Hrif 

in^aptVr' 2H iKtwccn acetylene and mercaptans to give vin>l thiocthci. is 

III ur Naturr. 1936, 137. 71; Chrm. Ahs., 19.16. 30. 2494 
1935, J.A.CS., 1935, 57, 1065; Chem. Abs., 1935, 29, 5090; Brit. Cfwm. Abs. A. 
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When a large excess of formaldehyde is employed, a crystalline material is ob¬ 
tained. It is suggested that possible condensation of the mercaptal with the alde¬ 
hyde has occurred, resulting in a methylene bridge formation giving rise to a 
compound of the type 



With unsubstituted aromatic mercaptans and formaldehyde (in acetic acid con¬ 
taining dissolved hydrogen chloride) either oily liquids (with the proper amount 
of aldehyde) or wax-like solids (with excess aldehyde) resulted. The waxy masses 
appeared to be mixtures of polymers. It was further noted that mercaptals from 
unsubstituted thiophenols and various other aldehydes yielded practically the same 
product on treatment with formaldehyde, thus indicating that the latter replaced 
the aldehyde residue originally present. 

Mercaptans unite with a,/?-unsaturated ketones to give /^-ketosulphides.'^^ 
Nicolet'^® points out that this reaction may he considered as a 1,4-addition to the 
conjugated series of double bonds, and can be represented as 

O SR' OH SR' O 

11 II II! 

RCH=CHCR" + R'SH —RCHCH=CR" -> RCHCH,CR" 

Furthermore, although alkaline catalysts (e.g., pyridine or sodium ethoxide) are 
often employed, these reactions in many instances are reversible and the initial 
products can he regenerated by heating the keto-sulphide with alkali. Later work**® 
has shown that this condensation can take place in many cases without the aid of 
catalysts. For example, by gently heating a mixture of benzalacetone and benzyl 
mercaptan a good yield of phenyl-^-benzylmercaptopropione is obtained. 

CeH.CHjS 

\ 

C.H*CH==CHCOCH, 4- C.HjCH^SH —CHCH,COCH, 

/ 

CeHi 

SWEETE.NI.NO OF .Soi’R DiSTII.L.VTES 

By sweetening of sour distillates commonly is meant the elimination of mer¬ 
captans, generally by converting them to disulphides (which, however, remain dis¬ 
solved in the distillates) or by extraction with various liquid or solid media. The 
same purpose may be accomplished also by thermal treatment of petroleum frac¬ 
tions whereby mercaptans are changed to thioethers and hydrogen sulphide. 

Probably the most widely used sweetening operation is the so-called “doctor 
sweetening*' which consists essentially in agitating the sour distillate wdth aqueous 
sodium plumbite, whereby lead mercaptides soluble (for the most part) in oil arc 
former], and then recovering the lead as lead sulphide by the addition of sulphur. 
These reactions may l>e represente<l by 

NajPhO, + 2RSH - V 2Na()H -f 1>1)(SR), 

Pb(SR)j + S --> PbS -I- RS- SR 

For Ihr prriiaratioii of a iiiitnlK*r of «nch coiti|Niiiii(lK. S. Kulirniann, JX'.S., 1905. 87. 4(»|* 
Chtrm. Zentr.. 1905, I, 1640, 

H, H, Nicolet. J.A.C.S., 19.11. 53, .lf»66; Bnt. Chem. Abs. A, 1931. 1156; Clirm. Ah/ 1911 
25. 4S50. 

*'*B. H. Xicolet. J.A.C.S., 19.1.5, 57. 1098; Chem. Ah/., 19.15, 29, 5090; Brit. Chem. Ah/. A. 
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Actually the reactions are not so simple as those indicated above since lead is 
known to form not only neutral but also basic mercaptides and these 


SR 

/ 

Pb 

\ 

SR 

neutral mercaptide 


OH 

/ 

Pb 

\ 

SR 

basic mercaptide 


combine with sulphur to give various types of lead-sulphur compounds.^^o 

In addition to lead oxide or aqueous sodium plumbite (doctor solution) other 
reagents have been used as sweetening agents, for example, sodium hydroxide, 
magnesium hydroxide (brucite), manganese dioxide, phosphorus pentoxide, hypo¬ 
chlorites and lead sulphide. 

Perhaps the two greatest disadvantages connected with doctor and many other 
sweetening operations for gasolines are: (1) the resulting disulphides are soluble 
in the petroleum distillates thereby reducing the lead susceptibility,'^^ and (2) the 
use of alkaline reagents often extracts phenols or other naturally occurring autoxi- 
dation inhibitors thus increasing any tendency to instability of the fuel, particularly 
those from cracked distillates, on storage. 

Use of Lead Compounds. In sweetening gasoline, Thacker'^s suggests 
that after agitation with doctor solution the latter be withdrawn and elemental sul¬ 
phur in amount not to exceed 0.001-0.006 per cent of the gasoline be added. The 
liquid is then maintained in a quiescent state for 5-24 hours. Snyder'^^ recom¬ 
mends after doctor treatment an addition of insufficient sulphur to completely pre¬ 
cipitate lead sulphide but adequate to produce an oil of sweet odor. The oil may 
then be treated with clay or carbon to remove all color. Also it has been pointed 
out that the sulphur compounds may be removed from oils by treating the latter 
with doctor solution, and then passing the oil over a substance which will adsorb 
the lead-sulphur compounds.'-*'* 

Instead of precipitating lead as the sulphide, decomposition of lead mercaptides 
by hydrogen peroxide to give lead oxide and disulphides is proposed.'-® The re¬ 
action involved in this instance may be represented as: 


SR 

/ 

Ph -H H,0, —> PbO + RS—SR + H,0 

\ 

SR 


Another oxidizing agent which may be employed in a similar manner is potassium 
permanganate. 

For a review of the reactions involved in the sweetening o|>eration, see Carleton Ellis, “The 
Chemistry of Petroleum Derivatives.” The Chemical Catalog Co., Inc., New York, 1934. 

^ The effect of various sweetening operations on the antiknock properties of gasolines is dis¬ 
cussed by C. Wirth, HI. and G. B. Murphy, Oil and Gas J., 1936, 34 (38) 28; J. Inst. Pet. Tech., 
1936. 22. 211A; Ckem. Abs., 1936. 30. 3212. 

*•* For a discussion of gum formation and autoxidation inhibitors, see Chapter 40. 

R. B. Thacker. Jr.. U. S. P. 1.994,969. Mar. 19, 1935, to Sinclair Rehning Co.; Ckem. Abs., 

1935, 29. 3149; Brit. Ckem. Abs. B, 1936. 261. For the determination of the amount of lead in 
doctor solution, see E. W. Ellis, Reiner, 1936, 15, 335; /. Inst. Pet. Teck.. 1936. 22, 496A. 

L. J. Snyder, U. S. P. 1,985,955. Jan. 1. 1935, to Shell Development Co.; Ckem. Abs., 

1935, 29, 1240; Brit. Ckem. Abs. B, 1935, 1128; J. Inst. Pet. Tech., 1935, 21. USA. F. R. 
Moser, Canadian P. 340,309, 1934; Ckem. Abs., 1934, 2S, 3887. cf. A. Belchctx. U. S. P. 2.055.423. 
Sept. 22, 1936; Ckem. Abs., 1936, SO, 7835. French P. 796.761. 1936. to Bataafsche Petroleum 
Maatschappij; Ckem. Abs., 1936. 30. 6182. 

O. Codier. U. S. P. 2,042,056, May 26, 1936, to Bennett Clark Co.; Ckem. Abs., 1936, SO. 
5024; /. Inst. Pet. Teck.. 1936. 22. 314A. 

** E. A. Bosing, V. S. P. 1,951,324, March 13, 1934, to Buffalo Electro Chemical Co., Inc.; 

Bnt. Ckem. Abs. B, 1935, 215; Ckem. Abs., 1934, 28, 3574. 

»«F. B. Behrens. U. S. P. 1.927,147, Sept. 19, 1933, to Universal Oil Products Co.; Ckem. 
1933, 27. 5961; Brit. Ckem. Abs. B, 1934, 789. 
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Removal of mercaptans may be accomplished also by using mixtures of lead 
oxide, sodium silicate, and borax^^s qj. j^^d oxide and calcium hydroxide.^^ 
Other procedures comprise treating the sour distillate with air^^® or sodium perox* 
ide'"*^ in the presence of lead sulphide suspended in aqueous alkali. An alkaline 
solution containing lead sulphide in suspension has also been suggested.Sweet¬ 
ening stabilized (depropanized) naphtha with doctor solution and then contacting 
unstabilized naphtha with the spent solution to secure regeneration of the latter and 
a mercaptan-free distillate is described by Endres.’^^ 

By-products from Spent Doctor Solution. Valentine and MacLean^*^ 
report that 10,500 gallons of a typical spent doctor solution contained 

Lead oxide. 444 lbs. 

Caustic soda. 5050 lbs. 

Sodium thiosulphate 8510 lbs. 

Phenolates. . . 8020 lbs. 

Sodium chloride . . .... .130 lbs. 

Sodium carbonate 240 lbs. 

Sodium sulphate anrl sulphite . 1600 lbs. 

They suggest tuo methods for the recovery of these compounds. In the first, lead 
is precipitated as the sulphide, phenols are then removed and recovered by steam 
distillation, and the salt^ are obtained by evaporation of the liquid and fractional 
cry.stallization. In the second procedure, sulphur dioxide is passed into spent doctor 
until the lead is eliminated. Phenols are then separated. Afterwards, sulphur is 
added to the solution and on evaporation sodium chloride and sulphate are salted 
out while the sulphites are converted into thiosulphate^. Tlie latter are obtained 
by cooling the liot concentrated li<iuor. 

Thiophenols are often found admixed with the phenolic bodies from spent 
doctor. These sulphur-containing compounds may be removed by passage of the 
phenol vapors over weathered lead sludge (from plumbitc solution) at tempera¬ 
tures approximately 55°C. higher than their boiling point. 

Tt has been proposed also to weather lead suli)hi(Ie sludge for 10-12 hours, 
whereby lead oxide and sulphur are produced. 

Use of Copper Compounds. C upric salts, in the form of ammonio-cupric 
<lerivatives. are known to react with mercaptans to furnish oil-soluble cupric mer- 
captides. Treatment of sour distillates with metallic copper or copper compounds 
is said to result in mercaptide formation.'**^ This may be accelerated if the oil 
contains dissolved ammonia, hydrogen chloride or sulphur dioxide. In some in¬ 
stances, however, reduction of the cupric salts by mercaptans occurs which results 
in the formation of cuprous mercaptides (sometimes oil-insoluble) and organic 

J. C Morrill. I’. S P. ) 9r»S.0.S9. .lul) .^1. 19^4, to I nivernal Oil Proilmts Co.; Brit 

Chem. Abs B. 19.16, 9; Clicm. Ab.t . 19 . 14 . 28, .S97t, 

H. H. Cannon, V. S P. 1,979 448. No\. 6. I9.t4. to Cannon-Prut/man TreatiriK Proccn^!*. 
Ltd.; y. Injt. Bet. Tech.. 19.15, 21. 6.5A; Brit. Chem, Abs. B, 1935. 983; (bem. Abs.. 1935. 29, 329. 

»•*»»(;. L. Rows«y. C. S. P. 1.954.103, Apr 10. 1934; Brit. Chem Abs. B. 1935, 136; Chem. Abs.. 
1934 28 3888 

C. F. Tcichmann. V. S, P. 2.01 1.954. Auk. 20. 1935. to Texas ('o.; Chem. Abs.. 1935. 29, 
6751; /. Inst. Pet. Tech., 1935. 21. 382A; Bnt. Chem. Abs. B. 1936. 778. 

E. S. Brown and I). B. Nutt. C, S. P. 2.049.423. Aujf. 4. 1936, to .Standard Oil Co. of 

Calif.; Chem. Abs.. 1936. 30, 6546; J. Inst. Pet Tech.. 1936. 22, 453A. 

A. F. Endres, I*. S. P. 1.996.236. Apr. 2. 1935 to .Standard Oil Co. of Tnd.; Chem. Abs., 
1935. 29, 3509; Brit. Chem. Abs. B. 19.36. 358. U. S. P. 2.022.847. Dec. 3, 1935; Brit. Chem. Abs. 

B. 1936. 821: Chem. Abs.. 1936. 30, 851. 

K. S. Valentine and (I. MacLean. Refiner. 193.5. M. 475; Chem. Abs.. 1935. 29, 8303. 

C. I>. Oo<»terhout. V. S. P. 1.982.120. Nov. 27, 1934, to Texas (V; Brit. Chem. Abs. B. 
1935. 940: Chem. Abs.. 1935. 29. 595. 

’^•L. K. Adamyan. .Weft, 1934. 5 (4). 24; J. Inst. Pet. Tech.. 19.36, 22, 206A; Chem. Abs.. 1936. 
30. 3992. 

G. H. von Fuchx and I,. E, Borden. Canadian P, 346.402. 1934. to Shell Development Co.; 
Chem. Abs.. 1935. 29. 2341. ,Sec alxo. H. P A. flroU and Hearne. British P. 449 783. 1936. 
to BaUafsche Petroleum Maatschappij: Brit. Chem. Abs. B, 1936, 917; J. Inst. Pet. Tech,, 1936, 
28, 404A; Chem. Ahs., 1936, 30, 8598. 
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disulphides. This latter reaction (reduction of cupric salts) is utilized by Schulze 
and BuelP**^ who employ either solutions of or solid supric salts. 

On contacting sour gasoline with aqueous solutions of cupric chloride, two 
reactions take place ultimately bringing about reduction of the cupric salt and 
oxidation of mercaptans to disulphides. These can be represented as: 

4RSH -f 2CuCb —RS- SR 2RSCu + 4HC1 

2RSCu + 2CuCl2 - > RS~SR + 4CuCl 

Hydrogen chloride remains dissolved in the aqueous layer. Cuprous chloride stays 
suspended in the water layer, or if the latter contains a sufficiently high concen¬ 
tration of chloride ion the cuprous salt is dissolved. Regeneration of the solution 
is effected by blowing with air. 

4CuCl 4- 4HC1 4- O, 4CuCb 4- H^O 

In the other procedure, a solid absorbent, e.g., fuller’s earth, is impregnated with 
the cupric salt and the sour distillate filtered through it. In this instance, continu¬ 
ous regeneration of the agent may be effected by dissolving a predetermined 
amount of air in the distillate. 

'I'lic use of neutral atjueous solutions of cupric salts is described by Henderson 
and C'owles.^‘^‘* In this instance also the sj)ent treating agent is activated by blow¬ 
ing with air or oxygen. 

Use of Alkaline Agents. Treatment of sour oiK with substantially anhy¬ 
drous alkalies, such as sodium and potassium hvdroxides.^-*** results in sweetening 
and also desulphurization. Often a small proportion of elemental sulphur is added 
to assist in completing the reaction, whose course is probably indicated by : 

2RSH -f S 4- 2NaOH RS- SR 4 Xa.S 4 2H/) 

In addition to sodium sulphide, however, some sodium polysulphide and thiosulphate 
are also formed. Moser^^^ suggests inhibiting the corrosive acti<)n of sulphur in 
Otis sweetened in this manner by‘the addition of a small quantity (jf an unsaturated 
hydroaromatic, such as tetrahydronaphthalene or cyclohexene. In other instances, 
the proportions of free (or elemental) and mercaptan sulphur can be adjusted prior 
to the alkali treat so that the resulting product is non-corrosive.*^- The use 
of aqueous solutions containing sodium hydroxide and sodium polysulphide (as 
oxidizing agent) are described by Schulze and Chanel.*Stagner*^^ employs 
caustic alkali dissolved in alcohol, particularly methanol. 

Another method comprises mixing petroleum distillates with a solution of sul¬ 
phur in a hydrocarbon oil and conducting the mixture through a l>ed of hrucite.*^'* 
In this manner acidity is neutralized and mercaptans are changed to disulphides. 

A. Schulre and A. K. Biicll. Oil & Gas J. 19.4';. 34 (224 42; 7. Inst, Pet. Tech. 19.1> 
21. 452A; Chem. y^hs.. 19.16. 30, 1216; Nat. Pet. Nert'S. 193.4 27 (434 24-r; Chem. Abs.. 1936. 30. 
2737. W. A. Schulie and L. S. Gregory. Nat. Pet. Neu'S. 1936. 28 (41). 34. Sc« also C. O. Hoover. 
U. S. P. 2.042.050 to 2.042.055, Mav 26. 1936. to Bennett-Clark Co.; Chem. Abs., 1936. 30. 5024- 
7. Inst. Pet. Tech.. 1936. 22. 313A. 314A. 

4. M. Henderson and H. C. Cowles. Ir.. Canadian P. 344.690. 1934, to Atl.intic Refining 
Co.; Chem Abs.. 1935. 29. 2341. 

V. Kalichevfiky, C. S. P. 2.028.335, fan. 21, 1936. to Standard Oil Development Co; Chem. 
Abs.. 1936. 30. 1549; 7. Inst. Pet. Tech.. 19.36. 22. 158A. cf. French P. 798.062. 1936. to Ritaaf^che 
Petroleum Maatschappij; Chem. Abs., 1936. 30. 7326. 

R. Moser. U. S. P. 2.031.972. Feb. 25. 1936. to Shell Development Co.; Chem. Abt . 
1936. 30, 2745; 7. Inst. Pet. Tech.. 1936. 22. 213A. 

A. Stagner. Britii^h P. 425,623. 19 . 35 ; Prit. Chem. Abs. B. 1935 . 441; Chem. Abt.. 193 >. 
29, 5645; 7. Inst. Pet. Tech., 1935. 21. 219A. 

A. Schulze and L. V. Chanev. V. S. P. 2.034,837. Mar. 24. 1936. to Phillipv Petroleum 
Co.: Chem. Abs., 1936. 30. 3219; 7. Inst. Pet. Tech.. 1936. 22, 2MA. 

’*<B. A. Staarner. Ind. Enp. Chem.. 1935 . 27. 275; Chem. .'lbs.. I 035 . 29. 2716 ; Rrif Chem. 
Abs. B, 1935. 535; 7. Inst. Pet. Tech.. 1935. 21. 2inA. OH and Gas 7.. 1935, 33 (504 62; 
Chem. Ab.t., 1935. 29. 6411; 7. Inst. Pet. Tech.. 1935. 21. 261A 

»«•£. C. Higffinf and F. T. Gardner. T4 S. P. 1.977.631, Oct. 23. 1934; Brit. Chem. Abs. B, 
1935, 892; 7. Inst. Pet. Tech., 1935. 21, 26A; Chem 4bs., 1935, 29, 334. 
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Other Sweetening Agents. Hypochlorite solutions, either of the free acid 
or its salts, have been proposed as sweetening agents. Unless the concentration 
or alkalinity (in the case of salt solutions) is not carefully regulated, niercaptans 
in the oil may be oxidized not only to disulphides but also to sulphoxides, sul- 
phones or sulphonic acids. Formation of sulphur chlorides may also take place. 
Best results are said to be obtained with reagents furnishing available chlorine in 
a highly dilute aqueous solution whose concentration is about 0.07 normal. 
Catalysts, e.g., copper salts, may be added to such solutions.^When sulphur 
compounds having oxidizing properties are formed (during hypochlorite treat¬ 
ment) they may be reduced by the addition of niercaptans.Alkyl sulphur chlo¬ 
rides are converted to disulphides by the action of alkali or alkaline earth sul¬ 
phites, cyanides or stannites.^**® 

Nisson^^® suggests a combination of doctor and hypochlorite sweetening. After 
agitating the sour distillate with aqueous sodium plumbite, insufficient sulphur to 
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Fig. 126. — Flow Chart of Method for Removal of Mercaptans from Distillates by Con¬ 
version to Hydrogen Sulphide. (A. PI. Buell and W. A. Schulze) 


completely eliminate the lead as the sulphide is added. Following removal of the 
precipitate the oil is further treated with aqueous sodium or calcium hypochlorite. 
Pevere^^^ recommends the use of aqueous alkaline solutions of phenol or amino- 
phenol, and a mild oxidizing agent such as hydrogen or sodium peroxide. These 
peroxides may be employed also in acid solutions. 

Passage of sour gasoline vapors over bauxite at 320-400°C. is reported to effect 
conversion of mercaptans to hydrogen sulphide.^^'*^ For example, a sample of gaso¬ 
line (produced by pressure cracking) with a sulphur content of 0.156 per cent 
(after removal of hydrogen sulphide) was conducted over bauxite at the above 
temperatures. The rate of flow was maintained at 6.1 barrels of gasoline per ton 
of bauxite. It was found that a sharp decrease in sulphur content was obtained, 
this reduction amounting to about 41.7 per cent. However, it was stated that the 
gasoline remained sweet to doctor solution until more than 5(X) barrels of gasoline 
per ton of bauxite had been desulphurized. The process is illustrated diagrammati- 


A. E. Dunstan, U. S. P. 1,999.041, Apr. 2.1, 19.15, to Anglo-Persian Oil (’o. Ltd.; Chem 

jibs., 1935, 29, 4164; 7. Inst. Pet. Tech., 1935. 21. 220A. 

G. Egloff and J. C. Morrell, U. S. P. 1,997,861, Apr. 16, 1935. to I’niversal (^il F’roducts Co.' 

Brit. Chem. Abs. B, 1936, 485; Chem. Abs., 1935. 29, 3818; J. Inst. Pet. Tech., 1935, 21. 220A 

W. A. Schulze and L. V. Chaney. IT. S. P. 2.022.942. Dec. 3. 1935. to Phillips Petroleum Co • 

/. inst. Pei. Tech., 1936, 22, lOIA; Chem. Abs., 1936, 30. 847; Brit. Chem. Abs B, 1916 821 

W. A. Schulze and L. V. Chaney. U. S. P. 2,028,998. Jan. 28, 193o. to Phillips Petroleum 

Co.; Chem. Abs., 1936, 30. 1987; J. Inst. Pet. Tech.. 1936, 22. 158A. ‘‘ reiroieum 

** P. S. NiftSon« U. S. P. 2,016,342, Oct. 8, 1935, to Gray Processes Corp.; Chem Abs 1935 
19. 8312; /. Inst. Pet. Tech., 1935. 21. 4.S9A. ' ‘ 

E. F. Pevere, U. S. P. 2.015.038, Sept, 17, 1935. to Texas Co.; Chem. Abs. 1935 29 7634* 
/. Inst. Pet. Tech., 1935. 21. 422A; Brit. Chem. Abs. B. 1936. 969. * * 

M. MaliaofT, U. S. P, 1.972.102. Sept. 4, 1934, to Atlantic Rehning Co ; Chem Abs 

1934, 28. 6560; Brit. Chem. Abs. B, 1935. 713. “ ’ ' 

“•A. E. Buell and W. A. Schulze. U. S. P. 2.016,271. Oct. 8. 1935, to Phillips Petroleum 

Co.; Chem. Abs., 1935, 29, 8312; /. Inst. Pet. Tech., 1935. 21. 459A; Brit. Chem. Abs SI 
1936, 680, * 
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cally in Fig. 126. With cracked gasolines temperatures of 260-430®C. are used and 
a chromite ore as a catalyst.Chromium-lead ores, such as vandite or descloizitc, 
may be employed. The vapor-phase sweetening of gasoline with fullers' earth at 
550-850®C. is described by Gray.^-''*^ Also, it has been suggested that mercaptans 
in some cracked gasoline be converted into mercaptans of higher molecular 
weight.^®® The change was effected by passing the gasoline over active carbon, 
zinc sulphide and cadmium sulphide at temperatures between 250® and 350°C. 

Thioethers 

Sulphur compounds of this type have been isolated from the acid extract ob¬ 
tained in treating petroleum fractions with sulphuric acid or from distillates as in¬ 
soluble double compounds with mercuric chloride.The boiling points and 
molecular heats of vaporization of some of the lower boiling thioethers were de¬ 
termined by Thompson and Linnett.^®^ See Table 108. Application of Trouton’s 
law^®® to these data indicates that the sulphides are normal unassociated liquids. 

Table 108.— Boiling Points attd Heats of Vaporization of Some Thioethers. 



Boiling Point 

Heat of 

Thioether 

°C. 

Vaporization 

Dimethyl . . 

37 

6910 cal. 

Methyl ethyl . . . 

65 

7250 cal. 

Diethyl. 

91 4 

8000 cal. 


Probably the most general metliod for the preparation of aliphatic sulphides is 
the reaction of alkyl halides with sodium sulphide.**^ A modification of this is the 
action of alkyl halides on mercaptans, thus making possible the synthesis not only 
of thioethers containing alkyl radicals but also those having substituted radicals. 
For example, from decyl mercaptan and a polyglycerol chloride there is obtained 
a product which, in aqueous solutions, may be employed for washing wool con¬ 
taining suint.**^' 

Another procedure, mentioned previously, for making thioethers is the thermal 
decomposition of mercaptans. HlbeP”* suggests reaction between a diazotized 
aromatic amine and an aliphatic mercaptan possessing at least six carbon atoms. 
If the amine has a sulphonic acid group then the resulting sulphide exhibits 
saponaceous properties. 

Oxidation of sulphides, first to sulphoxides and then to sulphones appears to 
be characteristic. Many oxidizing agents may be employed for this purpose, as 
for example, .selenium dioxide,'^’' nitric acid, potassium permanganate or bichro- 

A. E. Burll and W. A. Schulze. V. S. P. 2.01b,272. Oct. 8. 19.^5. to Phillips Petroleum 
Co.; Chem. Ahs.. 19.15, 29. 8.112; J. Inst. Pet. Tech.. 19.15, 21. 459A; Brit. Chem. .Ahs. B. 19.16, 680. 
jiwv T, T. (iray. I'. S. I*. 2.019.184, Oct. 29, 19.15, to Cray Processes Corp.; J. Inst. Pet. Tech., 

1935, 21. 459A; Chem. /tbs.. 19.16. 30, 281. 

P. K. Frolich and P. J. Wiezevich, 11. S. P. 2.045.766, June .10, 19.16. to Standard Oil 
Development Co.; Chem. .^hs., 19.16, 30, 5596. 

See, Carleton Elli.i, "The Chemistry of Petroleum I>erivatives." The Chemical Catalog Co., 
Inc., New York, 1934. For the constitution of thioether comi>ounds of platinum, see K. A. 
Jensen, Z. anorg. allgem. Chem., 1935, 225, 115; Chem. /tbs., 19.16, 30, 1321; Brit. Chem. Abs. 
A, 1936. 410. 

H. W. Thompson and J. W. Linnett, Trans. Faraday Soc., 1935, 31. 1743; Chem. Abs., 

1936. 30, 1624; Bnt. Chem. Abs. A, 19.16, 149. 

“•That is, molecular heat of vaporization divided by absolute boiling temperature is a constant. 
Such values generally range from about 20 to 22. 

“•For the preparation of n propyl sulphide in this manner, see R. W. Bost and M. \V. Conn, 
“Organic Syntheses,” John Wiley & Sons, New York, 1935, 15, 72. 

British P. 437,590, 1935. to I. (i. Farbcnind, A.-G.; Chem. Abs., 1936, 30, 2206. 

Elbel, German P. 614.311. 1935, to Henkel & Cie, G.m.b.H.; Chem. Abs.. 1935, 29. 5862; 
cf. E. Elbel and A. Kirstahler, V, S. P. 1.987.526, Jan. 8, 1935, to Henkel and Cie, G.m.b.H.‘ 
Chem. Abs., 1935. 29, 1436. German P. 620,889, 1935; Chem. Abs.. 1936. 30, 1812. 

N. N. MePnikov. Uspekhi Khim., 1936, S, 443; Chem. Abs., 1936, 30, 5180. 
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mate, and hydrogen peroxide. Boeseken and Arrias^®^ used peracetic acid with 
aromatic sulphides. They noted that the first reaction, formation of sulphoxides, 
was several hundred times as rapid as the latter, that is, conversion to sulphones. 
Furthermore, the velocity coefficient increased with increasing concentrations of the 
acid. Similar observations were made with /»-hromophenyl thioether, though the 
rates of reaction with this compound were much less than for the diphenyl analogue. 

Disulphides 


Although these compounds are known to exist in crude petroleum, or its distil¬ 
lates, their presence in refined products can he attributed also in a large measure as 
a result of the sweetening operation. This is particularly true of gasoline and 
kerosene fractions. As pointed out before, sweetening is primarily transformation 
of mercaptans to disulphides by mild oxidation and a number of methods have 
l)een previously described. As an example, a sour oil is subjected to the action 
of air in the presence of catalysts such as oxides of copper, lead, nickel, man¬ 
ganese or platinum.Reaction can be controlled so that the hydrocarbons are 
unaffected. 

Alkaline li(iuors containing dissolved mercaptides may serve as the raw material, 
and oxidation carried out at temperatures of about lOO'^C. and under a pressure of 
80 pounds per square inch.'®® Separation of disulphides thus formed from the 
aqueous layer can lie accomplished by extraction with a petroleum distillate, e.g., 
gas oil.'®^ 

Other procedures comprise vapor-phase oxidation of mercaptans at 225°C. using 
activated charcoal as the contact agent,'®® and the use of chloric acid (or its salts) 
in an aqueous medium for liquid-phase operations.'®® In the latter instance osmium 
tetroxide may be employed as a catalyst. Rider and Shelton'^® prepared benzoyl 
persulphide by mixing benzoyl chloride with aqueous sodium hydrogen sulphide, 
and oxidizing the product with air. Purification of the sulphide was accom¬ 
plished by dissolving it in chloroform and then precipitating by the addition of 
alcohol. 

Elbel and Kirstahler'^' reduced disulphides to the corresponding mercaptans by 
boiling with aqueous sodium hydrosulphide. 

Although the presence of disulphides in refined gasolines is less objectionable 
than that of mercaptans from the standpoint of odor, nevertheless disulphides do 
exert a deleterious effect on the lead susceptibility or lead response of such fuels. 
For instance, Schulze and Buell '^2 report addition of 1 cc. of lead tetraethyl to 
1 gallon of a gasoline increased its octane number by 12.5, but that incorporation 
of 0.41 per cent by weight of sulphur as ethyl disulphide to the leaded fuel reduced 


„ h Boeseken and E. Arrias, Rec. trav, chim., 1935, 54, 711; Chem. Ahs., 1936 30 2832* 

^936 ^ 1464. cf. H. J. Backer, Rcc. trav. chim., 1936, 55, 17; Chem. Abs.\ 

** French P, 792,586, 1936, to Bataafsche Petroleum Maatschappij; Chem Abs 1916 30 4111 

G. M.^ Fischer. U. S. P. 2,001.715, May 21. 1935, to Standard Oil 

^^eV^T^h^ C**^"*- >464. B, 1936, 683. German P. 607,986, 1932; J. Inst. 

wtL. V. Oianey'and W. A. Schulze, U. S. P. 1.998,863. Apr. 23, 1935, to Phillips Petroleum 
Co.; /. Inst. Pet. Tech., 1935. 21, 220A; Chem. Abs.. 1935. 29. 4167 ^ Petroleum 

” ^936■ 3o“ 739j Standard Oil Development Co.; Chtm. 

‘•E. Tschunkur and H. Kohler. German P. 601.642, 1934, to I. G Farbenind AG- 
Abs.. 1935, 29. 894. French P. 772.002. 1934; Chem. Abs.. 1935, 29, 1436 British P *4IS 
1935; Chem. Abs.. 1936, 30. 1068; Brit. Chem. Abs. B. 1935: 1037 ’ 

193*6 ''• Merrell Co.; 
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this gain to 4. They also point out that for aliphatic sulphur compounds the larger 
the alkyl radical and the more branched its structure the greater is the decrease in 
lead susceptibility. With some gasolines, sweetening followed by distillation to 10 
per cent bottoms results in a product of 4 octane numbers higher than that se¬ 
cured by the reverse procedure.^^* 

Polysulphides 


The presence of compounds of this type, as well as their formation during 
sweetening or acid refining operations, in petroleum distillates has been ob¬ 
served.Generally these are high-boiling'liquids, which in many instances may 
be concentrated by fractional distillation. Often they exhibit corrosive properties 
which render them undesirable constituents of petroleum products. 

Diethyl trisulphide, (CoHrJoSa, may be obtained by heating diethyl sulphide 
and sulphur at Distillation of potassium ethyl sulphate and potassium 

sulphide yields a mixture of the alkyl di- and trisulphide, which may be trans¬ 
formed completely into the latter by treatment with sulphur. The trisulphide reacts 
with copper or mercury to give the corresponding metallic sulphide, and is oxi¬ 
dized by nitric acid to sulphuric and ethyl-sulphonic acids in the molecular ratio 
of 1 :2. 

Holmberg'^® reported that organic sulphides and disulphides (in alcohol) com¬ 
bine with sulphur in the presence of ammonia to form reddish-brown addition 
compounds. In the case of thioethers this reaction can be represented by 

RjS + xS + yNH, —R,S,.,ryNH, 

Some of these, such as the ethyl and />-tolyl disulphide derivatives, dissociate to 
furnish the tetrasulphide, sulphur and ammonia. 

R^Sx-yNH, R,S4 + S,_4-f yNH, 

Other methods for the preparation of organic polvsulphides include reaction of 
mercaptans with thionyl chloride,thionylaniline'^® or sulphur chloride.*’® 

4RSH + SOCl, - V RtS, -f R,S, -h H ,0 + 2HC1 
4RSH 4- C 4 H 5 NSO - V R,S, 4 - R,S, + H,0 4- CeH.NH, 

2RSH + S,C1, R,S4 4- 2HC1 

Diethyl pentasulphide was made by heating sulphur chloride, sulphur and ethyl 
mercaptan (dissolved in carbon disulphide), a temperature of 150°C. giving the 
optimum yield.***® Two isomers were obtained which boiled (under 26 mm. pres¬ 
sure) at 119°C. and 130®C., respectively. The structures suggested for these penta- 
sulphides were 



C,H,—S-S 

1 ^ 

/! I 

s 

I / 

\l 1 

C,H.S=S 

C 1 H 4 —s—s 


b.p. 11Q®C. (26 mm.) b.p. 130®C. (26 mm.) 

M. Wood», Refiner. 1935, 14, 479; Chem. Abs., 1935, 29. 8306. 

See. Carleton Ellis. “The Chemistry ui Petroleum Derivatives,” The Chemical Catalog Co., 
Inc.. New York. 1934. 

M. Muller. /. prakt. Chem.. 1871, f2) 4. 40; Chem. Zentr.. 1871, 546; J.C.S.. 1871. 24. 904. 

Holmherg. Bcr.. 1910. 43. 220; Chem. Abs.. 1910. 4, 1047; J.C.S., 1910, 98 (1), 150. 

Holmberg. Ann.. 1908, 359, 84; J.C.S., 1908. 94 (1), 308; Chem. Abs.. 1908, 2. 1690. 

'’"B. Holmherg. Ber.. 1910, 43. 226; Chem. Abs., 1910. 4. 1047; J.C.S., 1910. 98 (H. 165. 

'’•P. Klason. Ber.. 1887. 20, 3413; J.C.S.. 1888, 54. 3i6; Chem. Zentr., 1888, 246. 

(i. R. Levi and A. Baroni. Atti acead. Lincei, 1929, (6) 9, 772; Chem. Abs., 1929, 23, 4927; 
Brit. Chem. Abs. A, 1929. 1039. 
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The high-boiling isomer is transformed into the low-boiling at temperatures above 
200®C. The former also results from the action of sulphur on diethyl di-, tri- or 
tetrasulphide.^®^ The physical properties of the polysulphides are given in Table 
109. 


Table 109 .—Physical Properties of Diethyl Poly sulphides. 

Boiling Point 

Density (at 26 mm.) 


(C,H»),S,. 1.1140 (20X.) 1.56899 85%^ 

(C,H*),S4. 1.1253 (20®C.) 1.58436 109°C. 

(C,H»),S* (I). 1.1687 (16°C.) 1.60269 119°C. 

(C,H*)iS| (II). 1.1620 (16‘’C.) 1.59517 130°C. 


Later work by Baroni^®- on the determination of parachors'^^ of various or¬ 
ganic polysulphides (and also sulpho-selenides) indicates that di- and trisulphidcs 
possess straight chains, C 0 H 3 SSSC 2 H 5 , tetrasulphides a branched structure, 

S 

II 

QHfcSSSCaH,, 

and pentasulphides a ring structure comprising three, sulphur atoms. 


A number of aliphatic mercaptans, thioethers and di- and tetrasulphides were 
prepared by Bezzi,'®** and some of the physical constants of these compounds deter¬ 
mined. These values are given in Table 110. 


Table 110.- 

-Physical Constants of Some Mercaptans, Thioeth*'rs 
and Di- and Tetrasulphides. 

Boiling Point 

Compound 



" U 

CfHsSH. 

zr 

0 8391 

1 43055 

CsHtSH. 

68 - 68 . 5 ^ 

0 8337 

1 43908 

CsHsSH. . 

. . 97-98° 

0 8333 

1.44402 

i-CsHnSH. 

75° (18 mm.) 

0 8280 

1.45100 

(C,H.),S.. 

93-94° 

0.8278 

1.44303 

(C.H,).S.. 

140-143° 

0 8302 

1 44904 

(C4H.),S.. 

182-184° 

0.8334 

1 45405 

(,-.C,Hi7)jS 

125.5-127° (15 mm.) 

0 8332 

1.46100 

(C,Hs),S,. . 

152-154° 

0 9927 

1.5070 

(CjH7)jSt . 

. 191-192° 

0 9525 

1.4981 

(C4Hs)sS,.. . 

143-144° (83 mm.) 

0 9306 

1.49208 

(t-CsH 17)782 

Decomp, at 190° 

(15 mm.) 

0 86 

1 4815 

(C,Hs)2S4 

. . 106-108° (24 mm.) 

1 1616 

1 61809 

(C,H7),S4. . . 

. . . 127-127.5° (11 mm.) 

1.1249 

1.5904 

(C4H.)7S4. . 

125-130° (1 mm.) 

1 0775 

1.5705 

(f-CsHi 7)184 . 

. . Decomp, on heating 

1 0609 

1.5482 


Mercaptans, thioethers and disulphides were colorless liquids with disagreeable 
odors. Tetrasulphides were light yellow liquids. Attempts to deo<!()rize these 


G. R. Levi and A. Baroni, Atti accad. Lined, 1929, (6) 9, 90.^; CUem. Ahs., 

Brit. Chem. Ahj. A, 1929. 10.19. 

'••A. Baroni, Atti accad. Lined, 1931, (6) 14, 28; Chew. Ahs., 19.12, 26, 1896; Brit. 

A, 1932, 112. 

"•The panachor i» calculated according to the formula P = (Mil) - d) in which M it the 
molecular weight, D and d are the densities^ of the liquid and vajK>r |)ha»e<«. rrH|H*ctivcly. and y 
the surface tension in dynes |>er square centimeter. S. Sugden. “The 
Routledge & Sons, Ltd., London, 1930. 

S. Be*/i, (iass. chiw. itaf., 19.1.S, 65, 69.1; Chew. Ah.f., 19.16, 30, 2171 


1929. 23, .SI58; 

Chrm. Abs. 

ch M is the 

. .. ,..,..,^Jy. and y is 

Parachor and N alencv," Geo. 
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sulphur compounds with copper^*® at 200-250®C., also with mercury or magnesium, 
were unsuccessful. Devarda alloyon the other -hand, effected complete decom¬ 
position. 

The atomic refraction of sulphur in these different types of compounds varied 
considerably, ranging from 8.761 (in tetrasulphides) to 7.95. These values, Bezzi 
believed, excluded the possibility of all sulphur atoms being present as chains. 

Measurements of the absolute viscosities and also the viscosities of dilute solu¬ 
tion in ether, benzene and chloroform, of the sulphur derivatives were made by 
Bezzi.Tlie results indicated there was a simple relation between absolute vis¬ 
cosity and molecular weight and this was independent of the chemical constitu¬ 
tion. Also the viscosities of chloroform and ether solutions, of different concen¬ 
trations and at different temperatures, show that the various sulphur compounds 
behave normally and that the lengths of the molecules (with the same alkyl radi¬ 
cals) are equal in mono-, di- or tetrasulphides. According to Bezzi, organic poly¬ 
sulphides do not contain normal chains of sulphur but constitutions similar to those 
proposed for inorganic polysulphides,viz., a coordinated union of the alkyl 
groups and other sulphur atoms around one sulphur atom. 

Cyclic Sulphur Compounds 


The occurrence of thiophene, and its homologues, in petroleum oils or in cracked 
distillates has been reported by a number of investigators.*'^® These sulphur com¬ 
pounds are isolated, for the most part, as the corresponding mercuric chloride 
derivatives. In chemical properties they appear to resemble benzene more than 
aliphatic thioethers. Thiophene, for example, yields substituted compounds with 
halogens rather than addition products, and nitro derivatives and sulphonic acids 
with nitric and sulphuric acids, respectively. 

The catalytic decomposition of thiophene, in sulphur-free gasoline (boiling 80® 
to 1(X)®C.), was studied by Orlov and Broun.The catalysts employed were (1) 
a mixture of nickel, cobalt, aluminum and magnesium oxides (42:3:5:1), (2) 
cobalt oxide and (3) molybdenum trioxide. In each case, prior to use, the catalyst 
was reduced so as to give it a pyrophoric character. .Afterwards the vapors of 
the gasoline solution mixed with hydrogen were conducted over the contact agent 
at a temperature of 4()0®C\ In this manner as much as 70 per cent of the sulphur 
(as thiophene) was eliminated, and of the residue 50-60 per cent was composed 
of elemental sulphur, mercaptans, disulphides and thioethers. A nickel oxide 
catalyst proved best, although it eventually l)ecame poisoned by sulphur. Also, 
it has been suggested that carbon monoxide will remove thiophene from toluene 
at 300°C.*®* Molybdenum trisulphide was employed as a catalyst. It was stated 
that when carbon monoxide was introduced at a pressure of 1000 pounds per square 
inch, the sulphur content was reduced from 0.85 to 0.05 per cent. At atmospheric 
pressure, the proportion of sulphur was said to be reduced from 0.60 to 0.32 per 

Thi» method was recommended by J. Finckh {Ber., 1894, 27, 1239; J.C S . 1894, 66 (1). 353, 
Chent. Zvtitr., 1894, 2, 28) for decKlorizalion of am>l and ethyl thioethers. 

Dexarda alloy is comjMj.Ned of 39 parts copi>er, 59 parts aluminum and 2 paits zinc. See H. 
Brunner and A Rapin, Schxvris. H’ochschr., 1908. 46, 455; Chem. Ahs.. 1908, 2, 3347; J.C.S., 1908, 94 
(1), 863; Chem. Zentr., 1908, 2, O/O 

S. Bezzi. C,azs. rhim. ttal.. 1935. 65. (i93; c /n-m. Ahs.. 1936. 30. 2171. 

See. F. K. Kijster and F. Heberlein, Z. aifOfj/. Chern., 1905, 43, 53; U/rem. Ztntr., 1905, 1, 
497; J.C.S.. 1905, 88 ‘’I. 156. 

See. Carleton F.llis. “The Chemistry of Petroleum Derivatives.’’ The Chemical Catalog Co.. 
Inc., New York, 1934. A review of the preparation and proi)erties of related substances, thiophanes 
and thiophthenes. is given aUo. 

N. A. Orlov and A. .S. Broun. Khim. Tx^erdogo Topiiva, 1932. 3, 817; J. Inst. Pet. Tech., 

1935. 21. 49A; Chem. Ahs.. 1934. 28, 5822; Brit. Chem. Ahs. B, 1935, 12. 

B. W. Malishev. J. Inst. l>rt. lech., 1936. 22, 341- Chem. Ahs., 1936, 30, 5773; Brit. Chem. 

Ahs. B. 1936. 775; J. Inst. Pet. Tech., 1930, 22. 303A. See also C. M. Cawley, /. Inst. Pet. Tech., 

1937. 28. 209. 
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cent. The use of 91-93 per cent sulphuric acid together with olefinic hydrocarbons 
•’is recommended to recover thiophene from benzene.^®* 

Closely allied to thiophene are thiophanes and thiophthenes. The relation be¬ 
tween these various types is illustrated by the following formulas: 


HC-CH 


thiophene 


H,C-CH, 

ni: I:h, 

V 

thiophane 


HC-C-CH 

II 11 II 

HC C CH 

\ / \ / 


thiophthene 


Thiophanes, or hydrothiophenes, containing four or more carbon atoms have been 
isolated from petroleum oils or from the sulphuric acid extract (obtained in re¬ 
fining) as their addition products with mercuric chloride.^®* These liquid, sulphur 
compounds in many respects resemble thioethers in their chemical properties. They 
can be oxidized to sulphones, form sulphonium derivatives with alkyl halides, and 
addition products with metallic halides, e.g., chloroplatinates. 

Hydrothiophenes may be prepared by the reaction of potassium sulphide with 
dihalogenated hydrocarbons. 

CH,CH, 

/ \ 

BrCH,CH,CH,CH,CH,Br-f K,S —^ 2KBr-h H,C S 

\ / 

CHjCH, 


In some instances, however, this method leads to the formation of polythiophanes, 
which are solids, of the types, (C8HeS)e, (C 5 HioS )5 and (CeHi 2 S) 4 .^®^ Vigor¬ 
ous reduction of these polysulphides gives hydrogen sulphide and hydrocarbons, 
but no mercaptans. Dehydrogenation of thiophane in the presence of platinized 
charcoal and nickel sulphide on alumina has been reported.^®® The reaction was 
carried out in glass tubes 12 mm. in diameter and containing a catalyst bed 30 cm. 
in length. Temperatures of 315-400®C. were maintained when platinized charcoal 
was employed, and 350°C. with nickel sulphide. It was reported that hydrogen 
sulphide, olefins, paraffins, and some diolefins were obtained with both contact 
agents.^®® 

Although the presence of thiophthenes has been suspected in coal-tar oil and 
shale oil, attempts to detect them have been unsuccessful. This is probably due 
to the fact that very little is known regarding the properties of such sulphur- 
containing bodies. With the object of learning more about its characteristics, 
Challenger and Harrison^®^ prepared thiophthene by different methods and studied 
the materials so obtained. 

One sample was made by heating a mixture of citric acid and phosphorus 
trisulphide.^®® The liquid product boiled at 220-221 °C. and melted at 5.7S-6.0°C. 
The structural formula assigned to it was 

HC-C-CH 

hH h l 


“•G. V. Kopelevicb And A. I. Brodovich, Russian P, 39,096, 1934; Ckem. Abs., 1936, 30, 3625. 
'••See, for example, I. Teutsch, Petroleum Z., 1934, 30 (20), 1; Ckem. Abs., 1934, 28, 4872; 
Brit. Chem. Abs. B, 1934, 662; Not. Pet. News, 1935, 27 (1). 23. 

‘••R. W. Bost and M. W. Conn. /. Elisha Mitchell Sci. Soc., 1934, 50, 182; Chem. Abs., 1935. 
28, 1349; Brit. Chem. Abs. A. 1935, 757. 

“•Yu. K. Yur'ev and A. E. Borisov, Ber., 1936, 69, 1395; Chem. Abs., 1936, 30, 8207. 

“•B. Moldavskii and N. Prokopchuk (/. Applied Chem. (U.S.S.R.), 1932. 5, 619; Chem. Abs., 
1933, 27, 274; Brit. Chem. Abs. A, 1933, 267) report that thiophene it transformed into hutyl mer- 
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Another procedure employed was the reaction between sulphur and acetylene (in 
an atmosphere of carbon dioxide) at 440®C.^®® In this instance there were ob¬ 
tained carbon disulphide, thiophene, thionaphthene and two isomeric thiophthenes. 
Of the latter, one was a solid melting at 56®C., was called thiopheno-2',3'-3,2- 
thiophene, and was believed to have the formula 

S 

/ \ 

HC-C CH 

II II ti 

HC C-CH 

\ / 

S 

The other isomer was a liquid which boiled at 98®C. (13 mm.) and melted at 
6.25-6.50®C. It probably possessed the structure indicated below, though this was 
not certain. 



\ / 

S 

Such a compound could be designated as thiopheno-2',3'-3,4-thiophene. 

All of the isomeric thiophthenes yielded characteristic addition products w4th 
picric or styphnic acid, mercurichloride derivatives, and mononitro compounds 
with nitric acid. With acetyl chloride and stannic chloride (as catalyst) they 
formed ketones which on reduction gave the conesponding ethyl thiophthene. 
The solid isomer (m.p. 56®C.) dissolved in alcohol and treated with sodium fur¬ 
nished an ethyl thiophene mercaptan, isolated as the mercury salt. 

The formation of heterocyclic compounds containing two or more sulphur 
atoms has been observed by Meadow and Reid^®® by the action of dihalides on 
dimercaptans. For example, methylene chloride added to trimethylene mercaptan 
(in alcohol containing an equivalent quantity of sodium ethylate) yielded 1,3- 
dithiane. 

SCH, 

/ \ 

CHjCl, + HS(CH,),SH —> H,C CH, + 2HCI 

\ / 

SCH, 

Such reactions give rise not only to monomeric sulphur derivatives but also to 
polymers. Thus, from the same dimercaptan and tetramethylene bromide are se¬ 
cured a monomer and polymer (dimer) having the formulas. 


(CH,), 

/ \ 

S S and 

\ / 

(CH,), 


(CH,),S(CH,)4 

/ \ 

S S 

\ / 

(CH,),S(CH,), 


c«pt«n. tbiophanc being an intermediate product, by hydrogenation at JS0*C., using molybdenum tri* 
•ttiphide as a catalyst. 

•^F. Challenger and J. B. Harrison, /. Inst. Pet. Tech., 1935. 21. 135; Chem. Abs., 1935, 29, 
4006; Brit. Chem. Abs. A. 1935. 1249; J. !nst. Pet. Tech., 1935, 21, 160A. 

••This method is described by A. Biedermann and P. Jacobson, Bcr., 1886, 19, 2444; J.C.S., 

1B86. so. 1032. 

This reaction was investigated also by J. B. Peel and P. L. Robinson, J.C.S., 1928. 2068; Chem. 
Abt., 1928, 28 , 4460. 

^ R. Meadow and E. E. Reid, J.A.C.S., 1934, 56, 2177; J. Inst. Pet. Tech., 1935, 21. ISA; 

Bril. them. Abs. A, 1934, 1365; Chem. Abs., 1935, lA. 797. 
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respectively. Depolynierization of the latter was accomplished by heating in the 
presence of hydrogen chloride. 


Utilization of Sulphur Compounds 


Mention has been made of the possibility of converting hydrogen sulphide to 
sulphuric acid, and also of oxidizing aqueous alkali sulphides to thiosulphates. It 
has also been pointed out that elemental sulphur may be incc^rporated with some 
types of lubricants. When such incorporation is accompanied by the application 
of heat, the sulphur compounds resulting from the interactir)n of petroleum hydro¬ 
carbons and sulphur are said to be anti-oxidants.The sulphur-containing 
bodies resulting from the hydrolysis of acid sludge (from the sulphuric acid refin¬ 
ing of petroleum distillates) may be employed as denaturants for ethyl alcohol^^ 
or ethyl esters,^®^ 

Thioethers, and polysulphides, have been suggested as ingretlients for fumi¬ 
gants-^** and, either alone or blended with other liquids, as solvents for rublxjr.^®* 
In the latter instance the solutions are said to be less viscous than those of the 
same concentration in carbon disulphide. Benzyl sulphide is reported to inhibit 
corrosion of aluminum by hydrochloric acid.-^*‘* Various applications are sug¬ 
gested for the derivatives of thioethers. For example, dimethylethylsulphonium 
methylsulphate may be employed as a decolorizing agent for textile Triethyl- 
sulphonium hydroxide may be used to loosen carbon deposits.-®^ According to 
Kurtz,dibutyl sulphone can be used for the extraction of naphthenic hydro¬ 
carbons from mineral oils. 

Disulphides, such as ditolyl disulphide, mixed with thioethers or mercaptans, 
are said to furnish flotation agents for copper ores.-^^^ Taveau-^* finds that the 
ignition of Diesel fuels is accelerated by incorporation of 0.5 to 5 per cent of 
tetrasulphides. 

Because of their greater chemical activity, mercaptans have found more ap¬ 
plications probably than other types of sulphur compounds. The ease with which 
they are oxidized is well-known, and is possibly the basis for their use as oxida¬ 
tion inhibitors. About 1 per cent of a mixture of amyl niercaptan and dibutyl 
amine may be employed as a gum inhibitor for motor fuels derived from cracked 
distillates.-*^ Other organic substances containing —SH groups may serve as 

British P. 435.548, 1935, to T. G. Farbcnind. A.-G.; /. Inst. Prt. Tech.. 1935. 21, 459A: 
BHt. Chem. Abs. B, 1935, 1127; Chem. Abs.. 1936, 30, 1555. Sec also British P. 442.161. 1936. to 
Standard Oil Development Co.; Chem. Abs., 1936, 30, 5026. Also E. W, Fuller and B. W. Story. 
U. S. P. 1.963.489, June 19, 1934, to Vacuum Oil Co.; Chem. Abs., 1934. 28, 5224; Brit. Chem. Abs^ 
B, 1935, 340. R. L. Humphreys and B. F. Farrington, U. S. P. 2.073,841, March 16, 1937, to 
Standard. Oil Co, of Calif. 

W. H. Hampton. U. S. P. 1.988,007, Jan, 15, 1935, to Standard Oil Co. of Calif.; Brit. Chem. 
Abs. B, 1936, 425; Chem. Abs., 1935, 29, 1576. 

W. H. Hampton, U. S. P. 1.995,539, Mar. 26, 1935, to Standard Oil Co. of Calif.; Chem. 
Abs., 1935, 29. 2974; Brit. Chem. Abs. B, 1936. 920. 

E. C. Williams, Canadian P. 353,986, 1935, to Shell Development Co.; Chem. Abs., 1936, 
30. 1472. 

W. Seaman and C, L. Matheson, U. S. P. 1.996,001. Mar. 26, 1935, to Standard Oil Develop¬ 
ment Co.; Brit. Chem. Abs. B, 1936, 339; Chem. Abs. 1935, 29. 3551. 

»«H. Roehrig, Rev. Met., 1936, 30, 577; Bnt. Chem. Abs. B. 1936. 327. 

French P. 791,217, 1935, to In^rial Chemical Industries, Lt.; Chem. Abs., 19.16, 30, 3254. 

H. E. Buc and R. Rosen, U. S. P. 2,047,191, July 14, 1936, to Standard Oil Ilevelopment 
Co.; Chem. Abs., 1936, 30. 6095. 

»*S. S. Kurtz. Jr., U. S. P. 2,033.942. Mar. 17, 1936, to Atlantic Rehning Co.; J. Inst. Pet. 
Tech., 1936, 22, 215A; Chem. Abs., 1936, 30, .3220. Canadian P. 351,484, 1935; Chem. Abs. 1935, 
29, 6751. 

»«»F. G. Moses, R. W. Hess and R. L. Perkins. IJ. S, P. 2.027,357, Jan. 7. 1936. to Barrett Co.* 
Chem. Abs., 1936, 30, 1347. 

R. deM. Taveau, U. S. P. 2,034,643, Mar. 17, 1936, to Texas Co.; Chem. Abs. 1936 80 

3206. 

*** R. E. Burk. U. S. P. 2,033.877, Mar. 10, 1936, to Standard Oil Co. of Ohio; Chem. Abs., 
1936, 80, 3223. For the use of amyl mercapUn as a corrosion inhibitor, see C. A. Mann. Trans 
Eleelrockcm. Sac., 1936, 59, 354; Chem. Abs., 1936, 80, 4140; Brit. Chem. Abs. B, 1936, 743 
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stabilizing agents for solutions of aromatic amino-hydroxy, polyhydroxy or poly- 
aniino compounds,-^or for the prevention of peroxidase in the darkening of 
apples 21^ 

Incorporation of nicrcaptans, which may he admixed with phenols, with alkali 
polysulphidcs and an emulsifying agent (naphthenic or sulphrmic acids) yields 
insecticidal and fungicidal compositions.2i*> Another procedure involves impreg¬ 
nating fuller’s earth, acid-treated clay or silica gel with mercaptan^ and disul- 
phides 21® 

The preparation of aralkyl thiocarhonates from the corresponding inercaptans is 
described by Hess.^i*! For example, to 24.8 parts of benzyl mercaptan and 18.2 
parts of carbon disulphide are added 10.8 parts of scxlium hydroxide solution (74 
per cent) and 12 parts of carbon disulphide. After stirring for one-half hour the 
mixture is allowed to evaporate to dryness at room temperature. The residual 
sodium salt of benzyltrithiocarhonate, CcHr^CHoSCSSNa, is a mass of yellow crys¬ 
tals which can be recrystallized from alcohol. Treatment of the salt with iodine 
or with alkyl halides gives the disulphide or alkyl esters, respectively. These 
various sulphur derivatives may be used as accelerators in the vulcanization of 
rubber or as flotation agents in the concentration of ores. 

Mercaptans may serve as the starting material for the manufacture of sulphur 
lx)dies which possess detergent, wetting and emulsifying properties. The synthesis 
of such compounds is an application of the reaction between alkyl halides (or their 
derivatives) and alkali mercaptides. As an illustration, the sodium salt of do- 
dccylmercaptoacetic acid (from the corresponding mercaptan and chloroacetic 
acid) is reported to possess soapy characteristics.^^® The chloro acid may be sub¬ 
stituted by its esters.2i®* Thus, 23 parts of sodium are dissolved in 800 parts of 
absolute methanol and 202 parts of dodecylmercaptan then added. On incorpora¬ 
tion of 122.5 parts of ethyl chloroacetate separation of sodium chloride begins, and 
reaction is completed by boiling the mixture for two hours. After removal of the 
precipitated salt, .saponification of the product is effected by heating for one hour 
with alcoholic caustic soda The hot solution is neutralized with hydrochloric acid, 
and on cooling the sodium .salt of dodecyl-thioglycolic acid is obtained as a white 
crystalline mass. 

Organic sulphides resulting from the combination of mercaptans and esters of 
chlorinated carboxylic acids are suggested as softening agents for textiles.^*-’ An 
example of such is the thio compound made from dodecylchloroacetic ester and 
.sodium phenylmercaptan. Sulphonation of aliphatic hydroxy-sulphides, from alkyl 
mercaptans and halohydrins, yields materials applicable as cleaning and emulsify¬ 
ing agcnt.s.22o 

British P. 4.12,480, 19.15, to I. (i. Farbcmnd. A.-C.; Brit. Chem. Ahs. B, 8V4. them. 

Abs.. 1936. SO. 106. 

«*A. K. Balls and W. S. Hale, Ind. ling. Chem., 1935, 27, 335; Bn't. Cfu^m. Ahs. B. 1<J35, 
604; Chem. Abs., 1935, 29, 3062. 

A. (1. V. Berry. British P. 428.542, 1935, to Trinidad Leaseholds. I.td.; Chem. Abs., 1Q35. 
29, 6692; /. Jnst. Pet. Tech., 1935. 21. 313A; Brit. Chem. Abs. B, 1935, 743. 

««T. R. Remy, U. .S. P. 1.986.218. Tan. 1. 1935. to Texas Co.; Chem. Abs., 1935. 29. 1205; 
Brit. Chem. Abs. B, 1936. 387. 

R. W. Hess, IT. S. P. 2.021,726, Nov. 19, 1935, to National Aniline & Chemical Co.. Inc.; 
Chem. Abs., 1936, 30. 487. 

E. Elhel and E. L. Muller, V. S. P. 2,050.169, Aufr. 4. 1936. to Henkel and Cie. G.ni.h.H.; 
Chem. Abs.. 1936, 30. 6853. French P. 748.460. 1933; Oirm. Abs.. 1933. 27, 5340. 

Elbel and A. Kirstahler, U. S. P. 1,987.526. Ian. 8. 1035. to Henkel & Cie. C.m.b.H.; 
Chem. Abs., 1935. 29, 1436. British P. 412.305. 1933; Brit. Chem. Abs. B. 1934, 751 ; Chem. Abs.. 
1934, 28. 7594. Cf. German P. 619,299. lo.tS; Chem. Abs . 1936. 30, 1385. 

•‘•British P. 403,882, 1934, to Henkel & Cie. G.m.b.H.; Clu'm. Abs.. 1934, 28, 3424; Brit. Chem. 
Abs. B, 1934, 355. 

••‘A. W. Baldwin and H. A. Piggott, British P. 435.039, 1935. to Imperial Chemical Industrie^ 
Ltd.; /. Inst. Pet. Tech., 1935, 21. 424A; Brit. Chem. Abs. B, 1935, 1131; Chem. Abs., 1936, 30. 
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According to Derby and Cunningham ,^21 ^ flotation agent can be prepared in 
the following manner: Naphthalene is treated with phosphorus pentasulphide to 
furnish a naphthalenethiophosphoric anhydride. This in turn is reacted with 
phenol and the resulting product is combined with organic nitrogenous bases. 

Desulphurization of Petroleum Distillates 


Any attempt to completely survey refining operations applicable to various 
petroleum fractions is without the scope of this text. Indeed, limiting refining to 
the desulphurization of low-boiling distillates, particularly gasoline and kerosene, 
still embraces a wide field. However, as many developments in processes involv¬ 
ing sulphur removal represent applications of the chemical reactions (just dis¬ 
cussed) in which the various sulphur compounds take part, a brief summary of 
some of these methods is included. 

Solvent extraction with concentrated sulphuric acid is well known. The dis¬ 
advantages connected with the ordinary use of this agent, e.g., oxidation, poly¬ 
merization of olefinic hydrocarbons, sulphation and sulphonation, have stimulated 
efforts towards the amelioration of such effects or the substitution of other agents. 
Davis and Hampton^^^ suggest countercurrent treatment of distillates, the tempera¬ 
ture being always less than —6°C. The employment of dilute sulphuric acid (35 
to 80 per cent) which is subjected to electrolysis before being brought into con¬ 
tact with the petroleum fraction is another procedure.'-*^^ An organic base, such 
as aniline or pyridine may be added to the sulphuric acid to reduce the activity 
of the latter.2‘^^ Other extraction media which have been recommended are fur- 
furaldehyde mixed with amylamine,^--'^ ethylenediamine,-*-^ and polyhydric alcohols 
or ethers therefrom.*-^ 

Solid treating agents such as metallic chlorides have been proposed. For 
example, aluminum chloride at 100-150®C. is reported to polymerize selectively the 
sulphur compounds in gasoline, after which separation of the reaction products is 
accomplished by filtration, decantation or settling.-^® It has been pointed out that 
this reagent is particularly effective with allyl, jcc-butyl and benzyl sulphides.*^® 
»i-Heptyl and ethyl sulphides are only slightly attacked. Other chlorides which 
may be employed are those of copper,^^®* titanium, iron, zinc or tin.^^^ Another 
procedure comprises conducting gasoline vapors countercurrently to a molten 
stream of aluminum chloride mixed with zinc or cupric chloride.-®' 


I, H. Derby and O. D. Ciinningham, Canadian P. 348.093, 1935, to P. C. Reilly; Clicm. Abs,, 

1935. 29, 3288. 

-- W. N i^a' in and W. H. Hampton. U. S. P. 1.977.717. Oct. 23, 1934, to Standard Oil Co. 

of Calif.; Brit. Chem. Abs. B, 1935, 983; Ckem. Abs., 1935, 29, 322. 

^ E. VV. Hultman, U. S. P. 1,992,303, 1,992,309 and 1,992,310, Kch. 2(). 1935. to Hullman and 

Powell Corp.; Chem. Abs., 1935. 29. 2732; J. Inst. Pet. Tech., 1935, 21, 175A 

««J. C. Morrell. U. S. P. 2.049,016, July 28. 1936, to Universal Oil Products Co.; J. Inst. Pet. 

Tech., 1936, 22. 453A; Chem. Abs., 1936, 30. 6546. 

*«R. E. Manley and H. H. Gross, U, S. P. 1,971.753, Aug. 28, 1934. to Texas Co.. Brit. Chem. 

Abs. B, 1935. 713; Chem. Abs., 1934, 28. 6560. 

»"E. A. Ocon, Canadian P. 358,236. 1936: Chem. Abs., 1936, 30, 5026. 

»»W. M. Malisoff, U. S. P. 2.013,663. Sept. 10. 1935. to Atlantic Refining Co.; J. Inst. Pet. 

Tech., 1935, 21. 422A; Chem, Abs., 1935, 29, 7064; Brit. Chem. Abs. B. 19.16, 969. 

*»W. M. Malisoff. U. S. P. 1,948,528. Feb. 27. 1934, to Atlantic Refining Co.; Chem Abs.. 

1934, 28, 2884. Cf. D. R. Stevens and W. A. Gruse. U. S. P. 1,999,345, April 30. 1935. to 

Golf Renning Co.; Brit. Chem. Abs. B, 1936. 777; Chem. Abs., 1935, 29, 4165. Al.xo R. F. Davis, 
U. S. P. 2,024,861, Dec. 17, 1935, to Universal Oil Products Co.; Brit. Chem. Abs. B, 1936. 821; 
Chem. Abs., 1936, 30, 1221. 

N. D. I^lintkit and Yu. K. Yur’ev, Neft. Khoi., 1934, 26 (9), 36; Chem. Abs., 1935. 29, 4927; 
Brit. Chem. Abs. B. 1934, 402. 

**• R. B. Day. U. S. P. 2.051,939, Aug. 25, 1936, to Universal Oil Products Co.; Chem. Abs., 

1936, 30, 6938; J. Inst. Pet. Tech., 1936, 22, 453A. Also. U. S. P. 2.001.185, May 14. 1935; 

Brit. Chem. Abs. B, 1936, 730; Chem. Abs., 1935. 29, 4572. 

=*• W. M. Maliaoff, Canadian P. 347,667, 1935, to Atlantic Refining Co.; Chem. Abs., 1935, 29. 

3148. See al*o G. EgtofT, U. S. P. 2.009,879, July 30, 1935, to Universal Oil Products Co.; Brit. 
Chem. Abs. B, 1936, 680; Chem. Abs., 1935, 29. 6414. 

M. C Sumpeer, U. S. P. 1,971,167, Aug. 21, 1934, to Universal Oil*Products Co.; Brit. Chem. 
Abs. B, 19J6, WVeW Abs.. I9J4, 79. 979$. 
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Desulphurization by alkalies has been accomplished, for example, by heating 
natural or cracked benzines, benzene or other motor fuels, under pressure with 
water solutions of sodium hydroxide.^*^ According to Rosenstein,^®* sulphur 
compounds are removed by liquid ammonia and if alkali cyanides are added to the 
latter thiocyanates are obtained as by-products. Subjection of gasoline vapors, 
mixed with gaseous ammonia, to heated activated carbon^*^ or to molten sodium 
or calcium^*® likewise has been proposed. Pines^®® effects removal of a large 
proportion of sulphur from cracked distillates with sodamide. For example, vapor- 
phase treatment of a cracked California gasoline with sodamide at 500-510°F. 
reduced the sulphur content from 0.56 to 0.23 per cent. 

When vapors of sulphur-containing oils are brought into contact with aluminum 
sulphide at temperatures above 300°C. the sulphur bodies are decomposed to hydro¬ 
carbons and hydrogen sulphide.^*^ Zinc sulphide, or complex compounds such as 
ferrous zinc sulphide, may be used in a similar manner.-^* Buell and Schulze^® 
recommend bauxite at 600-750° F. as a sweetening and desulphurizing agent. The 
activity of this catalyst gradually decreases with use, this being more marked when 
cracked gasolines are treated than in the case of straight-run distillates. Reactiva¬ 
tion may be accomplished by steaming followed by passing simultaneously air and 
steam at 775-800° F. through it. Other contact agents which have been proposed 
for the thermal decomposition of sulphur compounds are copper oxide,^*® ferric 
oxide,silica geP^^ and adsorbent clays.^*^ 

Eiiis248* points out that treatment of petroleum hydrocarbon vapors with a 
gaseous mixture consisting of hydrogen, methane, and carbon monoxide results in 
desulphurization. The proportion of hydrogen in the gas should be insufficient to 
produce saturated compounds. It is recommended that the operation be carried 
out at temperatures of 900° to 1020° F. and under a pressure of 50 atmospheres 
or higher. Catalysts which may be employed include the oxides of molybdenum 
or tungsten. 

Morrell suggests vapor-phase treatment of petroleum distillates with ozone, 
using copper, ferric oxide or activated carbon as a catalyst.^^^ Afterwards the dis¬ 
tillate ubjected to the action of an aqueous salt solution (e.g., sodium bisul¬ 
phate) containing sulphuric acid. Ozonization of gasoline in the liquid phase (at 

*=* British P. 425,938, 1935. to Gcwerkschaft Mathias Stinnes; Chcm. Abs., 1935, 29, 6417; 
Brit. Chcm. Abs. B, 1935, 441. Sec also H. Hollings. R. H. Griffith and R. N. B. D. Bruce. 
British P. 452.167, i936. to Gas, Light and Coke Co.; J. Inst. Pet. Tech., 1936, 22. 500A. .\lso 
W. M. Malisoff, S. P. 2,043.254. June 9, 1936. to Atlantic Refining Co.; J. Inst. Pet. Tech.. 
1936. 22. 404A; Chcm. Abs.. 1936. 30, 5403. 

L. Ro.senstein, U. S. P. 1.974.724 and 1,974,725. Sept. 5, 1934. to Shell Development Co.; 
Brit. Chcm. Abs. B, 1935. 712; Chcm. Abs.. 1934. 28. 7516 

W. L, Benedict, U. S. P. 1.971,172, .‘Xug. 21, 1934. to Universal Oil Products Co.; Chcm. 
Abs.. 1934. 28. 6295. 

J. C. Morrell. U. S. P. 2.002,747. May 28, 1935, to Universal Oil Products Co.; Chcm. Abs., 

1935, 29. 4931; Brit. Chcm. Abs. B. 1936. 917. 

•• H. Pines, U. S. P. 1,937.914. Dec. 5, 1933, to Universal Oil Products Co.; J. Inst. Pet. Tech., 
1934, 20, 112A; Brit, Chcm. Abs. B, 1934, 870; Chcm Abs.. 1934. 28, 1180. 

W. M. Malisoff C.madian P. 344,536. 1934, to Atlantic Refining Co.; Chcm. Abs., 1935, 29. 
2346. U. S. P. 2,015.080, SeT>t. 24. 1935; /. Inst. Pet. Tech., 1935, 21. 422A; Chcm. Abs.. 1935, 
29, 7635. 

W. M. Malisoff, Canadian P. 344,688. 1934. to Atlantic Refining Co.; Chcm. Abs.. 1935. 29, 

^346. 

*“A. E. Buell and W. A. Schulte, U. S. P. 2,016.271, Oct. 8, 1935. to Phillips Petroleum Co.; 
Chcm. Abs., 1935. 29. 8312. 

•<®C. L. Smith and W. G. Annable, U. S. P. 2.032.896, Mar. 3. 1936, to Pure Oil Co.; J. Inst. 
Pet. Tech., 1936, 22. 200A; Chcm. Abs.. 1936, 30. 2744. 

French P. 776.798, 1935. to Bataafsche Petroleum Maatschappij; Chcm. Abs., 1935, 29, 3820. 
E. R. P. E. Retailliau and J. B. Wyman. Canadian P. 355,082, 1935. to Shell Development Co.; 
Chcm. Abs.. 1936. 30, 2362. 

H. Whitaker. U. S. P. 1,952.482, Mar. 27, 1934. to Petroleum Processes Corp.; Brit. Chcm. 
Abs. B. 1935. 216; Chcm. Abs., 19.14. 28. 3574. 

»«F. M. Rogers, U. S. P. 2.028.995. Jan. 28. 1936. to Standard Oil Co. of Ind.; Chcm Abs., 

1936. 30. 1992; J. Inst. Pet. Tech., 1936. 22. 158A. 

Carleton Ellia, U. S. P. 1,966,790. July 17. 1934, to Standard Oil Development Co.; Chcm. 
Abs., 1934, 28. 5652; Brit. Chcm. Abs. B. 1935. 441. 

•♦♦J. C. Morrell. U. S. P. 1.973 500. Sent. 11, 1934. to Universal Oil Products Co,; Brit. Chcm. 
Abs. 1935, 794; Chcm. Abs., 1934, 28, 6993. 
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—20®C.) followed by steam distillation is described by Kirsanov and Suslina.*^® 
The sulphur compounds are said to be converted partly into sulphuric acid and 
partly into non-volatile acidic and neutral bodies. Simultaneously with desul¬ 
phurization there is a lowering of the iodine number and content of naphthenes, 
while the proportions of saturated and aromatic hydrocarbons increase. It is 
suggested that some gasolines contain sulphur derivatives of naphthenes and 
aromatics. The rate of desulphurization was not affected by water, lime, sulphuric 
acid or potassium dichromate.^**^ Other oxidizing agents which have been pro¬ 
posed, particularly for cracked hydrocarbons, are aqueous solutions of an alkali 
pyrosulphate-^^ or persulphate-**^ and sulphuric acid, and oxides t)f nitrogen diluted 
with an inert gas such as carbon dioxide.*-^**^ Hydrogen or sodium peroxide, 
sodium persulphate mixed with alkali hydroxides or carbonates,-^* and per-acids, 
such as per-acetic or mono-persulphuric acid,-*^- have been recomniended. 

The treatment of gasoline vapors with hypochlorous acid to secure a product 
of low sulphur and gum contents is described by Egloff.'-^”'** Aqueous sodium hypo¬ 
chlorite exerts very little effect on thiophene though the free acid attacks it read- 
ily 254 effective solution of this acid can be prepared by adding acetic acid 
to a water solution of sodium hypochlorite until the pH (glass electrode) is 3.9-4.0. 
This reagent appears partly to oxidize thiophene to sulphuric acid and partly to 
transform it to derivatives of much higher boiling points. According to Davis,^^**'* 
heterocyclic sulpliur compounds are removed by subjecting the distillate to halo- 
genation, in the presence of a catalyst, e.g., iron or aluniinuni, and afterwards 
heating with piperidine or its homologues. 

Other desulphurizing agents which have been suggested are ferric sulphate,*^**** 
metallic nitrides,-'*^ such as magnesium nitride, ferric nitrate,-*’^ and ammonium 
chloride vapors in the presence of zinc.^^® Maliyantz-‘“* reports that in many Rus¬ 
sian crude oils the bacteria Spirillum aestnari produces a partial decomposition of 
sulphur compounds to hydrogen sulphide and sulphuric acid, and also some oxida¬ 
tion of the hydrocarbons. Such bacteria, however, do not act in an alkaline medium. 


-‘•'A. Kirsanov anti V. N. Suslina. J. Applied Chem. (C.SS.R.), 1935, 8, 277; Chem. Abs., 
1936. 30. 3977; Brit. Chem. Abs. B, 1935, 709. 

A. V. Kirsanov. I. M. Polyakova and Ya. N. Ivaschenko. J Applied Chem. ii’.S.S.H.), 1935, 
8. 1197; Brit. Chem. Abs. B, 1936, 178; Chem. Abs., 1936. 30, 5772. 

J. C. Morrell, U. S. P. 1,954.487. April 10, 1934. to llnivcrsal t)jl Products ( o., Chem. Abs., 
1934, 28. 3884; Brit. Chem. Abs. B. 1935, 136. 

^J. C. Morrell, U. S. P. 1,954.488. April 10, 1934, to I'niversal Oil Prcxlucts Co.; Chem. Abs., 
1934. 28. 3884; Bnt. Chem. Abs. B. 1935, 136. 

C. Morrell. U. .S. P. 1.933.748, Nov. 7, 1933. to Universal Oil Products Co.; J. Inst. Pet. 
Tech., 1934, 20, 40A; Brit. Chem. Abs. B, 1934, 748; Chem. Abs., 1934, 28. 628. 

»"J. Herzenberg. British P. 424,616, 1935; /. Inst. Pet. Tech., 1935, 21, 174A; Brit. Chem. Abs. 
B, 1934, 344; Chem. Abs., 1935, 29. 5260. 

H. V. Rees and C, F. Teichmann, U. S. P. 1,955.607, Apr. 17, 1934, to Texas Co.; Brit. 

Chem. Abs. B. 1935, 136; Chem. Abs., 1934, 28. 3883. 

*“J. Herzenberg, French P. 758.567, 1934; Chem. Abs., 1934. 28. 3228. British P, 424,564. 
1935; J. Inst. Pet. Tech., 1935. 21, 174A; Chem. Abs., 1935, 29. 5260; Brit. Chem. Abs. B, 1935, 344. 

*•0. Egloff, U. S. P. 1,986,190, Jan. 1, 1935, to Universal Oil Pro<luct5 Co.; Chem. Abs., 1935, 
29, 1239. 

E. G. R. Ardagh and W. H. Bowman. J.S.C.I., 1935, 54, 267T; Chem. Abs., 1935, 29. 6889- 
J. Inst. Pet. Tech., 1935, 21, 376A; Brit. Chem. Abs. B, 1935, 885. 

R. F. Davis. U. S. P. 1,980.189, Nov. 13, 1934, to Universal Oil Products Co.; Brit Chem 

Abs. B. 1935, 937; /. Inst. Pet. Tech., 1935, 21, 65A; Chem. Abs., 1935, 29, 332. 

»»T. Scott, U. S. P. 1.999,112. Apr. 23, 1935, to Refiners Ltd.; Chem. Abs., 1935. 29. 4166; 

/. Inst. Pet. Tech., 1935, 21, 220A. British P. 409,816, 1934; Chem. Abs., 1934, 28. 6296; Brit. 

Chem. Abs. B, 1934, 664. See also Z. Z. Biluchowski and R. Dobrowolski, Praemysl. Chem ’ 1934 
18, 309; Brit. Chem. Abs. B. 1935, 133; Chem. Abs., 1935, 29, 6411. •» * . 

R. E. Schaad, U. S. P. 1,954.843, Apr. 17, 1934, to Universal Oil Proflucts Co.* Brit Chem 
Abs. B, 1935, 135; Chem. Abs., 1934, 28, 3887. 
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Chapter 20 


Reactions of Olefins with Halogens. Olefin Dihalides 
and Their Derivatives 

Olefin hydrocarbons, as a class, react easily with haloj^ens, forming addition 
compounds.^ This additive capacity distinguishes them from the paraffin hydro¬ 
carbons which are capable of forming substitution derivatives only. Direct com¬ 
bination of the unsaturated hydrocarbons to yield olefin dihalides or dihalogen 
derivatives of the corresponding paraffins may be represented as: 

R R R X X R 

\ / \l 1/ 

C==C -fX, —V C--C 

/ \ / \ 

R R R R 

where A’ is a halogen atom and R a hydrogen atom or alkyl group.- Interaction 
between monolefins and halogens is most vigorous in the case of bromine, less so 
with chlorine, and even less so with iodine. It also appears that the rate of 
halogenation of the simple monolefins increases with increasing molecular weight 
up to a maximum and then decreases, though constitutional influences play an im¬ 
portant role.*'' Further, though the addition of halogens to olefins occurs rapidly, 
substitution also takes place to some extent with the production of polyhalogen com¬ 
pounds. The power of unsaturated hydrocarbons of combining directly with bro¬ 
mine and iodine is the basis of a number of methods of estimating these hydro¬ 
carbons, some of which are discussed in Chapter 49. 

In the naming of the addition products of unsaturated hydrocarbons, some ques¬ 
tions concerning their designation may arise. For example, dichloroethylene 
(C1HC--CHCl) may be confused with ethylene dichloride (ClHoC—CHoCI). 
The former is an unsaturated compound while the latter is completely saturated. 
The naming of the halogenated compounds by means of the unsaturated hydro¬ 
carbon from which they are derived serves to emphasize their origin. Although 
ethylene dichloride and 1.2-dichloroethane are the same material the name “ethylene 
dichloride” has been used to designate the compound made from ethylene by addi¬ 
tion of chlorine, and “1.2-dichloroetbane” to mean that made by substitution of 
chlorine for hydrogen atoms in ethane. Such distinctions are purely arbitrary, 
however.** As the series of hydrocarbons is ascended and the structure of the 
derivatives l>ecomcs more complex, the halogen comjHninds can only be designated 
as derivatives of the hydrocarbon, preceded by a prefix indicating the nature and 
number of the halogen atoms. Thus, in the case of hutene-1, the compound which 
is formed on the addition of chlorine is named 1,2-dichlorobutane. 

' For a discusiiion of the activation energies of some reactions between the halogens and the 
ethylene douhle bond, see A. Sherman and C. £. Sun. J.A.C.S.. 19.U. 56. I09o; Brit. Chem. Ahs. 
A. 19.14, 736; Cfcem. Abs., 1934. 28, 4295. ). v.Braun. BhU so.\ chim., 1936, 3, 1919. 

* See. for example. A. Sherman. O. T. Quimby and R. O, Sutherland. J. Chem. Ph\s., l‘)36, 4, 
732; Chem. Abs.. 1937, 31, 94. 

^ Cf. Carlcton Ellis. "The Chemistry of Petroleum Derivatives.” The Chemical Catalog Co,. Inc., 
New York. 1934. 

♦For a list of the known chlorinated derivatives of the Ci and C* hydrocarbons; see Carletoo 
EnU, toe, cit. 
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Ethylene Dichloride (1,2-Dichloroethane) 

Ethylene dichloride, CICH 2 CH 2 CI, has been prepared, in general, by the addi¬ 
tion of chlorine to ethylene. The reaction may be carried out in the vapor or 
liquid phase, in the presence of catalysts or by employing solvents. Temperatures 
above 25®C. cause the rate of reaction to be increased, and under these conditions 
it has been found difficult to limit the reaction to direct addition, since substitution 
nearly always occurs.^* 

An explanation of the mechanism by which chlorine is added to ethylene has 
licen offered by Stewart and Weidenbaum.® These investigators studied the photo¬ 
chlorination of gaseous ethylene in the absence and presence of gases which might 
accept chlorine. Also they investigated the effect of solvents which could interact 
with chlorine, such as ethylene dichloride and pentane. Photochlorination of ethyl¬ 
ene was carried out by conducting a mixture of ethylene and chlorine, each at a 
pressure of 10 cm. of sulphuric acid, into a reaction flask. The latter was illu¬ 
minated by light of approximately 4360 A, furnished by a 500-watt tungsten lamp 
and was evacuated to 10“*^ mm. of mercury before the reactants were introduced. 
The partial pressures of each gas were measured on a sulphuric acid manometer 
which also served to follow the reaction rate. It was reported that the addition 
proceeds at a rate proportional to the chlorine concentration at constant light in¬ 
tensity and independent of the ethylene concentration. Accordingly, a mechanism 
was proposed for the reaction, 

Ch + Hu 
Cl + Cl, 

Cl, + CtHi 

C,H4C1, 

C,H4C1, -h W* 

• W — wall of reaction ves'^el. 

It was pointed out that when hydrogen was added to the above reactants and 
interaction allowed to take place in the absence of light, there was no detectable 
combination between hydrogen and chlorine. In the presence of light, even with 
a hydrogen-ethylene ratio of 9.64:1, only 10.7 per cent of the total chlorine which 
reacted combined with hydrogen. This would indicate a reactivity in favor of the 
ethylene of about 81-fold. It w'as suggested that this result be interpreted in terms 
of the difference in the heats of activation of the two reactions. Since the heat of 
activation of the photochemical hydrogen-chlorine reaction is 6000 calories, that 
for the addition of chlorine to ethylene photochemically would be less than 1400 
calories. 

In studying the effect of solvents upon the combination of chlorine and ethylene, 
the reaction was carried out at 0®C. by immersing the reaction flask in an ice bath. 
At the end of a definite length of time (30 or 60 seconds), the amount of chlorine 
which had been chemically combined was determined by adding potassium iodide 
and titrating the liberated iodine with sodium thiosulphate solution. The amount 
of hydrogen chloride produced, which was a measure of the amount of substitution, 
was obtained by titrating the contents of the flask with sodium hydroxide. When 
pentane was employed as a solvent, it was reported that from 35.5 to 73.6 per cent 
of the reacting chlorine produces hydrogen chloride. Further, if at a given initial 
chlorine concentration the initial ethylene concentration is increased, more substi- 

*• Carlrion EIH*, ‘The Chemistry of Petroleum Derivatives.” The Chemical Catalof Co., Inc., 
New York. 1W4. 

*T. D. Stewart and B. Weidenbaum, J.A.C.S., 1935, 57, 2036; Chfm. Abs., 1936. SO. II03* 
Brit. Chem. Aht. A, 1936, 37. * 
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tution occurs. Conversely, a relative increase in the chlorine concentration de¬ 
creases substitution. The latter was said to occur probably upon the pentane, as the 
use of ethylene dichloride as a solvent for the same reactants produced about 10 
per cent substitution as a maximum. 

The question was proposed as to whether the intermediate in this induced 
substitution of pentane is the same molecule as the intermediate in the photo¬ 
chemical chlorination of ethylene. A chlorine atom may be an intermediate in both 
the chain reaction of addition to ethylene and the chain reaction of substitution 
upon pentane, but, as in the case of the hydrogen-chlorine reaction, ethylene should 
be an efficient inhibitor for the pentane-chlorine interaction. Increasing ethylene 
should decrease, not increase, the substitution if chlorine atoms were responsible. 
Therefore, it was suggested that some derivative of ethylene is the intermediate in 
the substitution reaction. If chlorine atoms were competed for by both ethylene 
and chlorine, and if (of the two products) C 2 H 4 CI promoted substitution and Cls 
promoted addition, the data obtained could be qualitatively accounted for. 

Cl + Ch cu 

Cl C 2 H 4 C,H4C1 

C,H4-fCh C,H4CU —y C,H4C1,+ C1 

C,H 4 C 1 + C 1 , CtH4CU C,H 4 C 1 ,-fCl 

C 5 H 4 CI 4 - CsH„ C,H4 + C,Hn -h HCl 

C*H„ 4 - Cl, —C*H„C1 -h Cl 

The rates of chlorination of a number of gaseous olefins and the advantages 
offered by various types of apparatus have been reported.® It is stated that the 
combination of chlorine with different olefins proceeds with various velocities, the 
reactivity of the olefins increasing with the size of the molecule. Chlorine, if pres¬ 
ent in excess, combines primarily with the propenes and butenes rather than with 
ethylene, when the gases from the pyrolysis of petroleum are treated. The velocity 
of the chlorine as it enters the reaction zone is said to affect the yield, a high 
velocity favoring the production of dichlorides of aH olefins present. I'he use of 
a solvent for the gaseous hydrocarbons brings about the formation of polychlorides. 
A lowering of the process temperature is suggested to inhibit substitution, although 
even at -“10°C., polychlorides to the extent of 12 to 15 per cent are obtained. 
Combination of the reactants in the vapor phase in metallic apparatus is recom¬ 
mended to lower the proportion of higher chlorine derivatives. When the reaction 
temperature is in the range 40-50°C. and the ratio of chlorine to olefin is 1 :1 by 
volume, from 90 to 95 per cent of the theoretical yield of dichlorides is said to be 
secured. Of the two types of metallic apparatus investigated, copper and iron, the 
former is advocated as more efficient. When an iron reaction chamber is em¬ 
ployed, the product is stated to have a black color because of the ferrous and ferric 
.salts which are formed. The presence of methane, hydrogen and carbon monoxide 
in cracking gas apparently does not interfere with the chlorination of the olefin 
portion, since the former gases are reported to be unaffected by the halogen.’^ 
Also, it was confirmed that the velocity of the chlorination of propene is so much 
greater than that of ethylene that a complete separation of the two dichlorides is 
possible. For this purpose, a method of fractional halogenation has been pro¬ 
posed.® The reaction unit consists of two iron chambers packed with iron turnings 
and connected by means of a tube. Cracking gas is fed into one chamber from the 

*Yu. G. Mam^daliev. Awer, Neft. Kkot.. 19SS, No. 3, 67; Brit. Ckem. Abs B, 1936, 631; 
Chem. Abs., 1935. 29, 6205. For a review of the preparation and applications of ethylene chloride, 
•ce T. H. Frvdlender. Rev. prod. ckim.. 1935, SS, 385; Ckem. Abs., 1935, 29, 7935. 

^ A. F. i)obryanakii. R. A. Gutner and M. K. Shchieel'skaya. /. At>piicd Ckem. (.U.S.S.R.), 

1933, 6. 1133: /. !nst. Pet. Teck., 1934. 2v. 6I6A; Ckem. Abs., 1934. 28, 4877; Brit. Ckem. Abs. B. 

1934, 228. Trans. Inst. A^ied Ckem. (V.S.S.R.). 1935, 24, 5; Ckem. Abs., 1935, 19. 7272. 

* A* F. Dobryantkii, R. A. Gutner and M. K. ShchieeFafcnva, Trans. State inst. Apfdied Ch^. 

(V.S.S.R.), 193S. 24. 21; Ckem. Abs., 1935, 29. 7271; Brit. Ckem. Abs. B, 1936, 1032. 
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top and chlorine into both from the bottom. Reaction takes place in the first cham¬ 
ber, resulting in the chlorination of the homologues of ethylene which separate as 
liquids and are removed from the bottom. Ethylene, which is substantially un¬ 
affected, is then conducted into the second chamber where it is chlorinated. The 
temperature of the entire reaction zone is maintained between 70 and 120°C. and 
the yield of ethylene dichloride is reported to be 90 per cent of theoretical. 

A similar apparatus has been suggested for a liquid phase addition of chlorine to 
ethylene.® Combination was effected at 18-24®C. by conducting ethylene and chlo¬ 
rine in equimolecular proportions into a solvent consisting of ethylene dichloride. 
Or the reactants are passed into an iron tube filled with shavings of the same metal 
wet with ethylene dichloride. Employment of the latter substance is said to lower 
the amount of kerosene required for scrubbing the reaction products and to in¬ 
crease the amount of dihalide secured. A mixture of trichloro- and tetrachloro- 
propanes and butanes has also been advocated as a solvent vehicle tor the above 
reactants.'** In this case, the solvent vehicle is conducted into the reactitm cham¬ 
ber near the top while the ethylene and chlorine enter near the bottom, 'fhe tern- 
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Fig. 127. Flow Sheet for Chlorination of Ethylene. (M. Berliner) 


perature is maintained'at 5°C. and the pressure at 1 atmosphere. As soon as the 
olefin and halogen are dissolved the liquid mixture is removed and afterwards 
washed, dried and fractionated. In the last step the solvent is separated and may 
be employed again. This is illustrated diagrammatically in Fig. 127. The yield of 
ethylene dichloride is reported to be between 68 and 76 per cent of tiie theoretical. 

Contact agents are utilized to increase the speed of chlorination of ethylene in 
the vapor and liquid phases. Reynhart" points out that an ethylene cut, obtained 
from the low temperature fractionation of coke oven gas and containing 12.4 per 
cent of the above olefin, may be forced together with chlorine, at the rate of 1800 
and 200 liters per hour, respectively through a “wetting'" zone and then through 
a heater containing a promoter. The latter was secured by evaporating an aqueous 
solution of potassium ferrocyanide, aluminum chloride and ferric chloride. The 
temperature at the intake to the heater is 15®C., that of one-third and two-thirds of 
the length is 80®C. and 135®C., respectively. Upon issuing from the reaction cham¬ 
ber, the products were cooled to —5®C. to effect separation of the dihalides from 
the permanent gases. A yield of 90 per cent of the theoretical amount of ethylene 
dichloride was said to be gotten. In another process, catalysts are incorporated in 

•A. F. T>ot)ryan)ikii and M. .S. Khoniutin. Trans. Statr Inst. Chem. iV.S.S.K.) 1915 

24, .12; Chem. Abs.. 1935, 29. 7271; Brit. Chrm. Abs. B, 19.16. 10.12. 

‘®M. Berliner. V. S. P. 2,022.616, Nov. 26, 1935. to Texan Co.; Chem. .Ihx., 19.16. 30. 7.10- 
Brit. Chem. Abs. B, 1936, 1192. 

''A. F. A. Reynhart. U. S. P. 2,043,932, June 9, 1936, to Shell l)evelov>ment Co.; Chem. Abs., 
1936, SO, 5235. British P. 446.411, 1936. to BataafKchc Petroleum Maatsch.inpij; Chem Abs 
1936, 30. 6757; /. Inst. Pet. Tech., 1936, 22. .168A; Brit. Chem. Ah.x. B. 19.16, 919. French P* 
801,395, 1936; Chem. Abs., 1937, 31. 416. 
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solvents.^- Among the former are included the chlorides of antimony, bismuth, 
iodine, phosphorus, sulphur, tin and manganese, and the solvent is tri- or penta- 
chloroethane. Chlorine and gaseous olefin are led into the liquid solvent at 20°C. 
and 1 atmosphere pressure. 


Fkopkrtiks and Usks of Ethylene Dichloride 

Ethylene dichloride is a heavy, colorless liquid with a chloroform-like odor. 
It boils at 83.5°r. at 760 mm., freezes at —36°C.. has 1.2569, is soluble in water 
to the extent of 0.87 g. per 100 cc. of water at 20°C., and has a vapor pressure of 
78 mm. of mercury at 20°C'. In the presence of oxygen and ultraviolet light of 
short wave length, it is said to be converted into chloroacetic acid.^^® 

Its toxicity has been studied and compared w'ith that of certain other organic 
compounds.**^ For single exposures over a period of an hour or more the poison¬ 
ous effect of ethylene dichloride is reported to be of about the same order as that 
of benzene, carbon tetrachloride or chloroform. For periods of less than an hour 
it is stated to be less toxic than these compounds. A comparison with gasoline is 
made but since gasoline, as a commodity, may vary greatly in composition within 
those limits imposed by volatility and other requirements the original publication 
as well perhaps as the investigators themselves should be consulted for any needed 
data. 

The odor of the dichloride vapor is distinct and noticeable in relatively safe 
proportions. Also, it is reported to produce marked symptoms of dizziness in con¬ 
centrations that will not cause permanent injury. Since the data were obtained 
from a study of single exposures, no interpretation was drawn applying to the 
possible effects of repeated exposure. It was indicated, however, that repeated ex- 
po.sure would not cause a chronic type of poisoning of a nature other than the 
logical expectation of a possible accumulation of poisonous effects where the daily 
exposure is sufficient to cause the latter. 

Solvent Properties. As a solvent, ethylene dichloride is said to possess 
many desirable characteristics, for example, high solvent power, low inflamma¬ 
bility and availability in large quantities.^^ In the separation of mineral oils from 
paraffin wax, it has been suggested that the dichloride be employed alone^^ or 
admixed with o-dichlorohenzene and propene dichloride,dipropyl ether,'* metha¬ 
nol*^ or acetone.*** At lo\v temperatures ( — 10 to —25°C.') the dichloride or one 
of the compositions mentioned above is reported to dissolve the oil completely an<l 
almost none of the wax. On the other hand, it has been pointed out that ethylene 
dichloride is not applicable for the dewaxing of highly viscous oils.-** The reasons 

British P. 425.061. 19.15. to T. G. Farbenind. A.-(L; Bnt. Chem. j4bs, B, 1955, 618; Chem. 
Abs., 1955. 29. 5127. French P. 770.945. 1954; Chem. Abs., 1955, 29, 817. 

F. Muller and K. Ehrmann, ficr., 1956, 69, 2207; Chem. Abs.. 1957. 31, 95; Brit. Chem. Abs. 

A. 1956, 1 558. 

R. R Sayers, W. P. Yant, ('. P. Waite and F. A, Pattv. C. S. Bub. Health Ref*ts., 1950, 
45, 225; them. Abs., 1*^50. 24. 2187. 

('arleton Ellis. "The C'hemistry of Petroleum Derivatives,” The C'hemical Catalog Co.. Inc., 
New York, 1934. See also. E. W. Reid, C. S, P. 2,070.962, Feb. 16. 1957, to Vnion Carbide and 
(’arbon (’orp. 

L. 1). Jones. I’. .S. P. 1.950,479. Oct. 17. 1955. to Sharpies Si>ecialty Co.; Brit. Chem. Abs. 

B, 1954. 791; Chem. Abs., 1954. 28, 514. British P. 447,415, 1956; /. Inst. Pet. Tech., 1956, 22. 
359A; Chem. Abs., 1936. 30. 7526. 

B. Y. McCarty and W. E. Skelton. IL S. P. 1,995,155. March 19. 1935. to Texas Co.; Chem. 
Abf., 1955, 29. 5149. 

B. Y. McCarty and W. E. Skelton, U. S. P. 1.998.597, April 16. 1955, to Texas Co.; Brit. 

Chem. Abs. B. 1956. 45H; Chem. Abs., 1955. 29, 3822. 

** E. B. Hjerpe and W. A. Cruse. U. S. P. 2.042.995, June 2. 1956, to Gulf Research A 

Development Corn.; Chem. Abs., 1956, 30, 5022; J. Inst. Pet. Tech., 1956. 22. 406A. 

French P. 762.949, 1934. to Akticbolaget Separator-Nobel; Chem. Abs., 1934, 28, 5224. 

D. ('tolMberg, 1. Ahezgauz and L. Margolis, Ascr. Neft. Khos., 1935, No. 3, 74; Brit. Chem. 
Abs. B, 1936, 728; Chem. Abs., 1935, 29, 6411. See also, A. Voronov and L. Kutzenok, Navosti 
Seftepererabotki, 1936, 3 (6), 1; Chem. Abs., 1936, 30, 6930. 
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advanced for this statement are the relative insolubility in ethylene dichloride of 
oils which have a relatively large proportion of solid paraffin present, and the 
selective properties of the solvent. By the second assertion is meant that some of 
the higher liquid hydrocarbons are relatively insoluble in ethylene dichloride and 
are transferred in part to the wax portion, so that the yield of dewaxed oil is 
lowered. The solvent properties of ethylene dichloride have been utilized in other 
preparations. For example, it may be employed to purify explosive substances. In 
one procedure the separation of di- and trinitrotoluene is brought about by dissolv¬ 
ing a mixture of the two in 85 per cent of carbon tetrachloride and 15 per cent of 
ethylene dichloride. The solution is then cooled to recrystallize the trinitrotoluene, 
which has a higher melting point than the derivative containing two nitro groups.*' 
Tetryl, or 2,4,6-trinitrophenyl methyl nitramine, may be purified by dissolving it 
in 1.7 times its weight of ethylene dichloride at 80®C. Upon cooling the solution 
to 20®C., the tetryl is said to be recrystallized.^^ Hard greases which are to be 
used in hot bearings are softened to some extent by the addition of a small propor¬ 
tion of ethylene dichloride and then applied from a mechanical lubricating sys¬ 
tem. When it has been placed in the bearing the dichloride evaporates in the 
course of time, leaving a grease of the original consistency. An interesting use of 
the solvent properties of ethylene dichloride is for the extraction of white zein*^ 
from yellow corn. According to Mason and Palmer^® yellow zein may he dissolved 
in hot 95 per cent ethanol. The addition of ethylene dichloride to this solution will 
effect the dissolving, in the dihalide, of any fat or pigment which is present. The 
decolorized zein may then be precipitated from the alcohol by incorporating acetone 
or ether in the latter. The last traces of color are removed from the zein by scrub¬ 
bing it with ethylene dichloride. A mixture of acetic acid and the dichloride is 
reported to comprise a suspending vehicle for cellulose which is to be acetylated.*^ 
The suspension is heated and acetic anhydride incorporated, together with a small 
proportion of sulphuric acid which serves as a catalyst. A mixture of 80 per cent 
of chloroform, 16 per cent of ethylene dichloride and 4 per cent of ethanol is sug¬ 
gested as a solvent for water-proofing compositions.-^ The latter consists of 3.8 
per cent of cellulose acetate and 11.5 per cent of hydrogenated rubber, which are 
incorporated in 84.7 per cent of solvent and applied to the cloth with a doctor 
knife. Also, it is said to be an efficient solvent for heliotropin (benzaldehyde-3,4- 
methylene ether) when the latter is to be converted to pyrocatechualdehyde (3,4- 
dihydroxybenzaldehyde).*® The solvent properties of the dichloride have been 
utilized in the preparation of liquid insecticides containing rotenone.*® 

The conversion of ethylene dichloride to ethylene glytiol, by hydrolysis with 
aqueous sodium carbonate, or to glycol diacetate, bv heating ^ith an anhydrous salt 
of acetic acid, is discussed in Chapter 22. When heated with caustic alkalies ethy¬ 
lene dichloride loses first one molecule of hydrogen chloride to yield vinyl chloride. 


«W. H. Rinkenbach. U. S. P. 1.936,607, Nov. 28. 1933; Chem. Ahs.. 1934, 28. 1194; 6rH. 
Chem. Abs. B, 1934, 825. 

*W. H. Rinkenbach and E. D. Regad, U. S. P. 1,940.811, Dfc. 26. 1933; Brit. Chem. Abe 
B, 1934, 862; Chem. Abs., 1934, 28. 1366. 

»W. D. Hodaon, U. S. P. 2.031,368. Feb. 18, 1936; Chem. Abs., 1936. 30. 2366. 

** Zein is a protein found in corn. 

•I. D. Mason and L. S. Palmer, /. Biol. Chem., 1934, 107, 131; Brit. Chem. Abs. A, 1935 268: 
Chem. Abs., 1935, 29. 1136. 

••C. J. Malm, Canadian P. 349,934, 1935, to Eastman Kodak Co.; Chem. Abs., 1935, 29. 4939 
C/. C. J. SUud and L. M. Minsk, U. S. P. 2.008,995, July 23, 1935; Brit. Chem. Abs. B. 1936 
690; Ckem. Abs., 1935, 29, 6056. 

M. Alvarado, R. B. Flint and L. P. Hubbuch, U. S. P. 2,061,127, Nov. 17, 1936. to E I 
dtt Pont de Nemours A Co.; Chem. Abs., 1937, 31. 889. 

"M. S. Carpenter and E. C. Kuns, U. S. P. 2,027.148, Jan. 7, 1936, to Givaudan-Delawanns 
Inc.; Chem. Abs., 1936, 30, 1395. 



1936, to Stanco Inc.; Chem. Abs., 1937, 31, 
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The properties and uses of this latter compound are mentioned in Chapter 28. 
Further treatment with caustic alkalies eventually yields acetylene, thus: 

CHjCl CH, CH 

I -^11 111 

CH,C1 CHCl CH 

A similar series of changes occurs when ethylene dichloride is subjected to 
pyrolysis at 600®C. in an atmosphere of nitrogen. Vinyl chloride and hydrogen 
chloride are produced (this reaction is probably reversible at lower temperatures), 
while at still higher temperatures acetylene is produced.^® 

Reaction of Ethylene Dichloride with Ammonia 

Ethylenediamine may be produced from ethylene dichloride by interaction with 
ammonia, according to the equation 

CH,C1 CHiNHj 

I . 4-4NH, I -f2NH4Cl 

CH,C1 CHjNHi 

Bersworth^i suggests that liquid ammonia be heated in an autoclave to 150°C. to 
vaporize it and to generate a high pressure. Ethylene dichloride is then forced into 
the hot, compressed ammonia vapor, forming ethylenediamine hydrogen chloride 
(Sec Fig. 128). To recover the free diamine, the products are treated with caustic 
soda at 1(X)°C. and conducted to an expansion chamber where the temperature is 
maintained at 130°C,, which is above the boiling point of ethylenediamine (117®C.). 
The diamine vapors and unreactcd ammonia are then led to a dehydrating column, 
where the diamine is dried and condensed. The unreacted ammonia may be re¬ 
cycled. In another procedure 500 g. of the dichloride, 18(X) cc. of concentrated 
ammonium hydroxide, and 400 g. of cuprous chloride are placed in an autoclave 
and subjected to a temperature of 9S°C. and a pressure of 150-3(X) lbs. per sq. in. 
for a period of 2 hours.The copper salt is present in the reaction chamber to 
form a complex salt with the ethylenediamine produced. At the end of the heat¬ 
ing period, sodium hydroxide is incorporated in the products, and the mixture is 
distilled. The portion boiling at 117°C. at 760 mm. is retained. It is reported 
that the yield of ethylenediamine is from 60 to 82 per cent of the theoretical. Other 
compounds which have been employed to form addition products with ethylene¬ 
diamine include zinc chloride and zinc oxide.^^ To separate the diamine from its 
salts, it has been recommended that the latter be dissolved in liquid ammonia and 
then admixed with carbon dioxide.*'*'* In this manner the carl)amate of ethylenedia¬ 
mine is said to be precipitated, and may be decomposed by heating with water. 
Mnookin®* suggests that ethylene dichloride be treated with water and ammonia 
and a small proportion of ethanol to furnish ethylenediamine. The water is stated 
to act as a hydrolyzing agent, forming an intermediate with the dihalide with 
which the ammonia interacts. For example, 200 cc. of ethylene chloride, 340 cc. of 
concentrated ammonium hydroxide and 1600 cc. of water are heated at 140-150®C. 
and 150 lbs. per sq. in. for 0.5 hour to yield 40 per cent of the theoretical amount 

•®r^ Carleton Ellis, “The Chemistry of Petroleum Derivatives,*’ The Chemical Catalog Co.. Inc., 
New York, 19S4. For vinyl resins, see Carleton Ellis, “The Chemistry of Synthetic Resins,” Rein¬ 
hold Publishing Corp., New York, 1935. 

•' F. C. Bersworth, U. S. P. 2.028.041, Tan. 14, 1936, to F. Kattek; Cktm, Abs., 1936. 30, 1395. 

“W. M. Uuter, U. S. P. 2.020.690, Nov. 12. 1935, to Wingfoot Corp,; Ckem, Abs., 1936, 30, 
486; Brit. Chrm. Abs. B, 1936, 1142. 

“French P. 739,317, 1932; Chem. Abs.^ 1933, 27, 2159. German P. 624.379. 1936; CMcm. Abs., 

1936, 30, 2580, Both to Goodyear Tire & Rubber Co. 

** P. Herold and K. Sennewald, German P. 635,397, 1936, to I. G. Farbenind. A.‘-G.; Ciitem. Abs,, 

1937. 31, 117. 

“ N. M. Mnookin, U. S. P. 2,049,467, Aug. 4. 1936; CMsm Abs., 1936. 30, 6389. 
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Reaction or Ethylene Dichloride with Sulphides 

The reaction between ethylene dichloride and alkaline earth sulphides leads 
to the formation of plastic materials. For example, the dichloride may be reacted 
with calcium or sodium sulphide in water in the presence of magnesium hydroxide 
to form a latex-like dispersion of a plastic which coagulates upon acidification of 
the mixture. The sulphide plastics thus formed are reported to be applicable as 
dielectrics.^® Ethylene dichloride will interact with polysulphides, such as sodium 
polysulphide, in the presence of egg-albumin and magnesium hydroxide.^® The 
latter substances are employed as protective colloids for the formation of the 
ethylene polysulphide. In one case, 250 g. of sodium polysulphide are incorporated 
with 1 g. of egg-albumin, 15 g. of magnesium chloride and 6 g. of sodium hydrox¬ 
ide in 125 cc. of water. The mixture is then heated to 100-110°F. (38-43°C.) 
under a reflux condenser and ethylene dichloride added slowly. At the end of 1.5 
hours the temperature is raised to 190-195®F. (88-90°C.) for a few minutes. The 
water-soluble products are removed by extraction with water and the ethylene 
polysulphide coagulated by further addition of alkali. The olefin polysulphide ob¬ 
tained is said to be useful in molding operations. The addition of a small propor¬ 
tion (0.01-1 per cent) of dibutylamine, triethanolamine and monoethanolamine to 
ethylene dichloride and sodium polysulphide in carbon disulphide solution has been 
advocated.**' The product obtained is stated to have many properties which re¬ 
semble those of natural rubber. Certain of the reactions and properties of the 
ethylene polysulphides have been pointed out by Patrick.*2 When the polysulphidc 
is heated with caustic soda at 80-90®C. ethylene disulphide is said to be formed. 
However, the polysulphide is stated to be unaffected by boiling acetone or by 
sublimation under a high vacuum. Ethylene disulphide is reported to be a thermo¬ 
plastic powder'*'^ with no definite melting point and to be unaffected by organic 
solvents, including carbon disulphide. 

Othkr Hkactions and U.sk.s of Eihylknk Dichloridk 

Ethylene dichloride combines with salts of aliphatic acids to form esters from 
which ethylene glycol may he obtained. Coleman and Moore** report that the 
diacetic ester of ethylene glycol is furnished by the interaction of ethylene dichlo¬ 
ride and sodium acetate in the presence of a catalyst consisting of pyridine. When 
sodium stearate is employed in place of .sodium acetate, the product is ethylene 
glycol distearate.*^ This latter compound, when added to a dewaxed mineral oil 

»J. r. Patrick. V. S. P. 1.950.744. March 19. 19.t4: Chem. Ahs., 19.14. 28. 3541. Cf. Carlcton 
Ellis, “The Chemistry of Synthetic Resins." Reinhold Publishing Corp.. New York. 1935. 

•«J. C. Patrick. C. S. P. 2.012.347. Aug. 27. 1935; Chem. Abs., 1935. 29. 66n8. Cf. V. S. P. 
1.990.202. Feb. 5. 1935; Chem. Ahs.. 1935. 29. 1903. 

British P. 422.82(». 1935. to I. (I. Farbenind. A.-G.; Brif. Chem. Ahs. B. 1935. 280; J. Inst. 
Pet. Tech.. 1935. 21. 14()A; Chem. Abs.. 1935. 29. 4379. Cf. P. I. Pavlovich and S. M. Tartakovskii. 
Russian P. 39.101. 1934; Chem. Abs.. 1936. 30. 5441. For a discussion of the |x>ssihilitie8 of pre¬ 
paring synthetic nibl>er from methane, through ethylene and ethylene dichloride. see H. Pichler. 
Ces. Abhandl. Kenutiiis Kohle. 1934, 11, 329; Chem. Ahs.. 1935. 29. 6798; Chem. Zentr., 1934. 2. 
853. 

C. Patrick. Trans. Faradav .?oe.. 1936. 32, 347; Chem. Abs.. 1936. 30, 2462; Brit. Chem. 
Abs. A. 1936. 312. 

^A thermoplastic sulwtance is one which is adeMuately rigid at normal temi>eratures and under 
ordinary conditions of stress but is capable of deformation under heat and pressure. For a discussion 
of sulphur-olefin resins, see Carleton Ellis. “The Chemistry of Synthetic Resins," Reinhold Pub 
lishing Corp.. New York. 1933. C hapter 58. 

H. Coleman and G. V. Moore. T. S. P. 2.021.852. Nov. 19. 1935. to Dow Chemical Co; 
Chem. Abs., 1936. 30. 485; Brit. Chem. Ahs. B. 19.36. 1192. 

lA 356,637, 1936. to Texaco Development Corp.; Chem. Abs., 1936. 
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in the proportion of 0.1 to 1 g. of ester per 100 cc. of oil, is said to lower the pour 
point of the oil about 10®F. 

Potassium phenolate will interact with ethylene chloride to form diphenyl ethers. 
In 60 cc. of water are dissolved 0.2 mole of phenol, 0.2 mole of potassium hydroxide 
and 25 g. of ethylene chloride. The mixture is heated under a reflux condenser for 
48 hours, cooled, filtered, and the potassium chloride washed out with water. The 
ether so obtained is said to constitute 75-80 per cent of the theoretical amount.^® 


CH,C1 

CH,C1 


CH,( 

(!:h^ 


oO 

.o-<^ 


+ 2KC1 


Also, dinaphthyl ethers may be prepared by combining the metallic salt of a naph- 
thol with ethylene halide. For example, ethylene glycol di-^-naphthyl ether is 



Fic. 129. 

Use of Ethylene in Dehydration of 
Aqueous Acetic Acid. (D. F. Othmer) 


reported to be secured by heating together (in water) sodium )9-naphtholate and 
ethylene chloride.^^ In this instance 60 g. of caustic soda, 576 g. of /^-naphthol 
and 198 g. of ethylene dichloride were incorporated in 600 cc. of water at 20®C. 
The mixture was then heated in an autoclave at 120®C. for 8 hours. At the end 
of this period the products were made alkaline with sodium hydroxide, and the 
precipitated ethylene glycol di-/3-naphthyl ether, which is insoluble in water, filtered 
from the remaining substances. A yield of 350 g. of the dinaphthyl ether was said 
to be obtained. 

The ability of ethylene dichloride to form azeotropic mixtures with water is 


^A. C. Cope. J.A.C.S., 1935, 17. 572; Brit. Ckem. Abs. A, 1935, 614; Chem. Abt.. 1935, M, 
2947. 

M. A. Dftblcn. C. K. BUeli and W. L. Foohey, U. S. P. 1,979.144, Oct. 29.‘ 1935. to £. I. 
dn Pont de Nenonri k Co.; Chtm. Abi.. 1935, ft. 177. ' 
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utilized in dehydrating aqueous acids. O^hmer^® suggests the dichloride to remove 
the water from aqueous acetic acid. The apparatus consists of a unitary column 
with fractionating plates. The chloride is admitted at the top of the column and 
the aqueous acetic acid near the middle (see Fig. 129). In this manner an azeo¬ 
tropic mixture of water and the dichloride is said to be distilled, leaving anhydrour 
acetic acid in the residue. Aqueous solutions of propionic acid may also be dis¬ 
tilled with ethylene chloride to bring about dehydration of the former.^® 

In the interaction between butyl alcohol and phthalic anhydride to produce 
butyl phthalate, ethylene dichloride may be incorporated in the reaction zone.^ 
The purpose of this addition is to form an azeotropic mixture of ethylene dichlo¬ 
ride and the water formed by the reaction. This mixture may be distilled off during 
the course of the interaction. In one instance, 300 g. of butyl alcohol, 200 g. of 
phthalic anhydride and 125 g. of ethylene dichloride were placed in a still together 
with 0.6 g. of sulphuric acid, which acts as a promoter for the esterification. The 
reactants were heated (under reflux) at 120®C. for 30 minutes, during which time 
a binary mixture of water and ethylene dichloride was said to leave the top of the 
columns at 71-72°C. Butyl phthalate was reported to be secured in % per 
cent yield. 

A motor fuel containing triethylmethane and trimethylmethane is said to be 
obtained by conducting a gaseous mixture of acetyl chloride, ethylene dichloride and 
hydrogen over a contact agent. The latter consists of iron and nickel, and the 
reaction temperature is in the range 250-300®C.®' 

Also, it has been reported that chlorine and ethylene dichloride, in the vapor 
phase at 20®C., give h^xachloroethane.*''* When the two reactants unite in the 
liquid phase in the presence of hydrogen chloride, the compound which is formed 
is trichloroethane. 


Ethylene Dibromide 


The thermal combination of ethylene and bromine has been studied to determine 
the nature of the mechanism. It was found that the gaseous reaction at 20°C. is a 
surface phenomenon^® which appeared to take place by the simple addition of 
bromine to the double bond.®^ The order®® of the reaction was reported to be either 
second, first or zero, depending on the glass surface. For a given glass surface, 
either lowering the temperature or increasing the pressure of the reactants lowered 
the order of the reaction. The presence of water vapor served to accelerate the 
reaction, but baking the glass before reaction removed this influence. Therefore, 
it has been suggested that bromine is hydrated at the surface of the glass, and that 
the ethylene reacts with the bromine hydrate. 

It has been pointed out that ethylene will unite with bromine in the dark at 

^ D. F. Othmer, U. S. P. 1,917,391, July 11. 1933, to Eastman Kodak Co.; Brit. Chem. Abi. 
B, 1934. 393; Cktm. Abs.. 1933. 27. 4544. 

•H. G. Stone, U. S. P. 1,939,237, Dec. 12. 1933. to Eastman Kodak Co.; Ckem. Abs.. 1934, 
2S, 1363. 

•J. P. Burke, U. S. P. 2,010,426, Aug. 6. 1935, to E. I. du Pont de Nemours & Co.; Ckem. 
Abs., 1935. 29. 6246. 

“ French P. 753,890, 1933, to Fabrication francatse de produits du lait; Ckem. Abs., 1934, 21, 
1168. 

•• S. Hamai, Butt. Cksm. Soc. Japan, 1934, 9, 542; Brit. Ckem. Abs. A, 1935, 325; Ckem. Abs., 
1935. 29. 1771. 

^ The reaction was said to take place on the surface of the reaction chamber. 

^ ** Cf. Carleton Ellis, "The Chemistry of Petroleum Derivatives," The Chemical Catalog Co., Inc., 
New York, 1934. 

** A first order reaction is one in which the rate of decomposition of the original reactant at 
any time is proi>ortional to its concentration at that time. In a second order reaction, with one 
reactant, the rate is proportional to the square of its concentration, and with two reactants, the rate 
is proportional to the prMuct of their concentrations. A reaction of aero order is one in which the 
rate of reaction is ind^ndent of the concentrationt of the reacting substances. 
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temperatures in the range 0-15®The rate of formation of ethylene dibromide 
under these conditions is said to be proportional to the bromine concentration and 
inversely proportional to the ethylene bromide concentration. This may be ex¬ 
pressed by the equation, 

rf[C,H4Br,) lBr,l 

dt * lC,H4Brd 

where t is the time and k the velocity constant. 



Courtesy Journal of American Chemical Society 

Fig. 130.—Apparatus for Bromination of Kthyicne. (T. D. Stewart and K. R. Edlund) 

A. Mixing tube O. Coupling 

B. Exit from sampling tube P. Coil of platinum wire 

C. Reaction tube R. Reaction tube 

G. Manometer S. Sampling tube 

M. Baffled tube T. Stopc'ockN 

r. c. Arms of manometer 


A mechanism has been propo.sed by for the addition of bromine to an 

ethylenic linkage, when interaction is effected in the dark, at temiH'ratures be¬ 
tween 0® and 20®C. and in aqueous solution. Combination is stated to take place 
in two stages. 

Br- 4- RCH=CHR - >■ RCHBr - C~HR 
RCHBr—C-HR + Br-Br RCHBr- CBrHR 4-Br” 

where R repre.sents an alkyl group or a hydrogen atom. That is. the addition is 
catalyzed by a halide ion, and the intermediate is a carbanion. The latter is re¬ 
ported to have a stable configuration, and hence .stereochemically’*^ different prod¬ 
ucts should result from cis and traits isomers. Further explanation is stated to be 

S. Mitsukuri, S. Kinumaki and T. Asaoka, /. Chem. Soc. Japan, 54, 1061; Chem. Aht. 

t9,U, 28. 957. 

A. OgR. Jr.. J.A.C.S.. 19.t5. 57, 2727; Brit. Chem. Abs. A, 19J6, .tlO; J Inst. Bet. Tech., 
1936. 22. 87A; Chem. Abs., 1936, 30, 17.34. 

•• The^ie product* rotate the pUnc of polarized light in opposite direction**. 
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afforded of the generally observed trans addition of halogens to ethylenic linkages. 
Thus, the first reaction above is regarded as a substitution of the halide ion with 
one of the electron pair bonds of the ethylenic linkage. This stage is said to be 
attended by optical inversion^® of the intermediate carbanion to the trans form. 
The carbanion thus has a trans configuration, and since no configuration change 
occurs in the second stage of the addition, the final product, it is pointed out, should 
be trans. 

The effect of catalysts upon the rate of addition of bromine to ethylene has 
been investigated.®^ The union of bromine and ethylene was accomplished by mix¬ 
ing solutions of these reagents, both in dichloromethane' at 18®C., in the dark. 
Hydrogen bromide was employed as catalyst in some of the experiments. The 
interaction was reported to be autocatalyzed when no hydrogen bromide is present. 
The course of the reaction was followed by withdrawing samples at definite inter¬ 
vals and placing them in a solution of potassium iodide. Unreacted bromine re¬ 
placed the iodine, which was then determined by titration with sodium thiosulphate. 
A comparison of the results obtained with and without catalysts is shown in 
Table 111. 


Table 111. —Autocatalytic and Catalytic bromination of Ethylene. 


Autocatalvtic reaction at 18®C. 
Cone, of C,H 4 » 0 0101 A/ 

Cone, of Bvi = 0 lOOAf 
Time, Min. C 2 H 4 Reacted, % 


Catalyzed reaction at 18®C. 
Cone, of Q,H 4 = 0.0275Af 
Cone, of Brj = 0.0351Af 
Time, Min. CjH 4 Reacted, % 


0 7 

0 0 

4 0 

0 0 

11 0 

19 2 

30 0 

46 8 


0 7 

0 0 

2 0 

0 0 

4 0; HBr added 

= 0 00013/ 

5 0 

37.3 

7.0 

58.8 

10 0 

74 5 

30 0 

98.0 


In one method advocated for the production of ethylene dibromide, the latter 
compound i> employed as a promoter.®' For example, ethylene is treated with a 


Fig. 131. 

Flow Chart for Bromination of 
Ethylene. (O. Kaselitz) 
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dilute aqueous solution of bromine and the mixture conducted through a tower. 
Ethylene dibromide is forced through the tower countercurrent to the reactants 

“• A reversible isi^meric change of a substance which rotates the plane of polarized light to the 
right into one which rotates the plane to the left. 

•• S. V. Anantakrishnan and C. K. Ingold, J.C.S., 1935, 984; Cht'm. Abs., 1935, 29, 6566: Bn‘f. 
Chem. Abs. A, 1935, 1103. Cf. Carleton Ellis, “The Chemistry of Petroleum Derivatives,The 
Chemical Catalog Co.. Inc., New York. 1934. 

•‘O. Kaselitz. C. S. P. 1.932.590, Oct. 31. 1933; Ckem. Abs.. 1934. 2t. 480. 
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(see Fig. 131). In this manner the formation of a high yield of ethylene bromide 
is said to be facilitated. Bromine which is in excess may be separated from the 
products and returned to the reaction zone. 

It is interesting to note that ethylene dibromide has been manufactured with 
bromine extracted from sea water.®^ The latter is acidified with sulphuric acid 
until a />H of 3.5 has been reached. Chlorine is then added to the water to lib¬ 
erate bromine. To extract the bromine, a current of air is forced through the sea 
water. All bromine blown out of the water is afterwards absorbed in aqueous 
sodium carbonate, forming a mixture of sodium bromide and sodium bromate. The 
mixture is then acidified with sulphuric acid to liberate bromine. The latter, after 
being extracted, is liquefied and mixed with ethylene at temperatures between 0® 
and 20°C. A yield of 95 per cent of the theoretical amount of dibromide is reported 
to be secured. 


Soda Ash ■ 


Sea Water 


Sulphuric Acid 
Air- 


Chlorine 


Blowing-Out 

Towers 


I 


->- Absorption- 

Towers 

I 

y 

Storage Tanks 
Sodium Bromide-Bromate 
Solution 


Sea Water Effluent 

-> Air 


Ethyl Alcohol 
Ethylene Furnace - 


Sulphuric Acid 


Y 

Reactor and 
Finishing Still 


Sodium Sulphate- 
Acid Solution— 


Ethylene EHbromide 


Courtesy Dow Chemical Company 

Fig. 132. — Flow Sheet for Making Ethylene Dibromide with Bromine Extracted from 

Sea Water. 

Reactions of Ethylene Di bromide 

The loss of one molecule of hydrogen bromide from ethylene dibromide leads 
to vinyl bromide, CHo=CHBr. To accomplish this change it has been suggested 
that the pro<lucts of the interaction between bromine and ethylene he heated above 
the boiling point of the dibromide (131.5°C.) and conducted into an alcohol solution 
of potassium hydroxide. The resulting vinyl bromide, which boils at 15.8°C., may 
be distilled from the products.®® 

■» L. C. Stewart, Ind. Eng. Ckem.. 1934, 26. .361; Brit. Chem. Abs. B, 1934, 497; Chem. Abs.. 
1934. 21. 3189. 

*• French P. 751.970. 1933, to l^i aoc. anon, dea atelier* de conitruction* m^caniquet EKher 
Wy**; Chem. Abs., 1934, 2$, 783. 
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The preparation of diaryl ethers of ethylene glycol from ethylene dibromide has 
been described.®^ For example, ethylene glycol diphenyl ether is said to be fur¬ 
nished by the reaction between ethylene dibromide and potassium phenolate. A 
mixture of 0.2 mole of phenol and 0.2 mole of potassium hydroxide was dissolved 
in ethanol and 25 g. of ethylene bromide incorporated. The solution was then 
heated under a reflux condenser for 2 hours. On cooling and filtering, crystals of 
ethylene glycol diphenyl ether and potassium bromide were said to be furnished. 
The latter compound was removed by taking advantage of its relative solubility 
in water as compared to the ether. The yield of ether was reported to be rather 
low, possibly in consequence of the formation of vinyl bromide from ethylene dibro¬ 
mide and the alcoholic potassium hydroxide which were employed. 

Ethylene dibromide and arsenious oxide will unite to produce a number of com¬ 
pounds the nature of which depends upon the reaction conditions. Backer and 
Bolt®® point out that combination of dibromide and arsenious oxide may be ef¬ 
fected in aqueous caustic soda, the mixture being heated under a reflux condenser. 
The solution is then acidified and barium hydroxide added to furnish the barium 
salt of ethylene diarsonic acid, (CH 2 As 03 Ba) 2 . When an ice-salt bath was sub¬ 
stituted in place of heating, acetylene was said to comprise 75 per cent of the yield. 
In the second procedure, vinyl bromide was stated to be obtained if the arsenious 
oxide solution was added to the dibromide dropwise rather than by a single 
operation. 

The action of magnesium upon ethylene dibromide was investigated to determine 
the possibility of forming a Grignard reagent containing two atoms of this metal.®® 
The dibromide and the metal were dissolved in dry ether at 5-15°C. It was re¬ 
ported that, under these conditions, the only substances secured were ethylene and 
magnesium bromide dietherate, with a trace, at most, of a Grignard compound. 

It is interesting to note that a mixture of 1 part of methyl bromide, 1 part of 
ethylene dihromide and 4 parts of liquid carbon dioxide has been suggested as a 
fire extinguisher.®^ 


Ethylene Di-iodide 


Apparently, little information is available upon the formation of ethylene di- 
iodide from ethylene and iodine. A possible explanation of this phenomenon may 
be the fact that the di-iodide has not yet been used industrially to as large an extent 
as have the corresponding dibromide and dichloride. 

Among the methods which have been suggested for the production of this 
iodide are, the introduction of ethylene into a paste composed of iodine and alcohol, 
and the combination of the olefin and halogen in diffused sunlight in the cold, 
or in the dark when warmed.®*^* 

It has been stated that ethylene di-iodide is formed rapidly when solutions of 
ethylene and iodine in carbon tetrachloride are exposed to red light.®® A tungsten 
lamp having maximum transmissibn at a wave length of 700 m^ was used to 
energize the reactants. Solutions containing iodine were thoroughly shaken in 
a glass apparatus at 25®C. under a constant pressure of ethylene. All air was 

•*A. C. Cope, J.A.C.S., 1935. 57. 572; Brit. Chtm. Abs. A, 1935. 614; Chem. Ahs.. 1935. 29. 
2947. 

•H. J. Bicker ind C. C. Bolt. /?er. trav. chim.. 1935. 54. 47; Chem, Abs.. 1935, 29. 2507.; 
Brit. Chem. Abs. A, 1935. 333 

••C. L. Tseng and F. M. Fam, Science Quart. Natt. Univ. Peking, 1934, 4, 1; Brit. Chem. Ahs. 
A, 1934. 508; Chem. Abs., 1934, 28. 4376. 

•^French P. 801,720 1936. to Minimax A. C.; Chem. Abs., 1937. 51. 488. 

Carleton Ellis, "The Chemistry of Petroleum Derivatives," The Chemical Catalog Co., Inc., 
New York. 1954. 

^ “R. E. DeRight and E. O. Wiig. /.A.C.S., 1936, 58, 693; Chem. Abs., 1936, 50. 3327; Brit. 
Chem. Abs. A. 1936, 688. 
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removed previously from the system by evacuation, and the solution was then frozen 
with a carbon dioxide-alcohol mixture. The rate of disappearance of iodine was 
determined by amount of light absorbed. No measurable dark reaction was found 
to take place over a period of 36 liours. The rate of addition under the influence 
of light was said to he dependent upon the pressure of the ethylene; further, the 
rate declined with decreaNing concentration of the halogen. It was concluded 
that since the efficiency of formation of iodine atoms from activated iodine mole- 



Couftesy Dow Chemical Company 

Fig. 133.—Plant for Manufacture of Kthylene Dibromide. 


cules may be small at 700 m^i, the observed photoiodination at this wave length 
may possibly proceed through the action of excited iodine molecules. 

The Di halides of Propene 

Propene Dichloride. Mention has been made, in the section on ethylene di¬ 
chloride, of the relatively greater velocity of the addition of chlorine to propene 
than to ethylene. The difference in the reaction rates has l)een utilized in the 
fractional chlorination of cracking gas.*^*^ The process was effected in two stages, 
the first resulting in the formation of propene dichloride, the second in ethylene 
dichloride. Two iron towers, packed with turnings of the same metal, were con¬ 
nected through a tube. The mixture of olefin gases was introduced into the first 
tower which contained chlorine at a temperature of —4°C. In this manner propene 
dichloride was quickly formed and separated as a liquid while the ethylene was 
conducted to the second tower where chlorination of this hydrocarbon was ef¬ 
fected. The yield of propene derivatives was reported to consist of 85 per cent of 
propene dichloride and 15 per cent of trichloropropane. 

The use of liquid solvents with and without catalysts for the production of 
propene dichloride has been advocated. In one procedure, propene is reacted with 
the halogen in the presence of a mixture of tri- and tetrachloropropanc."^® The 
temperature is maintained at 5®C. and the pressure at 1 atmosphere. The yield of 
dichloride is stated to be 76 per cent of theoretical. With solvents, such as the 
ones just mentioned, catalysts consisting of the chlorides of antimony, bismuth, 

•A. F. Dobryanskii, R. A. Cutner and M. K. Shchigel’skaya, /. Applied Chem. (U.S.S.R.) 
1933, 6, 1133; Brit. Chem. Abs. B, 1934, 228; Chem. Abs., 1934, 28, 4877; J. Inst. Pei. Terh.’ 19^4 
20, 616A. * ' 

»»M. Berliner, U. S. P. 2,022,616, Nov. 26, 1935, to Texat Co.; Chem. Abs., 1936, 80, 730. 
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iodine, phosphorus, sulphur, tin or manganese are said to be efifectiveJ^ The 
chlorine and olefin, at 20° C. and 1 atmosphere pressure, are conducted simul¬ 
taneously into the liquid containing the catalyst. 

The solvent properties of propene dichloride are similar to those of the cor¬ 
responding ethylene compound. Thus, propene dichloride mixed with o-dichloro- 
benzene^^ or ethylene glycol monoethyl ether*^^ is used to effect the separation 
of wax from lubricating oils. These mixtures are said to have complete solv¬ 
ent action on the oil and practically none on the wax at temperatures ranging 
from —10 to —22°C. A mixture of 90 per cent of propene dichloride and 10 
per cent of methanol is stated to be an effective solvent for cellulose acetopro- 
pionate which has been slightly hydrolyzed.^** Also, the dihalide has l>een rec¬ 
ommended as a selective solvent for removing vinyl resinous materials from cellu¬ 
lose acetate.At a temperature of 20°C. and a contact time of 15 minutes, propene 
(lichloride is reported to dissolve only the vinyl resin, leaving the cellulose acetate 
unaffected. 

Propene dichloride will form azeotropic mixtures with water and may he used 
for the dehydration of acetic or propionic acid.*^® The dihalide is conducted into 
a fractionating column near the top while the aqueous acid is introduced at the 
middle of the same column. The azeotropic mixture distills off, leaving a residue of 
the anhydrous acid. 

Among the uses suggested for propene dichloride is included the preparation 
of insecticidal compositions. Also, the dihalide has been recommended as a paint 
remover. In the first case, a 9:1 mixture of propene dichloride and carbon tetra¬ 
chloride is employed.In the second, o-dichlorobenzene and propene dichloride 
together with small proportions of acetone, benzene and carbon tetrachloride are 
recommended.'^^ 

FVoi)ene dichloride reacts with sodium cyanide to yield a dinitrile (hydrolyzable 
to methyl succinic acid) and with aqueous sodium carbonate to give propene 
glycol.*^*^ Also, the dihalide may be treated with ammonia to furnish propene- 
diamine. In the latter instance, the olefin dihalide and aqueous ammonia are 
heated to 120-3()0°C. The ratio of water to ammonia is suggested as 7:1 by 
volume.^’’ 

An attempt has been made to prepare 1,2,3-trichloropropane. CHCl(CH-jCOj. 
by the further chlorination of propene dichloride.^' Catalysts consisting of calcium 
and barium chloride, calcium and magnesium oxide, and calcium hydroxide were 
used in separate experiments. It was found that in the presence or absence of these 
catalysts, chlorination of propene dichloride leads to the formation of a complex 

’‘British IV 42S.061. to 1. (1. Farhrnind. A.-(I.; Brit Oirm. .-ibs. B, 618; Chem. 

Abs.. 1935. 29. 5127. French P. 770.943. 1934; Chem, Ahs.. 1935. 29. 817. 

Y McCarty and W. F. .Skelton, C. S. P. 1.995.153. March 19. 1935. to Te\a> Co.; Chem. 
Abs., 1935. 29. 3149; Brit. Chem. Abs B. 1936, 260. 

B, Y. Mc('arty and W. K. Skelton. IV S. P. 2,027.346. Ian. 7. 1936. to Texa'i CV.; J. hist. 
Pet. Tech.. 1936. 22, 161A; Chem. Abs.. 1936. 30. 1553. 

’‘French P 760.638. 1934. to Kodak Pathe; Chem. Abs. 1934. 28. 4191. 

K. Bianchen, IV .S. P. 1,964.191. June 26. 1934, one-half each to C'arbide and Carbon 
ChemicaU C<»ri). and Kaxtnian Kodak Co.; Brit. Chem. Abs. B. 1935. 350; Chem. Abs.. 1934. 28. 5236, 
\V. W. Hartman. IV S. P. 1 908.240. May 9, 1933. to Kastman Kodak Co ; Brit. Chem. Abs. 
B. 1934, 86; Chem. Abs. 1933. 27. 3723. 

”0. B. Dribble. J. Hcon. lintom., 1933. 26. 893; Brit Chem. Abs. B, 1933. 1074. E. 1. 
McDaniel. Mich Aor. P.rpt. Sta.. Quart. Bufl.. 1933. 16. 13; Bnt. Chem. Abs. B. 1933, 1053; 
Chem. Abs.. 1934. 28. 333. 

^ "L. E. Mills and S. \V. Putnam. IV S. P, 1.938.714. Dec. 12. 1933. to Dow Chemical Co.; 
Chem. Abs., 1934, 28, 1488. Brit. Chem. Abs. B, 1934, 896. 

’•Cy. Carleton Ellis, “The Chemistry of Petrtdeum Derivative.^." The Chemical Catalog Co., Inc., 
New York. 1934. 

» N. M. Mnookin. IV S. P. 2.049.467. Aug. 4. 1936; Chem. Abs., 1936. 30, 6389. 

A. E. Klehanskii and A. S. Vol'kenshtein. .V Applied Chem. {U.S.S.R.). 1935. 8, 106; Brit. 
Chem. Abs. A, 1935. 959; Chem. Abs., 1935, 29, 6879. For a discussion of the preparation of 
trichlorohydrin and glycerol from proiiene dichloride, see Carleton Ellis. “The Chemistry 
of Petroleum Derivatives,'* The Chemical Catalog Co., Inc.. New York, 1934. 
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mixture containing mainly 1,1,2-trichloropropane, while 1,2,3-trichloropropane was 
obtained in a contaminate state and in relatively small quantities. When heated 
with these catalysts without the addition of chlorine, the dichloride furnishes 
1-chloropropene-l and propadiene (H 2 C=C=CH 2 ) but no allyl chloride from 
which glycerol might be secured. 

Propene Dibromide. This dibromide may be produced by passing propene 
into cooled bromine (or bromine water) or by the addition of dilute hydrobromic 
acid to allyl bromide.®^ On treatment with alcoholic potash, propene dibromide 
gives rise to a mixture of two isomeric bromopropenes, and on continued treatment 
a mixture of methylacetylene and propadiene (allene) is obtained. 

A comparison of the rates of bromination of propene and ethylene was con¬ 
ducted by Anantakrishnan and Ingold.®® Experiments were carried out at —78®C. 
with both reactants in methylene chloride solution and with all light excluded from 
(he reaction zone. Hydrogen bromide was added to mask any autocatalytic eflFect. 
In the method a mixture of propene and ethylene was admixed with an amount of 
bromine insufficient to completely halogenate both compounds. The ratio of the 
rate constants of the simultaneous reactions was calculated from the composition 
of the mixture of dibromides formed after complete absorption of all of the bromine. 
It was reported that the ratios thus obtained are insensitive to the concentrations 
of the reactants, to the concentration of the hydrogen bromide catalyst, and within 
considerable limits (from —78 to —35®C.) to a change of temperature. Assuming 
that the value of the reaction rate for ethylene and bromine is 1, the reaction rate 
for propene and bromine was stated to be 2, or, the addition of bromine to propene 
proceeds twice as rapidly as the bromination of ethylene. 

Dihalides of the Butenes 

Butene Dichloride. The action of chlorine on butene-1 and butene-2 is 
reported to lead to the production of the dichlorides of these two olefins in the 
normal way. However, in the case of isobutene, the product is not isobutene di¬ 
chloride but a mixture of two isomeric chlorobutenes having the configurations: 

CH, CICH, 

\ \ 

C==CHC1 and C=CHt 

/ / 

CHi CH. 

Isobutene dichloride, initially formed in this reaction, undergoes immediate de¬ 
composition with elimination of hydrogen chloride to yield chlorobutenes. From 
these data a rather general rule has been drawn, stating that olefins which combine 
very readily with mineral acids yield monochloroolefins, and those which do not 
combine readily with mineral acids give rise to the normal addition products on 
treatment with chlorine.®^ 

Butene dichloride has been prepared by the action of chlorine on butene-1 in 
the cold and in the presence of diffused daylight.®* Butene-2 may be utilized to 
furnish a butene dichloride (2,3-dichlorobutane) by combining the former sub¬ 
stance with chlorine gas at low temperatures (—10®C.).®* Under these conditions 

^Carleton Ellif, “The Chemistry of Petroleum Derivativet.“ The Chemical Catalog Co.. Inc., 
New York. 1934. 

■•S. V. Anantakriahnan and C. K. Ingotd. J.C.S., 1935, 1396; Chem. Abs., 1936. 30. 1733: 
Prit. Ckrm. Abs. A. 1935. i465. 

C/. Carleton l^lts. “The Chemistry of Petroleum Derivative*!.’' The Chemical Catalog'Co.. Inc.. 
New York, 1934. 

•E. Pttchot, Ann. chim. phys., 1883, 28 (5). 507; 1884, 46. 166; Chrm. Ztntr., 1883. 482 

••B. A. Kazanskii and I. A. Rahlzon, Sintei. Kanchnk, 1934, No. 1, 31; Chem. Abi., 1935 29 
3297; Brit. Chem. Abs. A. 1935. 1480. ’ ^ ’ 
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the yield of butene dichloride is said to be 60 per cent of the theoretical The 
dihalide boils in the range 114-120®C. and has 1.116. 

Also, it has been reported that butene dichloride is a by-product in the prepara¬ 
tion of butene chlorohydrin from butene-2 and chlorourea (NHjCONHCl). Re¬ 
action is effected at 15-17®C. in the presence of cupric chloride. Ihe formation 
of the dichloride is favored by an increase in the acidity of the reaction mixture 
and ranges between 61 per cent (in 5 per cent hydrochloric acid) to 20 per cent 
(in 5 per cent acetic acid).*** As a possible explanation of the observed phe¬ 
nomena it was stated that chlorourea undergoes two simultaneous reactions: 

NHiCONHCl -f- H,0 HCIO -I- CO(NH), 

NHjCONHCl-f HCl —Cl,-h CO(NHj), 

Hypochlorous acid combines with butene-2 to furnish butene chlorohydrin, while 
chlorine adds to the olefin producing butene dichloride: 

CH,CH==CHCH, + HCIO -> CH,CH0HCHC1CH, 

CH,CH==CHCH,-h Cl, —CH,CHC1CHC1CH, 

Also, this olefin dichloride is reported to be secured in 30 per cent yield during 
the manufacture of the ethyl or methyl ether of butene chlorohydrin. Chlorine gas 
is conducted into a suspension of powdered scKlium hydroxide in ethanol or meth¬ 
anol at a temperature of —5®C. Butene-2 is then added in small quantities to the 
reaction mixture.** 

The relatively greater speed of chlorination of a tertiary carbon atom as com¬ 
pared to a secondary or primary carbon atom** has been utilized to effect selective 
chlorination. Thus, a mixture of isobutene (1,1-dimethylethylene) and secondary 
olefins from cracking gas may be treated with an amount of chlorine insufficient 
for complete halogenation of all the unsaturated hydrocarbons present. The reac¬ 
tion is carried out at low' temperatures (0-60®C.) in the dark and in the absence 
of moisture. In this manner, 70 per cent of the theoretical amount of l-chloro-2- 
methylpropene-2 (CH2C1CH3C=CH2) and l-chloro-2-methylpfopene-l (CH,- 
CH 3 C=CHCI), based on the chlorine input, are said to be obtained.*^ Selective 
halogenation is al.so reported to be accomplished by the presence of oxygen in the 
reaction zone.*- This substance, it is stated, wdll inhibit substitution reactions 
but will not affect addition. P'or example, a mixture of 56 per cent of butene-2 
and 43.4 per cent of normal butane was chlorinated in total darkness. The pro¬ 
cedure consisted of placing the hydrocarbons under a reflux condenser and con¬ 
ducting chlorine gas into this reaction zone at the rate of 120 g. per hour for a 
period of 10 hours. The temperature w'as maintained between 15® and 20®C., and 
a small amount of air was recycled in a closed system through the reaction flask. 
At the end of the reaction period no loss in the volume of air was detected, and the 
halogenated products were said to consist almost exclusively of butene dichloride. 
Further, substitution of hydrogen in isobutene by chlorine is said to be favored by 

V. S. Batalin and P. G. Ugryuniov, Sintet. Kauckuk, 1936, No. 6. 8; CMrm. Abs., 1936, 30. 

6701. 

"• M. V'. LikhoKherstov and S. V. Alekseev, /. <7rtt. Chem. (U.SS.R.), 1933, 3, 927; brit. Cbrm. 
Abs. A. 1934. 509; Chem. Abs., 19.14, 28. 30.53. 

M. V. Ltkhoaherttov and A. A. Petrov, /. Gen. Chem. (C.S.S.R.), 1935. 5. 1348; Chem. Abs., 
1936, 30, 2174; Brit. Chem. Abs. A, 1936. 453. Cf. M. V. T.ikhosherstov and S. V. Alekseev. /. 

Chem. {US.S.R.), 1935, 8. 1226; Chem. Abs., 1936, 30. 5556; Brit. Chem. Abs. B. 1936. 

^ Sec Chapter 30. 

R. M. Deanesly, U. S. P. 2,010,389, Aug. 6, 1935, to Shell Development Co.; Ckrm. Abs., 
1935. 29, 6245. 

^ «R. M. Deanesly, IJ. S. P. 1.952,122. March 27. 1934, to Shell Development Co.; Brit. Chem. 
Abs. B. 1935. 138; Chem. Abs.. 1934, 28, 3422. Canadian P. 338.210 and 338.211. 1933; Chem. 
^bs., 1934. 28. 1714. 1713. British P. 399.991, 1933. to Bataafsche Petroleum Moiatschappij; 
Chem. Abs., 1934, 28, 1714; Brit. Chem. Abs. B, 1933, 1046. British P. 402.928. 1934; Brit. Chem. 
^bs. B, 1934, 266. French P. 776,069, 1935; Chem. Abs., 1935, 19, 3349. 
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atomizing this liquid and mixing it with chlorine gas at low temperatures (0®C.) 
and in the presence of actinic light. Carbon tetrachloride is incorporated in the 
reaction zone to carry off the heat furnished by the reaction.®^ 

Reactions and Uses of Butene Dictiloride 

The removal of two molecules of hydrogen chloride from butene-2 dichloridc 
(2,3-dichlorobutane) leads to the formation of 1,3-butadiene. In one process, the 
dihalide was passed through an electric oven at temperatures I)etween 360® and 
400®C. Various contact agents were employed, including barium and nickel chlo¬ 
ride and aluminum oxide.®** It was pointed out that barium chloride was the most 
efficient of the three, a 40 per cent yield of diolefin being obtained. With the 
others the highest amount of butadiene procured was 15 per cent. Butene di¬ 
chloride may be further halogenatcd in the cold in the presence of direct sunlight 
to furnish hexachlorobutane.®^ If the temperature is raised above 35°C. it is 
said that two atoms of hydrogen are eliminated from the liexachlorobutane, re¬ 
sulting in hexachlorobutene-2. Alcoholic potassium hydroxide also interacts with 
the hexachlorobutane, splitting off four molecules of hydrogen chloride to give 
dichlorodiacetylene, CIC^C—C^CCl, an unstable liquid.®‘^ 

One of the uses for which butene-2 dichloride has been recommended is as a 
solvent, particularly for fats and resins. It may be employed also as a liquid 
medium in the chlorination of hydrocarbons.®^ 

Butene Dibro.midf 

The bromination of butene-1 can be accomplished by passage of the olefin into 
a cooled, aqueous solution of bromine. The product boils at 166.3®C. at 760 mm., 
melts at —-65.4°C. and has d’/ 1.8021.®” Butene-2 dibromide, existing in sev¬ 

eral stereoisomeric forms, may be prepared by the same method as butene-1. The 
ease with which bromine adds to butenes is sometimes utilized in analyzing mix¬ 
tures of the isomers of this olefin.®® The mixture is converted to dibalides by 
treatment with bromine. The resulting/Surstances are then fractionated and their 
reaction rate with potassium iodide dete.'»’^:ned. 

Young and Winstein*®® distilled a mixture of butene dibromides at 210-2v^0®C. 
at 760 mm. to determine the extent of isomerization of the dihalides at those tem¬ 
peratures. They reported that the original material had 1.5118, 1.7835 

and reaction rate constant with potassium iodide, 0.0600. The products obtained 
from the distillation were said to have 1.5118, 1.7828 and reaction rate 

constant 0.0598. Traces of decomposition due to the loss of hydrogen bromide 
were ascribed as the cause of the slight change in density, but it was concluded 

•• R. M. Dcanetly and fl. Hcarnc, U. S. P. 2.0J1.9,1M. Feb. 25. IV.Ui. to Shell Development Co.; 
Chem. Abs., 1936, 30, 2199. French P, 761.614. 1934. to Rataafitche Petroleum \faatAchappij; 
Chem. Abs., 1934, 28, 4066. German P. 613,121, 1935; /. Inst. Pet. Tech., 1935. 21. 3H1A: Chem. 
Abs., 1935. 29, 5456. British P. 418.043. 1934; Brit. Chem. Abs. B. 1935. 13; J. Inst. Pet. Tech 
1935. 21, 28A; Chem. Abs., 1935, 29. 1430. 

•• B. A. Kazanskii and I. A. Rahlzon, Sintet. Kauchuk, 1934, No. 1. 31; Chem. Abs.. 1935, 29, 
3297; Brit. Chem. Abs. A. 1935. 1480. 

••E. Puchot, Ann. chim. phys., 1883, 28 (5), 507; Chem. Zentr., 1883. 482; J.C.S., 1884, 48, 
166. 

••For a descriotion of dihalogenodiacetylenet. see F. Straus, L. Kollek and H. Hauptmann. Ber.. 
1930, 63, 1886; Chem. Abs., 1931, 25, 73; Brit. Chem. Abs. A, 1930, 1158. 

M. V. Likbosherstov, S. V. Alekseev and T. V. Shalaeva, J. Chem. Ind. (Moscow), 1935. 12, 
705; Chem. Abs., \93S. 29, 8174; Brit. Chem. Abs. B. 1936, 10. 

•• Carleton Ellis, “The Chemistry of Petroleum Derivatives," The Chemical Catalog Co., Inc., 
New York. 1934. 

•• See Chapter 49. 

»«W. G. Young and S. Winstein, J.A.C.S., 1936, $ 8 , 102; Bril. Chem. Abs. A, 1936. 310: 
/. Insl. Pet. Tech., 1936, 22, 203A; Chem. Abs., 1936, 20, 2136. 
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that no appreciable change in properties occurs upon distillation and, therefore, 
that this analytical method was reliable. 

In preparing ethyl propiolic acid, CoHsC^CCOOH, the following method 
was employed.A mixture of 85 g. of powdered sodium amide and 250 cc. of 
anhydrous kerosene was incorporated with 94 g. of butene-1 dibromide. The 
temperature was maintained at 145°C. for a period of 2 hours. At the end of that 
time 250 cc. of ether were added to the reactants, and a stream of dry carbon 
dioxide gas bubbled through the solution. Ethyl propiolic acid was precipitated 
in crystalline form by the latter reagent. The crystals were filtered from the solu¬ 
tion, dissolved in water and extracted with ether. A yield of 46 per cent of the 
theoretical amount of acid is stated to be obtained by this niethod. 

Butknk Di-ioijidk 

Forbes and Nelson^^^ point out that iodine will react with butene-1 in dichloro- 
methane or chloroform solution in the presence of actinic light. Solutions con¬ 
taining equimolecular quantities of butene-1 and iodine were placed in the solvents 
mentioned above and illuminated through 10 cm. of water by incandescent lamps. 
It was observed that 90 per cent of the iodine disappeared at —60 to —90°C. when 
dichloromethane was the liquid medium, and that 98 per cent disappeared at —60 
to —70°C. if chloroform was the solvent. Further, the halogen was said to be 
unaffected photochemically by either chlorinated hydrocarbon. Such solutions of 
photoiodinated butene were illuminated in quartz flasks by a spark passing between 
tungsten-steel electrodes. In each instance iodine was evolved quantitatively 
within an hour as determined by titration with sodium thiosulphate at definite time 
intervals. Another sample of icnlinated butene, when kept at 20°C. for a period of 
four days in the absence of light, had evolved 84 per cent of the iodine which had 
l)een chemically combined with butene. The conclusion was drawn that the reaction 
l)etween the olefin and halogen proceed> to the formation of butene-1 di-iodide 
in the presence of visible light, and to the decomposition of the dihalide under the 
influence of ultraviolet light or heat. 

Dioiloridks of thk Amyi.fnfs 

According to Hell and Wilderman'”'^ interaction of chlorine with amylene-1 is 
exothermic. They recommend that addition of halogen to this olefin he effected 
at —17®C. in the presence of aclinic light. \ mixture of chlorinated derivatives 
was said to be secured under these conditions. The substances obtained were 31 
parts of monochloropeiitene. 44 parts of amylcne-1 dichloride, 10 parts of liquid 
trichloropentanc, and a trace of tetrachloropentane. The first boils at 92-93®C., 
the second at 130-133®C.. and the third at 174-180®C., all under a pressure of 
760 mm. 

Phosphorus pentachloridc was found to interact with amylene-1 to form amy¬ 
lene-1 dichloride, monochloropentene and trichloropentanc.'^^ It was pointed out 
that if union of the two reactants was brought about at low' temperatures (1 to 
5®C.) and the products poured on to ice as soon as the reaction was completed, 
only pentene-1 dichloride and monochloropentene would he obtained. If, how^- 

A. K. FavorJikii and V. O. Mokhnach. Bull. Far Fajttcru Brunch Acad. Sci. U.S.S.R., 1934, 
». .1; Chcm. Ahs.. 19.1.S. 29, .1981. J. Gen. Chem. (T S'. S). 19.<.S. 5. 1668; Brit. Chem. Abs. 
A. 1936, 70.S. 

S. Forl>eH and A. F. Nelson. J.AX'.S., 1936, 58, 182; Brit. Chem. Ahs. A, 1936. 310- 
Ckrm. Abs., 19.36, 30, 17.34. 

Hell and M. Wilderman. Brr.. 1891. 24, 216; /.C.V.. 1891. 60. 533; Chem. J^eutr., 1891. l. 495. 

C. Heil and M. Wilderman. he. eit. 
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ever, the temperature rises above the upper limit mentioned, (above 5®C.) a 
mixture of the latter substances together with trichloropentane is produced. The 
latter compound was said to be secured by the displacement of hydrogen in amy- 
lene-1 dichloride and by the addition of chlorine to monochloropentene. It was 
thought that the presence of chloroolefin was due to the heat developed in the 
reaction, which caused the elimination of a molecule of hydrogen chloride from 
the amylene-1 dichloride first formed. Further, it was concluded, from the rela¬ 
tive proportions of the products, that amylene-1 dichloride loses hydrogen chloride 
more readily than it takes up another atom of chlorine by substitution, and that 
chlorine acts more easily on amylene-1 than on monochloropentene. 

The relative proportions of substitution and addition by chlorine interacting 
with amylene-2 have been investigated.*^^ The two reactions, which may be indi¬ 
cated as 


C,H,CHC1CHC1CH, 

/ 

2C,H6CH=CHCH3 + 2C1- 

\ 

C,H»CH=CHCH,C1 + HCl 

were effected by dissolving separately known quantities of the two reagents in 
carbon tetrachloride and mixing the solutions at temperatures between —10.1® 
and 25®C. for a period of 15 seconds. Some of the results obtained in this manner 
are indicated in Table 112. The results are given, not in terms of reaction rates 
or amounts of the two chlorides, but by induction factors, which represent the 
ratio of the moles of chlorine producing hydrogen chloride to the moles of chlorine 
reacting by addition. 


Table 112 .—The Relative Amounts of Substitution 
and Addition by Chlorine in Pentene-2. 


Initial Concentrations, 

Moles Per Liter 

Induction 

Chlorine 

Pentene-2 

Factor 

0.101 

0 097 

1 25 

0 0464 

0.097 

1.60-1 64 

0 101 

0 051 

0.57 

0 0464 

0 051 

0.88-0 95 

0 00954 

0.051 

5 04-5 24 

0 0464 

0 0097 

0.72-0.78 


It was believed that the above data indicate that substitution was favored by a 
relative increase in the concentration of the olefin or by a relative decrease in the 
halogen concentration. The effect of a change of temperature upon the induction 
factor (within the range investigated) was stated to be very slight. It was also 
noted that the pre.sence of w^ater, hydrogen chloride or powdered glass produced 
no change in the rates of addition and substitution. 

As a tentative explanation, a chain mechanism based upon competitive reactions 
for a common intermediate has been suggested. It may be represented as; 

Cla —>- 2C1 (thermally) 

C»H,o-fCl C*H,oCl 

C»H,oCl -I- Cl, —C»H,pCl, 

CiH.eCl, ->- C.H,pCl, -I- Cl 
C|H,o + CpH.oCl —C»H,-f-CpH.o-f HCl 
C|H,-fCl, CpH,Cl + Cl 

T. n. .Stewart and B. Weidenhaum, J.A.CS., 1936, 58. 98; Brit. Chrm. Abi. K, 1936, 310; 
Chnn. Abs., 1936, «0. 1733. 
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The action of chlorine upon trimethylethylene has been investigated.^^®* It 
was stated that when halogenation was effected at — 17®C. in the presence or ab¬ 
sence of calcium carbonate or sodium bicarbonate, a mixture of chlorine deriva¬ 
tives was obtained. The substances said to be isolated are: 2-chloro-2-ethylpro- 
pane ; 2-methyl-3-chlorobutene-l; 3-chloropentene-2; 2,3-dichloro-2-methylbutane; 
1,3-dichloro-2-methylbutane; 1,2,3-tr ichloro-2-methylbutane; 1,3-dichloro-2-chloro- 
methylbutane; and l,2,3-trichioro-2-chloromethylbutane. To explain this phe¬ 
nomenon the explanation was offered that the chlorination of trimethylethylene is 
accompanied by a number of parallel reactions. 

1. Formation of a complex of chlorine and trimethylethylene, of which a portion 
stabilizes to form 2.3-dichloro-2-methylbutarie while another portion splits off hy¬ 
drogen chloride to furnish 2-methyl-3-chlorobutene-l. 

2. Addition of hydrogen chloride both to trimethylethylene, giving 2-chloro-2- 
cthylpropane, and to 2-niethyl-3-chlorobutene-l, yielding 2,3-(fichloro-2-methyl- 
butane and l,3-dichloro-2-methylbutane. 

3. Substitution by chlorine in l,3-dichloro-2-methylbutane, leading to 1,2,3- 
trichloro-2-methylbutane and 1,3-dichloro-2-chloromethylbutane. 

4. Substitution of chlorine in l,2,3-trichloro-2-methylbutane and l,3-dichloro-2- 
chloromethylbutane to furnish l,2,3-trichloro-2-chloromethylbutane. 

5. Isomerization of 2-methyl-3-chlorobutene-l and 2,3-dichloro-2-methylbutane. 

Among the uses for which amylene-1 dichloride has been advocated is the prep¬ 
aration of lubricating oils of low pour point by precipitation of the wax present. 
When mixeil >vith lubricating oil, the dihalide is reported to give to the oil a high 
penetrating power.Also, it has been suggested that the dichloride be used to 
soften road-tar splashes on vehicles.*^* Further, it has been recommended that 
amylene dichloride be admixed with diamylamine and sodium hydroxide to furnish 
an insecticidal composition.^^® 


Amylen*: Dibromide 

Bromine is said to act on amylene at —17®C. to yield amylene dibromide, tri- 
bromopentane. tetrabromopentane and isoamyl bromide.^The formation of 
monobromoamylene was believed to be inhibited to a large extent, possibly be¬ 
cause the reaction of olefin and bromine is not as exothermic as that with chlorine. 
Amylene dibromide boils at 175®C. at 760 mm., tribromopentane at 118-119®C. at 
12 mm., tetrabromopentane at 148-150®C, at 12 mm., and isoamyl bromide at 254°C. 
at 760 mm. Amylene dibromide may he further brominated at 100°C. to furnish 
tri- and tetrabromopentane and higher brominated derivatives. It is interesting 
to note that the action of bromine upon monobromoamylene in direct sunlight leads 
to a crystalline tribromopentane which melts at 207°C. Addition of bromine to 
amylene apparently differs from that of chlorine in that with the former only a 
trace of monohalogenated olefin is produced and that the higher brominated deriva¬ 
tives are obtained largely from amylene dibromide. 

Reactions of Amylene Dibromide. The removal of two molecules of hy¬ 
drogen bromide from amylene dibromide leads to the production of acetylenes. 

n. V. Ti.nhchenko. /. Cm. Ckem. (V.S.S.R.), 1936. 6, 1116; Chrm. Abs., 1937. 31. 1003. 

B. Y. McCarty and W. E. Skelton. U. .S. P. 1,969.670, Ausust 7, 1934, to Texas Co.: 

/. Injt. Pet. Tech.. 1934. 20. 540A: Brit. Chem. Abs B. 1935. 617; Chmi. Abs.. 1934. 28. 6297. 

’‘"R. R. Vallee, U. S. P. 1.926.961. Sept. 12. 1933. to Sharpies Solvents Corp.; Chem. Abs., 

1933. 27, 5962: Brit Chem. Abs. B. 1934. 567. 

R, R. Vallee, U. S, P. 1,913,647, June 13, 1933, to Sharpies Solvents Corp.; Brit. Chem. Abs. 
B, 1934. 310; Chem. Abs.. 1933, 27. 4364. 

M. M. Willson. U. S. P. 2.014,077. Sept. 10. 1935, to Sharpies Solvents Corp.; Chem. Abs.. 
1935. 29. 7572: Brit. Chem. Abs. B. 1936. 1082. 

C. Hell and M. Wilderman, Ber., 1891, 24, 216; Chtm, Zentr., 1891, 1. 495; J.C.S., 1891, 
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For example, Hall and Bachman^^^ recommend that 1 mole of 1,2-dibromopentane 
(amylene-1 dibromide) be dehalogenated by use of the requisite amount of potas¬ 
sium hydroxide suspended in a mineral oil. The three substances were heated in a 
distilling flask connected to a condenser, from which the portion boiling at 39.5- 
41.0®C. at 747 mm. was retained. This product, pentyne-1, was said to constitute 
33 per cent of the theoretical amount. The residue contained monobromoamyl- 
ene-1 which was converted to the pentyne by heating 1 mole of the latter under a 
reflux condenser for 5 hours with 3 moles of alcoholic potassium hydroxide. 

Bromination of stilbene, QH 5 CH = CHCcH 5 . has been reported by Bartlett 
and Tarbell.^^2 Reaction was carried out at 0°C. by dissolving stilbene and 
bromine separately in methanol and mixing the two solutions. The products of 
the interaction were stilbene dibromide and stilbene methoxy bromide, so that the 
mechanism may be expressed as: 


H H 



H Br \l + 



Hr - ^CH jOH 



Br- 

Br H 


OCH. 

/ 



The rate of addition was followed by withdrawing samples from the reaction 
flask, diluting them with 5 times their volume of water containing potassium iodide 
and titrating the liberated iodine with sodium thiosulphate. The rate of bromina¬ 
tion was reported to be diminished by bromine ions hut not by hydrogen ions. 
Therefore, it was concluded tliat, though still)ene methoxy bromide. CftH.-iCHBr- 
CH (OCH ) 3 C 5 H.*^, is the main product, methyl hypobromite is not responsible for 
its formation. The reason for this statement was said to be the fact that bromine 
reacts with methanol to form methyl hypobromite, hydrogen ions and bromine ions, 

Br, + CH,OH CH,OBr 4^ 1T -f Br 

and that, if this mechanism was correct, the addition of hydrogen ions should pro¬ 
duce the same effect upon the rate of reaction as do bromine ions. This, as was 
mentioned before, was not observed. 

H. J. Hall ami G. B. Bachman, Ind. Enq. Chcm., 19.16. 28, .S7; Hnt them. Ahs. B 1936, 
.106; Chrm. 1936, 30, 13-SO! 

“'P. D. Bartlett and I). .S. Tarl>ell. J.A.CS.. 1936. 58. -*66; Chem. 1936. 30. 2952: Bnt. 

' hem. Abs. A, 1936. 600. 




Chapter 21 

Production, Properties and Uses of Halohydrins 
Derived from Simple Olefins 

Coiuparatively little new work is available on the production of halohydrins of 
the simpler olefins. This is somewhat surprising, in view of the large amount of 
research winch has l>een directed to the use of this class of compounds, in par¬ 
ticular ethylene chlorohydrin. in chemical synthesis. A number of new compounds, 
however, some of teclinical importance, have been developed from the alkene 
chlorohydrins. An example of such is /^,)^^'-dichloroethyl ether, which has found 
application in the refining of petroleum distillates, particularly lubricating oils. 

On the other liand. tlie preparation of chlorohydrins of the butenes and higher 
olefinic hydrocarbons has received some attention. Also, several processes dealing 
with the production of halohydrins of halogenated olefins have also been described. 

Mtiiylknf Chi.okohydrix 

This chlorohydrin, CTloC'lCHoOH, is made by the well-known reaction l>etween 
hypochlorous acid and ethylene.* One procedure comprises passage of ethylene and 
chlorine simuItaneou>ly into water. In this instance formation of ethylene chloro¬ 
hydrin can be ref)resented by 

C'l,-fHjO HOCl + HCl 

C,\U f H( )C1 >- CHjClCH.OH 

(renerally, the concentration of the desired product in the aqueous medium must be 
kept rather low, say 6 to 8 per cent, otherwise a large proportion of ethylene di- 
chloride may be obtained. Various proposals have been advanced for increasing 
the yields of chlorohydrin, as. for example, removal of hydrochloric acid (formed 
as a by-product) by addition of soda ash or incorporation of catalysts, such as 
cupric chloride or ferric chloride. 

Other methods of preparation involve the use of aciueous solutions of hypo¬ 
chlorites. e.g.. the sodium or calcium salts. In such cases hypochlorous acid is 
liberated by the simultaneous introduction of carbon dioxide with gaseous ethylene. 
The same effect (lilHuation of hypochlorous acid) may he accomplished also by 
incorporation of so<liiun bicarbonate in tlte reaction mixture. Kmployment of a 
solvent which is immiscible w ith the a<iueous medium has been recommended. The 
presence of this immiscible li(|uid tends to renu>ve the chlorohydrin from the water 
layer and thus retard its further interaction with either chlorine or hydrogen 
chloride. 

A procedure developed by Detocuf,- using K-chlorourea as the chlorinating 

' For A rcNifw of the various mclhiKis for carrxinn out this reaction, stt Carlrton Kllis. “Tlif 
Chemistry of Petroleum Derivatives." The Chemical CataloR ('o., Inc.. New V^ork. 1934. 

■A. Detoeuf, Bull. joc. chim., 1922, 31, 102; Chrm. Abs., 1922, 16^ 139.*'; Bnt. C'/icm. Abs. 

A, 1922, 196. 
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agent, has been described by Likhosherstov and Alekseev.® Ethylene is passed 
through a 5 per cent sulphuric acid solution (at 0®C.) containing N-chlorourca, 
NH 3 CONHCI, and cupric chloride. After about five hours a 60 to 70 per cent 
yield of ethylene chlorohydrin is secured, together with 2 to 2.5 per cent of ethyl¬ 
ene dichloride. If additional quantities of N-chlorourca are introduced into the 
reaction mixture from time to time, concentrations of ethylene chlorohydrin up to 
25 to 30 per cent may be produced. 

Ethylene chlorohydrin is also formed by the interaction of liquid hydrogen 
chloride and ethylene oxide.** 


Tfxhnical Processes for Chlorohydrin Production 


The large number of processes which have been developed may be divided into 
two general types: vapor-phase and liquid-phase operations.^ The latter are based 
essentially on the principles mentioned previously, i.e., gaseous ethylene is passed 
into a liquid medium (water) containing hypochlorous acid. This acid may result 
from the interaction of chlorine (introduced simultaneously with ethylene) and 
water, or from dissolved hypochlorites and a weak acid such as carlxmic or l)oric. 
Generally, the temperature is kept at 30‘^C. or lower. In vapor-phase methods, 
the olefin, hydrogen chloride and steam are reacted at temperatures of 100 °C. or 
slightly higher. A large excess of steam is employed to prevent, insofar as pos¬ 
sible, the formation of dihalogen derivatives of the hydrocarbon. 

Kautter* describes an apparatus in which an excess of aliphatic olefin (at atmos¬ 
pheric temperature) is bubbled through an aqueous solution of free hypochlorous 
acid and hydrochloric acid. Alternatively, the unsaturated hydrocarbon may be 
passed in a countercurrent manner to a spray of continuously circulated aqueous 
solution of chlorine and chlorohydrin. Afterwards the chlorohydrin solution is 
dehydrated by distilling with a paraffin having the .same number of carbon atoms 
as the olefin. 

Among the methods used for the interaction of chlorine, water and ethylene 
may be noted two in w'hich the chlorine gas is added to water in a separate con¬ 
tainer from the one where the hypochlorous acid solution is treated w ith olefin. In 
one case,^ a mutual exchange of liquids is maintained between the absorbing fluids. 
In the second procedure® interaction takes place by circulating hypochlorous acid 
solution (maintained at not less than 15 per cent saturation as to chlorine) in 
coimtercurrent to the ethylene or propene gas to be absorbed. No neutralizing 
agent is present in the system. 

A method adopted by Dreyfus® is to heat a di- or polyhydric alcohol with hydro¬ 
chloric acid generated in situ. For example, monochlorohydrin may be produced 
by heating in an autoclave at 50° to 60°C. a mixture of glycerol, 9 () per cent sul¬ 
phuric acid and sodium chloride with a small amount of acetic acid as an activator. 
Addition of more sulphuric acid and continued heating at higher temperatures 
(200-250°C.) converts the chlorohydrin into the corresponding ether. 


»M. V. Likhothertov and S. V. Alekseev, /. Applied Chem. (USSR). 19U 7 127 

Ahs.. 19.15. 29, 452; Brit. Chem Ahs. B. 1934. 567. « a /. yjs. , Ltum. 

Gcbauer-Fuelnegy and E. Moffett. J.A.CS.. 1934, 56. 2009; Chem. Abs.. 1934. 28. 6698: 
Bnt. Chem. Abs. A, 1934. 1200. 

• For a (liticu..ion of th*M. tet Carleton Elli», "The Chemi.try of Petroleum Derivaiiv.. •' TK. 
Chemical Catal^t Co Inc New York, 1M4. Alw. R. Ka..ler, f/o«,*.19*2 |V 
Chem. Abs., 1933, 27, 5715. ’ * 
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* F' 450.372, 19.36. to Socf6t6 Carbochltnicjue Soc. anon,; Chem Abs 1936 so asai. 

BfU. Cktm . Ah,. B. 1936, 972; French P. *00.662. 1936; Chm Aj 1936 lo'*241 ’ **’ 

•H. Oreyfua, Britiah P. 404.938, 1932; Brit. Chtm. Abt. B. 1934, 266| Chem. /fij., ?»34, M, 4432. 
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Another procedure^® involves reacting chlorine and ethylene in an aqueous 
medium and removing the insoluble chlorinated products from the reaction mixture 
as they are formed. In an analogous process, addition of ammonia to the reaction 
mixture is advocated.In this manner the hydrogen halide, formed as a by-prod¬ 
uct, is converted into ammonium chloride. Or, the hydrochloric acid may be neu¬ 
tralized by conversion into aluminum chloride.In either case the chlorohydrin 
is recovered by distillation. 

Under ordinary conditions of ethylene chlorohydrin production, the reaction 
mixture is somewhat corrosive. The problems arising from this fact have been 
met in various ways. A usual method, as will be apparent from the foregoing, 
comprises incorporation of alkali to neutralize the hydrochloric acid present. 
Rotshtein*^ suggested that the reaction vessel be made of wood, covered with 
a phenol-aldehyde resin. 

Iskra^^ studied the corrosive properties of a mixture consisting of 7 to 7.5 per 
cent ethylene chlorohydrin, 5 to 6 per cent ethylene dichloride, 81.5 to 83.5 per cent 
water, some hydrochloric acid and an excess of chlorine. Lead was quickly at¬ 
tacked at temperatures above as were also a large number of alloys and 

acid-resisting lacquers. Of the former, ferrosilicon, containing 13 to 17 per cent 
of silicon, gave the most promising results. The niost refractory coating w'as 
shown to consist of a Haveg type resin,applied as an asbestos-resin plaster on 
an iron surface. In this instance the resin was only slightly corroded. None of 
the lacquers tested gave satisfactory results. 

A process for preparing alkene chlorohydrins by utilizing the action of sulphur 
trioxide on the corresponcling dichloride is described by I sham and Spring.'® 

An alkene dichloride is treated with sulphur trioxide to obtain a chloroalkyl- 
sulphuric chloride which, hydrolyzed with water, forms a chlorohydrin. The lat¬ 
ter may then be separated by distillation or by use of a solvent. Application of this 
method for production of ethylene chlorohydrin from ethylene involves the follow¬ 
ing reactions: 

CML-hCb > C,H4C1, 

CtH^Cl, + Sf), y C\CtU,SOtC] 

nc,uso,c\ + 2H,f) —y cHjCich,oh -t- hci uso, 

The quantities of ethylene dichloride and sulphur trioxide used may vary some¬ 
what. However, when employed in molecular proportions (or the dichloride in 
excess), the best yields of intermediate product with least undesirable by-produas 
and loss of dichloride were secured. 

Although the optimum reaction range for the dichloride and sulphur trioxide 
lies between 35'" an<l 45° it was found necessary to maintain a temf)erature of 
5* to 10®C. during the addition of the sulphur trioxidc. This was accomplished 
by prccooling the trioxide to just above its solidification point prior to mixing the 
reactants. In practice, the reaction mass is then removed to a vacuum still where 
temperature control possifde and separation of unreacted ethylene dichloride and 
sulphur trioxide is readily effected, .\fter chemical equilibrium is established by 

’• Frrnch I’ fo ('omiiafitur dr produil* chimiqurs ei clectnxnrtallurKiqiH*^^ .Alai«. 

Kroirri rt ('amarstir, {hem .^hx . SO. 492 

“ French P. 79.S.804. 19.Ui, to .Society ('Arhochimique. anon ; Chem. .^hs 19.V» SO, ^>9? 

British P 44 von. I9.tn: c hrm SO. <>.190. 

P. Fcrrrro mul C. Vandrndric^. I’. S. P. 2.0.S6.448, Oct. 6. 19t6. to Society ( arhochimiqnc. Soc. 
(hem. . |9,tn. SO. H242 

•'A I) K..f<htciM. Husst.in P V> 18.t. 1944. Chem 19.P». SO, 2S8n 

F. V. Nkra. J (hem I (f SSR), pi.ts. U, 947; Chem .4hs , 19tft. SO. 711; Brit (hem 
•ihs B. IV.Ui. 201. 

For the prei^ration aiul uhch of resins uf the lUvr* ty|>r. %cr CurMcm Kllis. “The ('hrmistrv 
of .Synthetic Re)«in'*,*’ Keinhold FNihliihitiK (’orp.. New York. I9S5. 4.S8. et iseti. 

M Isham ami O. SnrinK. t' S. P. 1.918.967. July 18. I9JJ, to liberty Ke»e«rch Co.; 
Chrm. ,^bs,. 1943. 27. 4815; Brit Chem. Ahs B. 1934. 393. 
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holding at about 40®C., removal of a large proportion of the unused dichloride 
trioxide serves to concentrate the chloroethylsulphuric chloride. It was noted that 
the rate of fortnation of this latter product was considerably increased by the uw 
of reflux reaction between the unreacted ethylene dichloride and sulphur trioxide 
as these products were driven off. 

Hydrolysis of the crude chloroethylsulphuric chloride may be carried out in 
three ways: 

1 . By mixing with water held near 0°C. and gradually heating to about the 
boiling point. 

2. By adding crude chloride just fast enough to allow heat of hydrolysis to hold 
the water at its boiling point. (This method requires especial care.) 

3. By hydrolysis with cold water which takes longer but normally affords larger 
yields of ethylene chlorohydrin. 

For complete hydrolysis vigorous agitation and tlie presence of a small amount 
of sulphuric acid are recommended. 

If the hydrolysis is carried out in a distillation unit, the pro<luct may l)e readily 
recovered by fractional distillation. A constant-Ix^iling mixture of water and ethyl¬ 
ene chlorohydrin contains approximately 46 per cent of the latter and Imils at 
93-94®C. This azeotropic mixture can, in turn, be dehydrated by distillation with 
ethylene dichloride, which takes out the water in azeotropic mixture at 72°C. 
Another immiscible solvent available is butyl acetate. 

The chlorohydrins of propene, butene and higher olefins may be prepared by 
the above process. The temperature in these cases must be maintained below 
0®C. when reaction with sulphur trioxide is carried out. In addition, cold water is 
recommended for hydrolysis. 

In another procedure,^’ halohydrins are obtained by reaction of the olefin with 
a tertiary alcohol ester of hypochlorous (or hypobromous) acid in the presence of 
water. Ethylene, for example, gives ethylene chlorohydrin and tertiary butyl alco¬ 
hol when passed into a mixture of /rr-butyl hypochh)ritc and water at 18 to 22®C. 
This method is reported equally applicable to the preparation of the chlorohydrins 
and bromohydrins of propene, isobutene, isoprene and cyclohexene. I he tertiary 
alcohol esters of the hypohalous acids are prepared by |)assing chlorine or bromine 
into the aqueous alcohol containing sfHlium hydroxide. 

An alcohol that is easily dehydrated, e.g., /cr-butyl alcohol, can 1 k' used to pre¬ 
pare an alkene chlorohydrin*** if treated in the presence of water with a hypo- 
halogenous acid. Instead of the acid a hypohalite ester, such as butyl hyjKKhlorite, 
may be used if it has an alkyl group next to the hypohah)genous acid radical. 

Alkene chlorohydrins arc formed along with aliphatic esters when olefin di¬ 
esters of saturated aliphatic moiKKarboxylic acids are treated with hydrochloric 
acid and an alcohol,'® For example, ethylene glycol diacetate treated with hydro¬ 
chloric acid and ethyl alcohol gives ethylene chlorohydrin and ethyl acetate. 

Propertik.s and Uses of Ethyi.ene ( in.oROHVDKis 


A physico-chemical study of ethylene chlorohydrin has been made by Radulcscu 
and Muresanu.2® Hydrolysis of this compound was found to be unimolecular. 

P. 40^880, 1933, to BaUaftche Petroleum Maat»chappij; Chtm. Abs 1934 2t 272A* 
Br%t. Chem. Ahs. B. 1934. 267; J. Insi. Pet. Tech.. 1934. 20, USA French P 74o’lSO lOJZ- 
Chtm. Abe.. 1933. 27. 2160. derman P. 590.432. 1934; ( hem Ahs 1934 28 2014 

31.306. 1933: Chem. Abs.. 1934, 28. 2372. ' * 

''-v.lopm..,. Chtm. Ah,.. 

E. V. Britton. G. H. Coleman and G. V. Moore, V. S p I oh 7 227 1^.% a tote * 
Cbemid Co.; Chtm. Ahs.. 1935, 29, J432: Bril. Chtm: Ahs. B 1915 iftn' ■* *' 

*D, Raduleacu and P. L. Mureianu, Bui. see. siiinu Clui 1932 7 i2o ‘ ri.—. r . . 

31$«: BrU. Chtm. Ahs. A, 1933, 1271; Chtm. Aht.. 1933, 2?' 20*5 ’ - *• 
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and the reaction constants at different temperatures were determined as follows: 

Reaction Constant 

At 56°C. 0 0000036 

At65°C. 0 0000080 

At 79*0. 0 0000408 

At99*C. 0.00029 

These values were not affected by the presence of calcium chloride, sodium 
chloride or hydrogen chloride. ELquivalent quantities of ethylene glycol and hydro¬ 
gen chloride, in solutions varying in concentration from 0.2 to 2A\ reacted very 
•lowly at 99°C. to give the chlorohydrin. 

Indices of refraction of ethylene chlorohydrin were found to be 

At 10°C. . 1.44551 

At 15°C\ ... 1.44382 

At 20°C. 1.44212 

At 25°C. 1.44123 

Den.sity determinations gave the follow ing \ aluc'^: 

At 15°C. 1 2014 

At 20°C. . 1 1981 

At 25°C.1 1954 

Ethylene chlorohydrin has been found to possess a high degree of to.xicity as an 
insecticide.(iinshurg-* re|)orts, after testing the effect of a number of fumigants 
on codling-moth larvae, that this halohydrin was second only to liquid hydro¬ 
cyanic acid in order of potency. It was observed, however, that the percentage kill 
was considerably reduced as the temperature was lowered. It has likewise been 
noted-*’’ that the rate of hydrolysis of starch by the enzyme, amylase, is increased 
by ethylene chlorohydrin : but. according to Denny.the accelerating effect of this 
latter compound on the growth of dormant buds is not directly due to its stimulating 
influence on the activity of the ehzyme.-*’’ Ethylene chlorohydrin has been sug¬ 
gested as a refining agent for rosin'-® to be used in the manufacture of glaze for 
paper. Further, it has lx‘en recommended that the chlorohydrin be employed to 
remove naphthenic compounds from crude petroleum.-®* 


HI'TKNK (‘in.OROn YDRINS 


Batalin aixl Ugriumov-*^ have described the preparation of butene-2 chloro¬ 
hydrin by two different methcKls. In the first, after the manner adopted by Gom- 
berg,*® a yield of 50 to 60 [>er cent in 7 to 8 per cent concentration was obtained. 

A modification of McElr(»v*>’*'^» process proved more convenient and gave 60 to 65 

per cent of the chlorohydrin and 10 to 30 per cent of the dichloride. In each 

** K. RrodrrKrn and H. Rrhnckr, (iirrman I* M2.206. 19.1.S. to I. (1 Farhcnind. (».: C'Mrm. 

Abt.. 1915. 29. 4890 

•* J .M. (iin^hurg. /. Agric. firs . 19.1,1. 46. 11.11; flnf, Chrm Ahs, B. lO.l.l. 9,14; Chrm Ahj . 19.li. 

27. 5464. 

" R. H. Clark. F. I. FowJrr and P. T Black. Trans Ko\. Stw Canada. 1911, (.11 25. 99^ firit 

Chtm. Ahs. A. 19.12. 427; Chrm. Ahs.. 19.12, 26, 2755. 

»• F F. l>nny. Cimtrih. Boyer Thompson Inst, 193.1. 5, 441; B*it. Chem. Ahs A. 19.5.1. 1215; 
Chrm Ahs., 19.1.1. 27, 5765, 

• For the effect of thi» chlorohydrin on potato tubert. aee L. P. Miller. Contrih. Boyer Thompson 
tnsf., 19.14. 6, 12.1; Chrm. Ahs . 19.14, 2§. 585.1. For the action on gladiohis corms. »ee F K. 
ornny. ContrCh. Boyer Thompton Inst, 19.1.1. S. 4.15; Chrm Ahs, 1933, 27. 5781; Brit, Chrm. 
Ahs. B. 1933. 1215 

■•German P. 577.723. 1933. to fferculea Powder Co.; CArm. Ahs., 1934. 28, 663. 

*** ?'• W. Ferrit. C S. P. 2.072.104, March 2. 1937. to Atlantic Refininf Co. 

.S, Batalin and P. C. Cgrtumov, .7. (7rn. Chrm. (C.SSR.h 1934. 4, 871; Chrm Ahs. 
193$. 28. 2147; Brit Chrm. Ahs A. 1V35. 62. 

■■M (iomlwrg. / A.C.S. 1919. 41. 1414. Chrm. Ahs, 1919. IS. 2369; 3.C..V. 1919. 116 (l). 5h7; 
Bnt. Chrm. Ahs. A, 1919. 923 Fa^rntially pa^aage of chlorine and ethylene (in exces!^) into 
wtter it 10 to 12*C. until concentration of the halohvdrin ia 6 to 8 per cent. 

•K. P. McKIroy. C. S. P I.2.53.M6. Jan. 1$. l4l8; Chrm. Ahs.. 1918. 12. 703; J.S.C.l.. 1918, 
•/* 167A. Involvea the reaction of chlorine, ethylene and tteem at 1(K)*C. 
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case the utilization of butene-2 was 85 per cent. The product was separated from 
the reaction mixture by distillation with steam under reduced pressure.^^ 

The ethers of butene-2 chlorohydrin are formed when chlorine is passed into an 
alcoholic solution of sodium hydroxide at —5®C. while butene-2 is being gradually 
added.®^ Excess of chlorine (25 per cent) and of alkali (30 per cent) are neces¬ 
sary. The alkali chloride and unchanged alcohol may be removed from the reaction 
mixture by repeated washings with water and the product then dried with calcium 
chloride and distilled. By this procedure 60 to 70 per cent yields of the ethers 
can be obtained, with 25 to 35 per cent of dichlorides as by-products. The proper¬ 
ties of the methyl, ethyl and isobutyl ethers of butene-2 chlorohydrin are given in 
Table 113. 

Table 113. — Monoalkyl Ethers of Butene-2 Chlorohydrin. 


Ether Formula Boiling Point 

Methyl. CH,CHC1CH(0CH,)CH, 116-118^:. 1 0102 1.426 

Ethyl. CH,CHClCH(OQH»)CH, 122-126"C. 1 0002 1 424 

Isobutyl. CH,CHClCHlOCHaCH(CH,),lCH, 164-166X. 0 9273 1.421 


The preparation of isobutene chlorohydrin from h’r-butyl hypochlorite and ier~ 
butyl alcohol has been briefly discussed earlier in this chapter.^- 

Chlorohydrins of Several Higher Olefins 


The formation and properties of some of the higher homologucs of ethylene 
chlorohydrin have been described by Nilsson and Smith.These workers pie- 
pared the a-dimethyl-, trimelhyl-, tetramethyl- and a-diethyl-ethylene chlorohydrins 
and determined their rates of hydrolysis in neutral and alkaline solutions at 18®C. 
For a homologous series the rate in neutral solution appeared to he unaffected by 
the substitution of a methyl group for a hydrogen atom. However, in alkaline 
media, a considerable increase w'as observed when the same change in composition 
was made. These results are in accordance with Michael's^^ rule. 

Godchot, Mousseron and Granger•'**’'* synthesized a number tif cyclic chloro¬ 
hydrins by the action of hypochlorous acid on the corresponding cyclic olefin. 

2-Chlorocyclopentanol. A mixture of the cis and trans isomers of this 
compound is formed when hypochlorous acid is allowed to react with cyclopentene. 
Some separation can be effected by careful fractionation of the pro<iuct, although 
the cw-2-chlorocyclopentanol obtained (b.p. 44°C. at IS mm.) probably contains 
a small proportion of 1,2-dichlorocyclopentane as an impurity. /raw.f-2-C'hloro- 
cyclopentanol boils at 84°C. at 15 mm. and has 1.174 and 1.4832, When 
heated with 25 per cent aqueous alcohol, it is rapidly and quantitatively converted 
into /rflWi-cyclopentane-l,2-diol. Similar treatment leaves the CLv-compound un¬ 
changed. 

2-Chlorocyclohexanol. As with cyclopentene, a mixture of two stcreo- 
isomeric chlorohydrins is produced by the action of hypochlorous acid on cyclo- 


For a *tudy of the tertiary syMem: water, butene 2 chlorohydrin and dichloride 
Bu»hmakin, M. M. GolMman and K. I. Kuchtnskaya. Sintet. Kauchuk. 1935, 4 ( 1) n- 
19.15. 29, 4248; Brit. Chem. Abs. A. 1936. 290. Sec alM) V. S. Batalin and P f; 
toe. fit. 

.M. V, I.tkho.«her»tov and A. A. Petrov, J. Gen. Chem. (V.S.S.R), 1915 5 iuk- 
1936. 30. 2174. otn. 


, »ee I. N. 
Chem Ah.t.. 
l .^griufmj\, 

Chrm. Ahj.. 


«British P. 402.880. 19.13, to Bataaftche Petroleum MaalHchappij; Chem. Ahs 1934 
Brit. Chem. Abs. B. 1934. 267; J. Inst. Pet. Teeh.. 1934. 20. 115A * ' * 

fl,.r * A *“*• 

«A. Michael. /.W. Chem.. l’899. (2) 60. 286, 409; J.C.S.. 1900, 78 (1) 121* I Henry Ree 
trw. chim., 1907, li, 127; Chem. Ahs.. 1907, 1, 2079. See alio Carleton Fill. * -tk. if 

of Petroleum Derivative*,’* The Chemical Catalog Co.. New York 1934 Chemiitry 
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liexene. cij-2-Chlorocyclohexanol is a liquid with b.p. 76®C. (15 and 

1.4860. Boiling aqueous alcohol has little effect on it. /rai/i-2-Chlorocyclohexanol. 
on the other hand, is a solid melting at 29®C. It boils at 87®C. at 15 mm. and is 
slowly changed by aqueous alcohol at 90®C. into /raM.f-cyclohexane-1.2-<liol and 
cyclopentylformaldehyde. The latter furnishes a semicarbazone melting at 123 
to 124®C. 

1- Mcthyl-4-chlorocyclohexan-3-ol. Two stereoisomers of this composi¬ 
tion may be isolated from the mixture of four chlorohydrins resulting from the 
reaction between hypochlorous acid and 1-methyl-A^-cyclohfexene. One of these 
(b.p. 79°C'. at 16 mm.) is unchanged on boiling wdth water at 90°C. Another 
(b.p. 101 to 102°C. at 16 mm.) is partially converted under these conditions into 
/ranj-l-methylcyclohexane-3-4-diol (m.p. 63°C.) and 1-methyl-3-cyclopentylformal¬ 
dehyde. The semicarbazone of this aldehyde melts at 133°C. 

2 - Chlorocycloheptanol. 1 he action of hyp<Khlorous acid on cyclohcptcne 
appears to give only one clilorohydrin. This compound, b.p. 98°C. (16 mm.). 
</,y 1.1351 and 1.4948,'*^ is completely transformed by boiling with aqueous 
alcohol into cvclohexvlformaldehvde. The semicarl)azone of this aldehvde melted 
at 167° to 168°C. 

2-Chlorocyclooctanol. This substance boils at 128° to 130°C. at 20 mm. 
pressure. Prolonged heating with aqueous alcohol at 90°C. produces cyclooc- 
ladiene without the formation of a glycol or of the aldehyde of cycloheptane. 

Bartlett and his co-workers prepared the chlorohydrins of methylcyclopentene 
and methvlcvclohexene bv two procedure.s. In the first, with Grignard‘s reagent, 
the cis isomer was formed, while the tran: compound resulted from the action of 
hypochlorous acid on the cyclic monolefin. 

2 -Chloro-l-methylcyclopentanol.^^ The ci,r compound is obtained when 
2-chlort)cyclojH.*ntanone reacts with methyl magnesium bromide. It boils at 61 to 
64°C. at 7 mm. and has dji 1131 and njfV 1.477. The corresponding charac¬ 
teristics for the trans isomer (from the olefin and hyp<Khlorous acid) are b.p. 50° 
to 57°C’. (8 mm.), dn^ 1.059 and fif* 1.4709. 

2-Chloro-l-mcthylcyclohcxanol.**** By the interaction of 2-chlorocyclo- 
liexanone w ith methyl magnesium bromide a 55 to 82 per cent yield of t i.v-2-chloro- 
1-inelhylcyclohexanol may be secured. This chlorohydrin boils at 73° to 75°C. 
at 15 mm. and has dj^, l.(W5 and 1.4775. It remains unchanged on distil¬ 
lation with quinoline, but after refluxing for one hour methylcyclohexadiene is 
prcKluced. Tile action of 33 per cent sodium hydroxide solution (or heating with 
w*ater at 200°C.). gives methylcychq)entyl ketone. /r( 2 n.f- 2 -Chloro-l-methylcyclo- 
hexanol, from hyj>ochlorous acid and methylcyclohcxene, is a liquid of b.p. 90 to 
95°C. at 28 mm., 1.006 and 1.4850. Shaking w ith 20 per cent cold sodium 
hydroxide solution gives 1-methyl-l.2-epoxycylohexane. Refluxing with 14 per 
cent sodium hydroxide for three hours produces froHj-l-mcthylcyclohexane-l .2-dio1. 

When dimethylpentenoP^ is treateti with hypochlorous acid, the pr«Hluct ob¬ 
tained is not the expecteil chlorohydrin of tetramethylglycerol, viz: 

■•See alto Britiah P. 402.880. 19,t.t. to Bataafache Petroleum Maataebappij; .ihj . 19.t4, 

28. 2726; CMrm. Abs. A. 1934. 267; J, /a##. Pel. Ti-db., 19.14, 20, USA. which Kivet hoi ling 

point a» 75* to 78*C. (9 mm ). 

•»M. Gcxlchot and Mile. Cawiuil. Cemi^t rtnd., 1928. 186. 375. 955; Ckem. Abs . 1928. 22. I.t35. 
Brit. Ckcm. Abs. A, 1928, 410, 634. Tne 2>chlorocycloheptanol is prepared also from cycloheptene 
by the action of NHgCONHCl. Some reactions, e.f.. with methyl mairnesium iodide io rther 
•Nation, as well as certain phvsiolotiical properties, of 2-chlorocvclohet>tanol are described. 

■*P. D. Bartlett and R. V. W'hite, J.A.C.S., 1934, 56. 27^S; Ckem. Abs , 1935. 28. 731; But 
Ckem. Abs. A. 1935, 208. 

»P. D. Bartlett and R. H. Roaenwald, J.A.C.S., 1934. 56. 1990; Ckem. Abs., 1934, 28. (>704; 
Brii. Ckem. Abs. A. 1934, 1221. 

•*M. Veiler, CamM> rend., 1934, IM, 1704; Ckem. Abs., 1934, 28. 5039; Brit. Ckem. Abs. A. 
1834, 755. 
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CH, CH, CH, CH, 

\ / HOCl \ / 

C==CHCOH —> COHCHCICOH 

/ \ / \ 

CH, CH, CH, CH, 

The latter compound may be formed as an intermediate, but apparently loses water 
and becomes oxidized at the points of unsaturation, thus: 

CH, CH, CH, CH, 

\ / -2H.O \ / 

COHCHCICOH ->- CCHClC 

\ / 

CH, CHa CH, CH, 

CH,OH CHaOH 

+ >Hj0-f20 \ / 

-COHCHCICOH 

/ \ 

CH, CH, 

The product finally obtained, a tetrahydric alcohol, melts at 132''C. 

In a process described by Cook^* for the preparation of higher chlorohydrins 
which are insoluble in water, the liquid olefin, e.g., octene, is treaterl with an a<jue- 
ous solution of h , pochlorous acid, prepared from sodium bicarbonate and cldorine. 
The weak hypochlorous acid solution employed, containing not less than 0.75 per 
cent of HOCl, is intermittently regenerated while out of contact with the olefins 
and chlorohydrin in order to prevent the formation of dichloride. 

Chlorohydrins of Halooenatkd Olefins 


Some higher chlorohydrins of monohalogeno-alkenes have been prepared by 
Groll and Hearne.^^ xhe unsaturated monohalide, containing not less than four 
carbon atoms and ha\ing the halogen atom attached to saturated carbon, is treated 
with hypochlorous acid. An addition takes place in the usual way at the double 
linking, unless the latter is attached to tertiary carbon, when chlorination alone 
takes place. In some cases both hypochlorous acid and chlorine arc added on. The 
reaction takes place in a similar manner when chlorine water or alkyl or aralkyl 
hypochlorites and water are used instead of hypochlorous acid. Some e.xamples 
given by Groll and Hearne are presented below’. For instance, chloroisohutene 
furnishes lK)th dichloro- and trichloro-/rr-butyl alcohol. 


OH 




/ 


CHr==CCH2Cl 

I 

CH, 

chloroisohutene 


H,0 

Cl, 


ClCH,(X'H,n 

X dichloro-/fr-hulyl alcohol 

b.p. 70®C. (14.2 mm.) 

OH 

{ 

nciurcu,n 

i 




L. W. C<K>k. V. S. P. 

Chcm. Abs., 1934. 2S. 3482 
« H. P. A. Groll and G. 

Brit. Chem. Ahs. B, 1935, 1129; Chcm. Abs., 1936. 30, 
1936, 30. 1812. U. S. P. 2.062.002, Nov. 24. 1936, 
3U 708. 


CHaCl 
trichloro-/rr-butyl alcohol 
h.p. W®(‘, (4 mm.) 

1,904,677, April 18, 19.1.1, to Trxas ( (»,; lint C Iwm Ahs, B, 1V31 998 
H?**^*!** British P. 435.096, 19.15, to Bataaf^hf Petroleum 


lA V” WataalKhc Petroleum MaatMrhappii - 

. tu hhell Development Co.; Chcm. Abs., 1937, 
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Chloroi^amylene, on the other hand, yields only one product. 

CH,==CCH,CH,C1 

<!:h, 

chloroisoamylene 

Crotyl bromide, a halogenated straight-chain olefin (as contrasted with branched- 
chain olefins), gives two halogenated alcohols. 

BrCHjCHOHCHClCH, 

A l-bromo-3-chlorobutanol-2 

BrCH,CH=-CHCH-< 

crotvl bromide 

BrCHjCHClCHOHCH, 

1 -bromo-2-chlorobutanol-3 

These above-mentioned reactions take place at room temperature. The result¬ 
ing polyhalogenatcd tertiary alcohols are intermediates for the preparation of un¬ 
saturated aldehydes and ketones, polyhydric alcohols and other derivatives which 
may be used for making resins or perfumes. 

Polyhalogenatcd olefins may l>e substituted for the monohalogenated analogues, 
in which case alcohols containing three or more halogen atoms per molecule are 
obtained.Combinations of this type can l>e represented in the following manner: 

HCIO 

(1) CH,C1C==<TK'H,C1 -> 

CHjCl 

l,4-vlichloro-2(chlorr)methyb- 
hutene-2 

HCK) 

(2) CH,Cir--<.'H, — >- 

CH,C1 

HClO 

CM,Cl ClltC] 

'I heso priuiucts have been suggested as solvents and extractants, e.g., in the 
refining of mineral oils and purification of refinery and manufactured gases. The 
polyhalogenate<l alcohols may also be hydrolyzed to polyhydric alcohols. 

Groll and Hearne*^ have converted polyhydric alcohols containing a greater 
number of halogen atoms than hydroxyl groups into oxy-compounds having fewer 
chlorine atoms. The reaction may be accomplished by contact with a non-oxidizing 
basic metallic oxide or hydroxide or by means of basic organic compounds such as 
amines. For example, dichlorotertiary butyl alcohol treated with a slurry of lime 
produced an 80 per cent yield of methyl epichlorohydrin (1) and a lesser amount 
of ^-methyl glycerol (2). These changes may be indicated as follows: 

•• If. P. A. (troll *nd (I. Hrartir. Briti»h P, 4.(6..t57, 19.(5, to BatM(«ch« Petroleum Ma«t- 
Khappij: Brit Chem. Abs. B, 19J6. 54; Chem. Abi., 1936, SO, 1812: /. Injt, Prf. Ttch., 193$, 11, 
460A. French P. 789.290, 1935; Cfcem. Abs 1936. SO. 1812. U, S. P. 2,062,002, Nov. 24. 1936. 
lo Shell Development Co.; Chtm. Abt., 19 SI, 708, 

P. A. r.roll and G. Hearne. t*. S. P 2.061.377, Nov. 17, 1936. to Shell Dcvelopmefit Co.: 
Chem, Abf„ 1937, SI. 704. 


CH,C1C0HCHC1CH:C1 

CHjCl 

t elrach loro-/er-amy 1 
alcohol 

CH,ClCOHCH,Cl 

1 

CH,C1 

trichk)ro-/er-butyl alcohol 
CH,C1C( )HCH,CH,COHCH,Cl 
CH,C1 CH,C1 


Cl 


OH 

HfO 

C1CH,< 

CU I 

CH, 

dichloro-/^r-amyl alcohol 


WA A 
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CH,C1-^0H—CH,Cl 

(!:h. 


Ca(OH).. 




/ 


o 


in, 




CHaOH-COH-CH,OH 

I 

CH, 


( 1 ) 


( 2 ) 


The cpichlorohydrin boiled at 122®C. under atmospheric pressure. It represents 
a class of compounds useful as solvents for cellulose esters, as extractant agents in 
the separation and refining of mineral and vegetable oils, and as chemical* inter¬ 
mediates for the production of a variety of other organic substances. 


Chlorohydrixs in Chkmical Snythesks 


Due to the presence of a reactive halogen (chlorine) atom in the molecule, 
1,2-halohydrins are important intermediates in many chemical syntheses. For ex¬ 
ample, distillation of these compounds, particularly in the presence of solid alkalies, 
furnishes olefin oxides, and hydrolysis gives the corresponding glycols.**’ By 
interaction with ammonia (or amines) or with sodium alcoholates are ohlaineil 
substituted amines or ethers, respectively. Possessing a hydroxyl group, chloro- 
hydrins exhibit many of the characteristic properties of alcohols, e.g., esterification 
with organic acids to chlorinated esters. 

Steimmig and Wittwer^^ report that carbonic acid esters arc obtained in higher 
yields by the action of sodium bicarbonate on chlorohydrins than from glycols and 
phosgene or chlorocarbonic esters. They recommend that operations be carried 
out at atmospheric or slightly superatmospheric pressure. Thus, ethylene glycol 
carbonate is obtained in 80 per cent yield by heating equiniolecular proportions of 
ethylene chlorohydrin and sodium bicarbonate for several hours. When no more 
sodium bicarbonate remains, the unchanged ethylene chlorohydrin and the water 
formed during the reaction are removed by distillation. The hot residue is then 
filtered from the sodium chloride, and, on cooling, a mass of crystals of ethylene 
glycol carbonate separates. 

CHjCl NaO 

\ 

-h c=o 

CHfOH HO^ 




\ 


CH,—O 


/ 


c=0 -h NaCl + H,0 


1,2-Propene glycol carbonate, a viscous liquid having specific gravity of about 
1.21, dissolves with difficulty in water. It boils at 110°C. (at 12 mm. pressure) 
with partial decomposition. * To prepare this compound two niole.s of 1,2-propenc 
chlorohydrin arc heated to boiling under reflux with one mole of scKlium bicar¬ 
bonate, together with a quantity of ethylene chloride or benzene. These last- 
named solvents form binary mixtures of low boiling point with water, which is 
thus continuously removed as it is formed during the reaction. Operations are 
stopped when all the alkali has disappeared. The chlorohydrin is distilled off and 
the hot residue filtered. From the resulting mixture of 1,2-propenc glycol and 


For a review of the reactions of chlorohydrins. see Carleton Ellis. “The Chenii»trv 
Derivatives,- The Chemical CaUlof Co.. Inc., New York, 1934. See dso ChanTerT 22 Petroleum 
-G. .od M. WIMwct. U. S. P. 1.907,891. M.y 9, " 9 * 1 ” to I G A - . 

Chem. Abi., I 9 J 3 , 27. 3721. ' ' ® rarbenind, A.-a{ 
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1,2-propene glycol carbonate, the latter (about 30 per cent of the mixture) is 
obtained in a pure state by fractional distillation followed by freezing of the dis¬ 
tillate. 

When an aqueous solution of ethylene chlorohydrin is treated with an alkali 
metal resorcinolate at 50-55®C. for 24 hours under a reflux, resorcinol ^-hydroxy- 
ethyl ether is obtained.**^ This material is a solid, melting at 83.1-H3.4°C., boiling 
at 214°C. (20 mm.), and soluble in water, ether and benzene. Motwani and 
Wheeler^* point out that either the mono- or di-yS-hydroxyethyl ether may be 
obtained by regulating the proportions of reactants. These ethers furnish the corre¬ 
sponding mono- or di-/J-chloro derivatives, respectively, on treatment with phos¬ 
phorus pentachloride. 

On heating the halohydrin with thionyl chloride. j3-chloroethyl sulphite is 
formed.^® Komissarov^® studied this reaction and found that on using a slight 

2('lCH,CH,OH SrK:i, - (ClCH,CH,Oj,S() -h 2HC1 


excess (.S j)er cent) ot thionyl chloride in the cold, /^-chloroethyl chloroMiIphinate 
is first produced. 

ClCHaCHjOll 4 SOCh >- ('lCHaCH,()S(>('l -f HCl 

If more of the halohydrin is then added and the mixture heated for 3 lujurs at .^0® 
to 60®C., yj-chloroethyl sulphite is obtained. 

ClCH,CHa( )S(X:i ClCH,CH,OH - HCl -f (ClCH,CHaO),S() 

The latter may be reconverted into the chlorosulphinate (at room temperature) by 
the action of thionyl chloride. 

/5-ChIoroethyl sulphite boils at 147-150°C. at 10 mm., and at 117.5-118®C. at 
4 nim. It has dj® 1.4255, 1.444, and m®, 1.481. . ^-Chloroethyl chlorosulphinate 
boils at 93® to 95®C. at 40 mm. and at 84 to 85®C. at 20 mm. and has rfj® 1.5010. 

Condensations with Ureas. Synthetic resins and condensation products 
rc-sembling linoxyn and waxes. \Nhich can he employed in the manufacture of lac¬ 
quers and plastics, are made by condensing urea or methylol urea with ethylene 
chlorohydrin.’* Keaction with monomethylol urea is carried out at in the 

presence of a small prop<irtion of urea nitrate. It proceeds according to the 
equation: 


NHCHjOH 


o==c 



4- H(X"HtCH,Cl 


NHCH,()CHsCH.Cl 

/ 

— > 

\ 

NH, 


HjO 


The prcKluct may then be combined (a) with sodium acetate to form an ester; (b) 
with sodium methoxide to give an ether; or (c) with the sodium salt of the acid 
methyl e.ster of oxalic acid to give a di-ester. 


T., P. Kjrridet. U. S. P. 2.015.11.^, Se|>l. 24, J9J5, to Natitmiil Aniline and Chemical ('o.; 

Cktm. Abs , 1935. 29. 7346; Brit. Chrm. Abs, B, 1936, 1083. 

*•0. r. Motwtni and T. S. W’heeler, J. I'miv. Bombay, 1935, 4, 104; Chrm. Abs.. 19.16, SO, 
5197; Brit. Chrm. Abs. A, 1936. 8.19. 

• R. l.ev«ilUnt. ComfH. rrmj.. 1929, It9, 465; Chrm. Abs., 19.10, 24, 824; Brit. Chrm. Abs. 

A, 1929. 1269. 

••J. F. Komiftfuirov. 2. Crm. Chrm. (CS.S.R.), 1933, S. 309; Chrm. Abs.. 1934. 2S, 2324- Brit 
Chtm. Abs. A, 1933, 1274. 

W, Pung»« K. Eitenmann, K. Scholi and T. Kollmann, T. S, P. 1.963,762, June 19. 1934 
W I. G. Far^entnd. A.G.; Chrm. Abs , 19.34, It, 5263. ('.ermiin P. .540.071, 1929; Chrm. Abs 

m2, ti» It 12. 
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XHCHjOCHjCHjCl Na(>-C-C—OCHi 

/ II !! 

tv=c + O () 

\ 

NH, 

NHCHjOCHjCHiO (' -C—OCH, 

'! li 

- >- ()=^c' O (» + N'aCl 

\ 

\ 

NH, 

Reaction of the nionoinethylol urea-etliylene chlorohycirin condensation product 
with sodium linoleate at 120°C. tor 12 hours j^ave a yellow-brown resin reseinhlin^ 
linoxyn and sugtjested as a binding aj;ent in laminated and molded articles. 

Reactions with Mercaptans. Klhylene cldorohyilrin may aNo be ein- 
ployed in the preparation of certain aliphatic sulphides of hij^li molecular weight, 
as, for example, the product from a-dodecylthiol and the halohytlrin. 1 hese have 
a soapy character and may be used in the production of deter^^ents, emulsifyinj; 
agents and various textile assistants, as well as in the rubber and pharmaceutical 
industries.^2 

Windus and Shildneck’’-^ report that methyl mercaptan (dissolved in alkaline 
medium) combines with ethylene chlorohydrin to furnish /i-hydroxyethyl methyl 
sulphide. In this instance, the mercaptan was made by decomposition of dimethyl 
isothiourea sulphate^'' with aqueous scnlium hydroxide. 

HN=C(SCH 3 )NHjbH,SO, + 2Na()H 

HN--C.\H2 NH('N + iC'HvSM ^ \a,S()4 | IWjO 

The hydroxy thioether may be converted into the correspomling /^-chloroethyl 
methyl sulphide by the action of thionyl chloride.’’’’ 

CHjSCH-iCHjOH -f SOCl, - >- CHaSCHjCHjC'l f S(). - 2HC1 


Sulphur-containing compounds are said to lx* obtained by the interaction of 
acetals of ethylene chlorohydrin and ammonium, alkali or alkaline-earth sulphides 
or polysulphides.**^^ Combination of the reactants may proceed in the presence of 
water. 

Arsenic Derivatives. Soare’’^ has described the preparation of /Mialocthyl- 
arsines from ethylene chlorohydrin. He gives the following details for making 
j8-bromoethyl arsenic dibromide: 100 g. of ethylene cldorohydrin were added with 
constant stirring to a solution of sodium arsenite obtained by arlding 100 g. of 
arsenious oxide to 120 g. of sodium hydroxide in 3(K) cc. of water. I he temixfra- 
ture of the mixture was maintained at 5 to lO'^C. and the progress of the reaction 
followed by taking a test portion from time to time, acidifying with hydrochloric 
acid, neutralizing with sodium bicarbonate and titrating the arsenious oxide with 
O.LV iodine. After 3 to 4 hours it was found that 80 to 8.S per cent of the arsenic 
had combined. Stirring was then stopped and the sodium chlr)ride formed re¬ 
moved by filtration. The filtrate was neutralized (using (Ongo red as an indi¬ 
cator), concentrated in vacuo at a low temperature, filtered, and extracted with 


1934,®8?‘7594; ^Fren^ P.^74M60rm3* ^ ' 

. 93 "T 4 . 


** For the pr«)aration of thii compound, icc P. P. Sbildncck and W 
John Wiley « Son», Inc.. New York, 1932. 12, 52; C'hem. /Ihs . lD]2 
•• W, K. Kirner and W. Windus. "Organic Syntheses." John VVilev 
1934, 14. 18; Chfm. Abs.. 1934, 2$, 2671. ^ ^ 


Windus. "OrKanic Syntheses," 
U. 26. UR4. 

Icy a Sons, Inc . New York. 


■•British P. 450,218, 1936, to I. G. Farbenind. A.-fi ; J. inst. f‘rt 
■’A. G. Soare. Bui. chim. soc. romhne chim., 1933. 36. 75- ihctn 
Chtm. Aht. A, 1934, 1341. . v/icm 


JVi/i,. 19.16. 22, 464A. 

Abt., 1935. 29. 2506; Bri>. 



PRODUCriON, PROPERTIES AND I SES OF HALOHYDRINS 527 


absolute alcohol. The residue, consisting of impure ^-hydroxyethanearsonic acid, 
HOC 2 H 4 AsO(OH).j, was next converted into /J-hydroxyethylarsenous oxide, 
HOC 2 H 4 ASO, by heating an aqueous solution on the water bath at 60°C. for 2 
hours in an atmosphere of sulphur dioxide. Treatment in the cold with potassium 
bromide and sulphuric acid produced a brown liquid which was extracted with 
chloroform. From the residue, )J^-hromoethylarsenic dibromide was finally ob¬ 
tained by distillation under reduced pressure. This dibromide is a colorless crystal¬ 
line solid (m.p. 36°C'., b.p. 110°C. at 25 mm.) which slowly decomposes unless kept 
perfectly dry. On treatment with warm aqueous sexlium hydroxide, it yielded 
ethylene quantitatively.®® 

Reaction with Amines. /i^-Diethylaminoethyl alcohol is prepared by heat¬ 
ing diethylamine and ethylene chlorohydrin®^* in the presence of sodium hydroxide 
in an autoclave for 3 hours at : 

-f ClCHiCH,OH 4 NaOH (C.lhhNCHjCHsOH 4 - NaCl 4^ H.() 

Hartman*'*^ reports a yield of 68 to 70 jK'r cent of the theoretical amount by this 
method. .According to Headlee, C'oHeit and Lazzel,^’* this amino-alcohol is a liquid 
with the following physical properties: b.p. (741 mm.). lOO^C. <80 mm.). 

%®('. (73 mm.) and 55®C. (10 mm.); wf,'* 1.4389, 0.04f)5, and vuriace 

tension of 27.50 dynes per cm. at 26.5®C. 

In a process developed by Lehmann*^* equimolecular proportions of the amine 
and halohydrin are allowed to react in a liquid medium (e.g.. methyl alcohol) 
containing an alkali. .Mono-\-alkanol derivative.s of the aromatic diamines or 
polyamines arc formed. 'Diese are descril>ed as being basic in character, readily 
soluble in water or alcohol, difiicullly so in ether, and insoluble in aliphatic hydro- 
carl>ons, 'I'hev furnish salts which may be disMd\e<l in water. The alkanol amines 
are suggested as intermediates in the preparation of dyes. 

.Another field for the use of ethylene chlorohydrin is in the preparation of com¬ 
positions fur waterproofing fabrics. One component of such mixtures may l>e non¬ 
wetting [>r<Jtcctive colloids^’^ resulting from the condensation of ethylene chloro¬ 
hydrin (or ethylene oxide) with various insoluble (Wganic compounds containing 
a hydroxyl or amino group and at least six carbon atoms. .Acrylic acid esters, 
their homologues and polymers may be emplovetl in the prcxliiction of resins tor 
use in the manufacture of laminated safety glass, lac(juers, varnishes and electrical 
insulating media..A synthesis of these esters. dcvel(q>ed by Baueris based on 
the use of ethylene chlorohydrin as a starting material. This is reacted with so¬ 
dium cyanirle to furnish the nitrile. The latter, in turn, is converted into an ester 
of acrylic acid by treatment with an alcohol in the presence of an acid. The reac¬ 
tion involvetl may be summarized in the two eipjations: 

CH,()HC}I,C 1 4- Na('N ~ > CHjOHCHjCN 4 - NaCl 
CH,()HCH,CN 4^ ROH + HjStb >- CH,--CHC(K>R 4- NH^HSfh 

V V. Nrkrasnv amt .\. S. NrVrajiov. Rrr . IQJS. 61. tSl6; Chfm .^hx . 23. ‘^1. 

Chrm .4hs A. l^JH. 1230 

I AclcnhtirK. Itrr , 18S1, 14, 1S7S. AN«> M A StKlcrniann jiml T B loht^>ion. .-f t >' 
1925. 47. 1.194; Chfm. .^bs . 192S. 19, 1700. J.SX .I, 1925. 44. 5^rB 

** W \W Hartm.m. "OrKamc Syntheses.” Jolm Wtlcy & Inc. Nr>n' York. 19.'4. 14, 2S, 

Chem 19,14. 2$. 2tt7H 

'“A. ; \V. Headier. A R. Tollrtf and C L. Ijif/rll, .KA C.S . 19,1.1. 55. 10^^; Chx'm Abs 

19.1,1. 27. I8M; Pnt Chrm Ahs A. 19.11. 49,1. 

K. Krhmann, I’. S. P. 2.022,245. Nov. 2<>. 19,15. to (irnrral Aniline W’orks; Chrm Ahs, 19.V». 
SO. l.Wl. 

'• Brilinh P. 401,712. 19.12. in I. ii. Farhemnd. A.ti.; Prtt. Chrm. B, 19.14. 142; ('lirw. 

Ahi , 19,14. 2«. 28#»1, 

•• H T Neher, Imi /uki. ( hrm , 19,16. 28. 267; Chrm Ahs. 19,16. SO. 8429 

• \V. Bauer, P S. P. 1..188.018. Aur l6. 1921, to Rohm A Haa* A.dl.; Chrm Ahs.. 1921, 15, 
4011; JSC./ , 1921. 40, r90A. V S. P 1.829.208. (Vl. 27. 19.11; 0,rm Abs.. 19.12. 26, 7.1.5. 
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^,^-Dichlorodiethyl Ether 


This compound, ClCHoCHjOCHaCHoCl, is formed when ethylene chloro- 
hydrin is treated simultaneously with chlorine and an excess of ethylene at 80®C.®® 
At the end of the reaction, water is added and the mixture distilled. An 85 per 
cent yield of the ether is reported, ethylene dichloride being formed as a by-product. 
The ether is a liquid of boiling point 178®C., freezing point — 51.7°t., and d Jo 
1.222. Its toxicity has been investigated by Schrenk, Patty and Vant,”^ who con¬ 
cluded that the odor and the irritant properties of this substance give ample warn¬ 
ing of its presence in concentrations likely to prove dangerous. 

In various ways this chloro-ether has assumed commercial importance. It 
reacts with metallic polysulphides (e.g., Na 2 S 4 ) to give products resembling rub¬ 
ber.®® Condensed with substituted phenols or naphthols in the presence of sodium 
hydroxide it furnishes plasticizers which may be incorporated in cellulose ester 
lacquers and analogous compositions.®® Other industrial applications are as a 
liquid medium for the hydrolysis of cellulose acetatej® as an ingredient in cellulose 
Jicetate dop)es and lacquers,^^ and in the preparation of morpholine derivatives.^- 
N-substituted morpholines are prepared by the action of /^,^-dichloro<liethyl ether 
on a primary amine, such as aniline, in the presence of an inorganic base. These 
are suggested as dye intermediates, rubber antioxidants, acid and corro>ion inhi¬ 
bitors. 

By the action of fuseil potassium hydroxide on /^,/^'-dichlorodiethyl ether in an 
atntospherc of ammonia, Major and Ruigh^® produce practically pure divinyl 
ether, CHj-CHOCH — CH.j. Lott^^ accomplishes the same conversion by adding 
the dichloroether under pressure to a solution of potassium hydroxide in diethylenc 
glycol at 210-240®C. Divinyl ether is a licjuid boiling^^" at 28.3®('. at 76(1 mm. 
Much interest has been shown in the use of this ether in anesthesia.’^*’ The com¬ 
pound is said to be more toxic than diethyl ether l)ut less so than chloroform.’^'' 
Since wdth divinyl ether, anesthesia is rapidly induced, easily maintained and sub¬ 
sequent recovery is rapid, the substance is .considered widely useful in operative 


A. Ftrkinj.. British F. 438.271, 1934; them. Abs.. 193f). 30. 2S78. Hnt them Ahs. B. 1936, 
138. French P. 773.140. 1934; Chem. Abs., 1935. 29, 1432. Both pairnts to Ciirbiric and (*»rhon 
Chemicals ('orp. 

H. H. Schrenk. K. A. Patty and W. P. Yaut. .S'. /’m6. IlraJlh KrPIt. 1933 48. 1389; 

Chem. Abs.. 19.14. 28. 528. 

••J. C. Patrick. Trans. Far. Sue,, 1936. 32, 347; Chem. Abs., 1936, 30, 2462. .See alw British 
P. 4.19,355. May 31. 1934; Brit. them. Abs. B. 1936. 206. 

• British P. 403,667, 1933, to E. 1. du Pont de Nemours 8c Co.; them. Abs., 1934 28. 3584- 

Brit. Chem. Abs. B, 1934. 210. 

^r. S. Webber and C. J. Stand. V. S. P. 1.905,536 and 1.905.537, .April 25. 1933, to EaM 
man Kodak Co.; Brit. Chem. Abs. B. 1934, 13; Chem. Abs., 1933, 27, 3605. The chloroelbyl ether, 
in the presence of acetic acid, is said to constitute a solvent for l)oth types of cellulose aceute and 
also for the hydrolyzing agents. 

193? ^9'^30^**^* Canadian P. 347,857, 1935, to Carbide and Carbon Chemicals Corp.; t hem. Abs., 

^ British P. 438,452, 1935, to E. I. du Pont de Nemours 8c (*o ; Chem Abs 1936 10 2579 
«R. T. Major and W. L. Ruigh, U. S. P, 2.021,872. Nov. 19. 1935. to Merck & Co Ckem 
Abs., 1936. 30, 492. ® ‘ 


Sons, 


f 



j 'o » iT t. I*. K. Shipway. 

' ^ See H. Molitor, /. Pharmacol., 1936. 57, 274; Chem. Abs., 1936, 10, 7222. 
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procedures of short durationThe ether containing a small percentage of a non¬ 
volatile stabilizer (about 0.01 per cent) and about 3.5 per cent ethanol as an anti¬ 
freeze is known as vinethene.'^®* Suggested stabilizers include polyphenols, e.g., 
hydroquinone, and aromatic amines, e.g., N.N'-diphenyl phenylene diamine and 
phenyl-a-naphthylamine.'^®** 

p-ChloroethyU^~chloroisopropyl ether, CICH 2 CH 2 OCH(CH3)CH2C1, a liq¬ 
uid boiling at 65®C. (8 mm.), is prepared from ethylene chlorohydrin, chlorine 
and propene.*^®^ Other bis-)3-dichlorodialkyl ethers^® may be synthesized by em¬ 
ploying the appropriate olefin and alkene chlorohydrin. According to Cox,*^^ the 
reaction, in the presence of water, between ethylene chlorohydrin, chlorine and 
ethylene, at temperatures between 20®C. ’^nd 100®C., leads to the formation of 
)9-chloroethyl-/3-chloroethoxyethyl ether, CICH 2 CH 2 OCH 2 CH 2 OCH 2 CH 2 CI. This 
water-insoluble liquid, suggested for high-pressure lubrication, boils at 230®C. at 
760 mm., and at 118®C. at 10 mm. 

Interaction of ^.^^-dichlorodiethyl ether with a Grignard reagent,^* such as 
niagnesiuni-phenylbromide, in xylene, at 140®C.. results in the formation of di-/3- 
phenylethyl ether, h.p, 162-165®C. (7 mm.). By analogous reactions such com¬ 
pounds as the following may be prepared: ‘y,>'-diphenyldipropyl ether, h.p. 200- 
210®r. (5 mm.) and /i-chloro-/^-phenyldiethyl ether, b.p. 100-110®C. (2 mm.). 
Subse(|uent treatment of the diethyl ethers yields substituted alcohols or alcoholic 
derivatives. 


Thk Chlokkx Prchrss 


The use of /i./i'-dichlorodiethyl ether in the refining of lubricating oils has 
been referred to previously. The value of this solvent is enhanced by its physical 
properties, the high specific gravity making for rapid separation of the two phases 
formed with oils, and its relatively low boiling point rendering recovery a com¬ 
paratively simple matter. Furthermore, extraction temperatures are not high (10° 
to 52®C'.), so that plant costs and evaporation losses are both low. The main effect 
of C'hlorex treatment is to improve the viscosity index*^^ of the lubricant, which 
may be increased even when the original figure is high as in the case of Pennsyl¬ 
vania residua. Also, some treated distillates are reported to exhibit a high resist¬ 
ance to sludging and oxidation. 

•'I. S Ka\ain, K. F. KIumui. M. T. B. HoJlnw.iv. I.. K. Kr»»:uM>n. .\. H ^oll anH 

T. I /. Med Ats<u . 108. n6.V 

<•••!.. Roi^nthalri. SVfctmr /f*i . 19AS. 73. (hrm Ahs , 50. UOl 

R. T. Major and W. I.. Ruiijb. U. S. P 2.044.800 and 2.044.801, Junt 2.\. 19.^f>. m Merck 
$i (o.; Chem Ahs. 19.^^. 50. .<^728. K Merck. Merck. \V. Merck and F. Merck (Firm «f F 
Merck). Britiah P 445.289. 19lh; Chem. Ahs.. 19^6. 50, 651.V 

^ C. A. Perkin*, he. eif 

^ The corretpondinf ether may be produced bv chlorination of dimethvl ether. 

The reaction i» carried out in the pre*ence of an inert solvent and may be calalvred h> metal*, metal¬ 
lic chloride* and actinic light. See P.' L. Saliberg and .T H. Werntr. 1*. S. r. 2.06.^.400, r>ec. 22. 

1936. to F.. 1. du Pont de Nemour* tt Co.; Chem. .4hjr., 1937. 51. 104n 

^ H. L. Cox S. P. 2.017.811, Oct. 15, 1935, to Carbide and Carbon Chemical* Corp.; 
Chem. Abi., 19.15. 29. 8320; Brit. Ckrm. Ahs. B. 19.16. 1141. 

^H. B. Gan*. Jr. and A. R. Holton. U. S, P. 2.013.752. Sept. 10. 1935; Brit. Chem. Ahs. 

B, 1936. 1083; Chem. Ahs. 1935. 29. 6902. 

^Charter 50 of thi* volume diacuaae* the viacoailie* of i»etroleum oil* and meih«xi« of determining 
viacoaity Indice*. See al*o Carleton Klli*, “The Chemiatry of Petroleum Deiivativc^-.*' The Chemical 
Catalog Co,. Inc.. New York. 1954. 

•• Pot detailed deacription* of the uae of Chlore* in the extraction of oil* and the re*ults of 
laboratory teat* and plant operationa, aee W. H. Bahlke. A. B. Brown ami F. F. Oiwokv. Reamer. 
1955, 12, 445; 0*7 amA Gas 1933. 52 (23). 60; J. Imst. Pet. Tech.. 1934 20, 34A. I). B. Wil 
liama. OH amst Gns 1934. 53 (18), 15. 16; Chem. Ahs , 1934. 28, 7508; J hsst. Pet Tech , 1935. 
21. 21A. !. R. Roaeanu, Men. Petr. Remm.. 1955, 38. 1259; J. tnst. Pet. Tech.. 19.15 21. 415A, 
H. T. Bennett. U. S. P. 2.044,603. June 16, 1936; J. Inst. Pet. Tech., 1936. 22. 407A; Chem. 

Ahs.. 1936, SO, 7841. See atao. Refiner, 1935. 14. 558; /. tnst. Pet. Tech.. 1936. 22. 57A. Alao. 

IT. B. Bray. U. S. P. 2.031,205. Feb. 18. 1916. to Cnion Oil Co. of Calif.; Chem. Ahs., 19.36. 
10, 236.1; /. tnst. Pet. Ted).. 1936. 22. 216A. J. Ro»»in*on. V. S. P. 2.057.113. Oct. 13. 1916. to 
Standard OH Co. of IttdUm; Chem Ahs., 1936, 80. 8594; J. insi. Pet. Tech., 1937, 28, 3IA. 
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Bennett®^ separates the naphthenes from the paraffins of a lubricating oil by a 
single extraction with, for example, 6 parts of ^,^-dichloro(iiethyl ether. Page^" 
recommends diluting the oil with a light hydrocarbon such as propane, butane or 
propene before extraction. Other diluents which may be employed are benzene or 
trichloroethylene.®^ In some instances, the distillate may be subjected successively 
to different extracting agents, e.g., liquid sulphur dioxide followed by Chlorex.**^ 
Another modification comprises distilling the treated oil between each extracting 
operation. Liberthson®^ points out that agitating the halogenated ether with oils 
containing dispersed “green” acids ^nd dissolved “mahogany” acids^® (resulting 
from fuming sulphuric acid refining under sulphonating conditions) effects coagula¬ 
tion and precipitation of the former. Mahogany acids remain in solution in the 
ether layer which forms when the oil-ether mixture is allowed to settle. In this 
way separation of the two types of sulphonated materials may he accomplished. 
Page®^ suggests dichloroethyl ether as a liquid medium for the removal of oil from 
paraffin wax. The same chloro-ether is incorporated by Tijmstra and McKittrick''® 
in a composite selective solvent for dewaxing petroleum oils. 

Other chlorinated ethers, such as /^,)3'-dichlorodipropyl ether and /i-/T-dichloro- 
diisopropyl ether, either alone or in admixture with propane, butane, proix*ne or 
acetone, are also efficacious in the removal by selective extraction of naphthenic 
and other undesirable constituents of mineral or lubricating oils/® 


Bis(^-chloroisoproi‘yl) Ki hkr 


The preparation and properties of this compound have laen described by 
Wickert.^ Propene chlorohydrin (50() g.) is treated with concentrated sulphuric 
acid (100 g. of d 1.84) in a 5-liter flask under reflux regulated to allow removal 
of the water formed in the reaction. After heating to l)oiling for hours, an txjual 
volume of water is added to the contents of the flask. Distillation without recti- 
fleation is then carried on until the distillate is free from oily particles. The ether 
settles as an oily layer; after separation it is dried over potassium carbonate and 
distilled under reduced pressure. The final product, ^./T-dichlorodiisopropyl ether, 
may be indicated by formula in the following manner: 

ClCHr-HC—O—CH—CHjCl 

I I 

CH, tlU 


It is a water w'hite liquid, boiling at 187.1®C. Its density, doo, is 1.1127. 

H. T. Bennett, Canadian P. 342,473, 1934, to The Mid-Continrnt Petroleum Corn* Chem. Abs 

1934, 28, 5976, See also H. T, Bennett, U. S. P. 2,003,233 9, May 28. 193S Hrit Chem Abs B 
1936. 487: J. Inst. Pet. Tech.. 1935, 21. 268A. 

•»J. .Nl. Page, Jr., Canadian P. 344,609, 1934, to The Standard Oil Co. o( Ind : Chem. Abs.. 

1935, 29, 2346. 

••French P. 773,764, 1934, to Bataafnche Petroleum Maatschappij; Chem. .Abs,, 1935. 29, 1617 
See aUo A. Schaafsma and J. M. Versteeg, Canadian P. 359,459, July 28. 193r> in Shell lievrlom 
ment Co.; Chem. Abs.. 1936, 30, 6937. C. M. Kellogg, U. S. P. 2.047,826. July 14, 1936 them 
Abs., 1936, 30, 6185. ' * 

•* D. R. Merrill and P. Subitow, U. S. P. 1.948.042, Feb. 20. 1934, to Cnion Oil Co of ( alifornia 

Chem. Abs.. 1934, 28. 2892; J. Inst. Pet. Tech., 1934. 20, 334A. R. K. Hayleit I* S P i 988 791* 

Jan. 22, 1935, to Union Oil Co. of California; Chem. Abs., 1935. 29, 16>2* Brit Chem Aht B* 

1936, 87; J. Inst. Pet. Tech., 1935, 21. 139A. 1). H. Merrill. U. S. P. 1 988 801 iTn 22 1935 

to l^nion Oil Co. of Calif.; Chem. Abs., 1935. 29, 1919; Brit. Chem Abs *1916 87 ' 

U. S. P. 2,043.389. Sept. 6. 1936; Chem. Abs., 1936, 30, 7835; /. Inst Pet Tech 1916 77 407A 

hZ: 

'«6. .o su„y.rd 0,1 (•„: o'fTndV 


1936, 30. 6185; /. Inst. Pet. Tech., 1936. 22, 458A. 



Abs.. -1916. SO, 6011: U. S. P. 2,052,264; ’ Auo. ’ss; iVjVTalm S6;/’l9J6."30; 7127 "'*’‘ 
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BrOMOHYDRINS DeRIVKU from Ol.EFlNS 

A few hroniohydrins have been described, notably those obtained from cyclo¬ 
hexene and its derivatives. A general method for the synthesis of bromohydrins 
by the use of esters of hypobromous acid has been referred to previously.®^ 

2-Bromocyclohexanol. Preparation of this compound was carried out by 
Hunter and Marriott®- in the following manner. A solution of hypobromous acid 
was first made by gradually mixing equimolecular quantities of mercuric oxide and 
bromine in ice-cold water. This solution, after being rapidly filtered, was added 
(in slight excess) to cyclohexene. W'ith constant agitation and cooling, the prod¬ 
uct was distilled with steam, dried and then fractionated in vacuo. 2-Bromocyclo- 
hexanol was obtained as a heavy, colorless liquid of boiling j)oint 103° to 104°C. 
at 18 mm.®-* It is said to turn black very rapidly, even in the dark. A certain 
proportion of this compound is also formed in the preparation of Unicthyl-Z-hromo- 
cyclohcxiin-l-oiy* 

Cyclohexene may be treated with the mixture of hypobromous acid and methyl 
hyfM)bromite. The latter is obtained by shaking a 5 per cent methyl alcohol solu¬ 
tion of bromine with a solution of silver nitrate in ethyl alcohol. A 50 to 60 per 
cent yield of 1-methyl-2-bromocyclohexan-l-ol. b.p. 76° to 77°C. MO mm,), 
1.4884, 1.3314, is secured. At the same time some 2-bromocyclohexan-l-ol is 

formed,®-** The product is obtained purer, but in smaller yield, if a methyl hypo- 
brofiiite reagent i> used. This material is prepared by shaking a 5 per cent solu¬ 
tion of bromine in methyl alcohol with an excess of finely divided solid silver 
nitrate, 'riie nitric acid '^et free sliould be almost neutralized with calcium car¬ 
bonate and tlie exce^'S silver nitrate nullified by the addition of potassium acetate. 
It was not possible to replace the silver nitrate by sodium, barium or calcium car- 
botiate, nor by oxide (U' mercury. 

.Methyl hypobromite alone was used in the preparation of all the following 
compounds : 

(fj-Mctltoxy-y-brnmopropyl) bctizcnc (from allyl benzene and methyl hyjx)- 
bromite) which is a liquid of d^ 1.31*^1. «i® 1.5365. 

(a-Sfetoxy-p-bromopropyl) bcnccne, b.p. 87° to 88°C. (0.4 mm.), tij® 1.3090, 
1.5338, is formed in 50 per cent yield from propenylbenzene. 

a-Mcthox\-p-bromod\h\droanvtUoh\ obtained from anethole in 70 per cent 
yield, has b.p. 115° to 116°C. (0.15 mm.), d^ 1.3181 and n -? 1.5391. 

Proniontcthoxycyi'lohcxciic as made from cyclohexa-1.3-dienc was an impure 
nuitcrial boiling at (>t)° to 72°C'. under 0.2 mm. pressure. A similar yield (45 to 50 
|>er cent ) of the same oily prcnluct was obtained with bromoacctamide as reagent 
instead of metliyl hypobromite. 

•'* Hiitish r 402,SSO. 10.13. (o Rataaf^chr Petroleum Maatschappij; Chem, Ahs , 1S34, 28. 272b; 
fint Ckfm B. 2b7. J Inst Prt Tech, 19.M, 20. USA 

Hunter amt J, A. Marru.ll. / CS.. IM8, 285; Ckcm. Ahs . 193^. JO, :9:0; Rnf. Chem Abs 
A. 19.16. 4ftn 

Hrtti«h I* 402.880. 19.1.1, t<> flAtnaf^che Petroleum Maat«chappo; Chem Ahs . 1934. 28, 272(», 
ftrit i'hi-m. Ahs. B. 1934. 267; /. Inst Vtt. Te%k , 1934, 20. I15.\. gi\e» tx>iling (xxm o( th»* 
compoumi «« 91 to 93*('. at It mm 

••The preparation of the c«fniH)un<i from 2 hromocyclohe*«n<vne amt Grignard reaijenl (methyl 
maune^ium bromide) de^crilKst by P. 1). Btrtlett ami R H. Ro<enwAld, J ACS. 1934, 56, 1992; 
C hem Ahs, 1934, 28, 6704; Pht. Ckcm. Ahs. A. 1934, 1221. The provH*it»es are given boding 
point 8,1*('. (7 mm. >. djr. I -'60 ami nf, I ‘iii.lj 

K. Meinrl, Ann.. 1935. 516, 231; Chrm. Ahs., 193.5. 28, 3657; fint Chem Ahs A. 1935, 603 



Chapter 22 

Production, Properties and Uses of Simple Glycols 

The glycols, or dihydric alcohols, may be of two kinds, (a) those derived by the 
hydroxylation of olefins and which are designated a- or 1 , 2 -glycols because the 
hydroxyl groups are attached to adjacent carbon atoms, and (b) those in which 
the hydroxyl groups are mutually more remote, as in trimethylene glycol. The 
large supplies of ethylene in gases from cracking operations have been found to be 
a raw material for the synthesis of ethylene glycol, and have thereby caused great 
interest in this compound.^ Methods for the formation of glycols, of which 1,2- 
dihydroxyethane or ethylene glycol is the most common, depend either upon mild 
oxidation of the unsaturate<l hydrocarbon at its double iKmd, or hydrolysis of 
derivatives of alcohol. 

Direct hydroxylation of an alkene may l)c accomplished by the use of such 
agents as potassium permanganate, Caro’s acid (H 2 SO 5 ) and persulphuric acid or 
by employment of osmium tetroxide to catalyze a mild oxidation by potassium 
chlorate. However, hydrolysis of derivatives of the glycols is more frequently 
employed. 


Pkoduction of Ethylenk Glycol 

Among the substances from which glycols may be prepared are the dihalo- 
ethanes, ethylene halohydrins and glycol esters. Heating a dihaloethane and 
aqueous sodium carbonate in an autoclave at pressures up to 100 atmospheres is 
one mode of procedure. Thus, Klebanskii and Dolgopol'skii^ found that an 82 per 
cent yield of glycol may be obtained by saponifying 200 g. of ethylene dichloride 
with 220 g. sodium carbonate for 4 hours at 150®C. and 52 atmospheres pressure. 
By using sodium acid carbonate (NaHCOs) and heating for 36 hours at 150®C. 
under 58 atmospheres pressure a 92.5 per cent conversion was secured. No im¬ 
provement was observed when emulsifiers such as petroleum sulphonic acids, so¬ 
dium oleate or sodium stearate were added to the reaction mixture. Under semi¬ 
commercial conditions, yields of 85 to 90 per cent were procured by employing 
temperatures of 175® and 195®C. and 100 atmospheres pressure. Some vinyl 
chloride, which was separated by absorption in xylene, was also found. Weihe* 
has suggested effecting reaction between ethylene chloro- or bromo-hydrin or ethyl¬ 
ene di-bromide or -chloride by treating with sodium hydroxide and simultaneously 
adding carbon dioxide. 

Aqueous potassium carbonate has been used for hydrolysis of ethylene di¬ 
bromide.* In this instance a mixture of glycol (in largest proportion) and vinyl 

‘Carlson EIHt, "The ChetnUtry of Petroleum Derivative*,” The Chemical Catalog Co.; Inc., 
New York, 19J4. 

»A. L. Klebanikii and I. M. Dolgopor*kii. /. Applied Chem. (U.S.SM.), 1934, 7, 790; Brit. 
Ckfm. Abt. A. 1935, 193; Chrm. Abs., 1935, !», 2509. .See alao V. V. Kedrinskii and E. D. 
Sabdnikov, Trans. VI MsndsUsv Congr., Tksorst, Appiird Chsm. 1932, 1935, 2 (Pt. 1) 724; Cksm. 
Abs., 1936, 30. 2174. 

2,047,811, July 14, 1936, to McAleer Mfg. Co.; Ckem, Abt.^ 

vOg o006* 

«iid W. Kkmbli, Htlv. CUm. Aeta, 193.1. 16, 1187; Chtm. Abt., 19.14, 86 , 
1J*9; Bri$. Chtm. Abt. A, 1934, 36. 
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bromide is formed, the latter by elimination of hydrogen bromide from the dibromo 
hydrocarbon. In the presence of a solution of potassium carbonate in equal parts 
of ethanol and water, the vinyl halide was the major product. On the other hand 
a solution of sodium hydroxide in absolute alcohol gave vinyl bromide as the only 
product. The latter reaction is said to be purely bimolecular, and proceeds accord¬ 
ing to the efiuation. 

BrCHj—CHjBr + NaOH CH,-=CHBr H*0 -h NaBr. 

1 'he reaction velocity, however, was considerably reduced by the addition of 
water. It also varied with temperature in accordance with the expression : 

where and kt,^ are the reaction constants at the new temperature, /i, and the 
original temperature, t,, rcs|)ectively, r is a constant and c is 2.71828 (the base of 
the natural logarithms). The value of kn was not affected by the presence or 
absettce of water. 

Other methcxls have been pro|x>sed for hydrolysis of ethylene dichloride. As- 
kenasy and Heller.' for example, used barium carlx)nate. water and the dihalogen 
tierivative. The mixture was heated between 160°C. and 180°C. for less than an 
hour (0.5 to 0.75 hour) tf) give 75 per cent yield^^ of glycol together with 12 per 
cent of acetaldehyde. The latter wa^ recovered from the vapors which were re¬ 
moved from the autrKlave during the reaction. Any higher boiling substances 
removed in this manner, such as the glycol or dihalide, are returned to the reac¬ 
tion. Another procedure is to mix ethylene dichloride with water to form a con¬ 
stant boiling mixture and conduct the latter over a bed of a water-insoluble car- 
iKmate, such as calcium carlKinate.^* The temperature of the reaction chamber 
(Fig. 134) is maintained at K>d-I7 (r(\ by superheated steam. The vapor pro<l- 
ucts of the hvdrolysis arc led to a separator where unreacled ethylene dichloride is 
removed from glycol. The former njay be recycled. 

In contrast to the results obtained by other workers. Wada and Sato’ obtained 
only 4.^ per cent glycol by saponifying ethylene dichloride. By hydrolysis of ethyl¬ 
ene chlorohydrin at l.50°(". and 17 atmospheres pressure, however, they secured 
7l per cent yields of glycol. These results confirmed the conclusion of Takahashi 
and Makishima^ that hydrolysis of the dihalide gave poorer yields than did that of 
the chlorohydrin. The procedure of the latter investigators was to treat ethvlene 
dichloride or halohydrin for 10 hours wdth aqueous sodium carbonate at normal 
pressures and at temperautres between 60° and 80°C'. 

Dunstan and Birch^ have suggested that glycol may be j)rcpared from chloro¬ 
hydrin in a continuous manner. The chloroethanol in a(|UCous solution is heate«l 
between 105® and 15()®C. under pressure wdth a non-caustic alkali such as sodium 
carbonate. F.thylene oxide may form to a limited extent only. Lewis^^ recom¬ 
mends that the hydrolysis be carried out in steps as shown in the diagram (Fig. 

• P. Aftkcnany and A. Heller. T. S. P. 1.928.240. Sent. 26. \9^^\ Frit. Chem. Abs. B. t9M. 7S0; 
Chtm /ffrjr., 19.t.t. 27, 5756. 

•R. de M. Taveau. V. S. P. 2.041.272. May 19, 1956. to Texa< Co ; Chem. .46r. 1956 30, 4512. 
British P. 424.159. 19.15. to SociHe CarlxKhimiqne Soc. anon.; Chem Jbs., 19t5. 29, 4.181; Brit. 
Chrm ,^hs. B, 19.15. .195. French P. 774.186. 19.U; Chrm .lbs. 19.t5. 29. 2180. .Ser P. 

Ferrero and C. Vandendries. J^mc Conor, chim. inti (Rrnxrflcs. Srf*t 1936. 2^0; Chrm 

19.16. 30. 5 5'56 

Wada and M. Sato, /. .W. CMrm. Inti, ./a/xia. 1955. 3$. Snppl. hindinc 497; Chrm .lbs. 
1956. 30. 1028; Brit Chrm. Ahs. B, 1956. 157. 

" S. Takaha.ahi and T., Makiahima. /. . Ch^m. Ind.. .fobon. l'>15. 38. Snpi-l. hind’nic 425, Chrm 

Ahr. 1955. 29. 7945; Brit. Chrm. Abs. B. 1955. 1055. 

•A. K. Ounitan and S. F. Birch. IT. S. P. 1.996.195. Annl 12. 1915. tr> .Nnclo Per>i.nn Oil 
Co.. T.td.; Chrm. Abs.. 1955, 29. 5554. .See alao French P 725.150; Chrm ,4M 1952 26. 4827 
Britiah P. ,165.589. 19.15; Chrm. Ahj.. 195.1. 27, 1896; Bnt. Chrm. Abs B. 1952. 494. Orman 
P. 590.578. 1955; Chrm. Abt., 19.14. 28. 5418, 

H. A- TiCwia. IT. S. P. 1,895.517, Tan. 51. 1955. to F. T. du Pont dr Vrmonr^ A To.; Chrm. 
Abr„ 1955, 27, 2455; Brit, Chem. Abt. B. 1933. 904. Canadian P. 359,058. 1956; Chrm. Abt. 
1936, so, 6006. 
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135) but at normal pressure. For example, the chlorohydrin and alkali are united 
in the mixing kettle (1). The temperature is so low (room temperature) that no 
reaction takes place, but the mixture passes by gravity feed through each of the 
kettles 2, 3, 4, and 5. These kettles are heated to progressively higher tempera¬ 
tures and agitated so that the saponification proceeds more readily in the latter 


Tb^er Packet^ 
Insoluble. Carbonate 



Fig. 134.— Sketch of Equipment for Hydrolysis of Ethylene Dichloride to Ethylene Glycol. 

(R. de M. Taveau) 


than the first kettles. The temperatures in kettles 2, 3 and 4 may, for example, be 
maintained at 140 to 160®F., 170 to 180®F. and 200-210®F. respectively, and in 
kettle 5 the mixture is at its boiling point. The vapors from all the kettles arc 
scrubbed to recover organic substances such as olefin oxides or chlorohydrins. 
The washings arc returned to the mixing kettle (1). 

In addition to the methods for the hydroxylation of olefins which were men¬ 
tioned earlier,'^ Skarblom^^ has proposed the interaction of ethylene, water and 


“ For a dtacuttion, t«e Carleton Ellta, “The Chemiitry of Petroleum I>erivativea.“ The Oiemical 
Catalof Co., Inc., New York, 1934. vncnucai 

^ «K. E. Skarblom, U. S. P. 1,982,545, Nov. 27, 1934; Cktm, Aht., 1935, 29. 481. Cf French 

28. 4067. German P. 561,049, 1932; CAem. Abi, ml Ih 
1012. Germas P. 619.195. 1935; Chgm. Abs., 1936, 20, 492. * * *'* 
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oxygen carried out in the presence of iodine or its compounds at about 100° C. and 
under siiperatmosplieric pressures. 

Propkrties of Ethylene Glycol 

Ethylene glycol is a colorless, viscous'*** liquid with a sweet taste. It is com¬ 
pletely miscible with water and, in fact, strongly hygroscopic. At 760 mm. pressure 
it boils at 197.The density (at 20°C. referred to water at 4°C.) is 1.1140. 


Glycol/ rt 

OUTLCT 


^RUdBCRfOR 
fkcOVCRlNGOLtnN - 
0ttOt5k$oCHL0ROHYDJ^/m\ 


Chlorohydrin 

Storagc 



Alkali 

SUPPLV 


Be IT 
CORYCYOR 


Mixing 

Fejne: 


Re ACT ION f(L TJL e 3 Tor fOR NINO Gi ycol 


Fig. 135.—Flow DiaRrain lor Stepwise Hytlrolysis of Ethylene Chloroh>drin. (H. A. 

Lewis) 


The refractive inde.x for the yellow sodium (D) lines is 1.43192 at 20°C. and 
1.43172 at 25°('. 1 he vapor pressure, p, is given by the equation 

loRiop « ~ B 

where T is the temperature in degrees absolute and A and B are constants whose 
values depend somewhat upon the temperature. Between 90° and 130°C. the 
values are 3193.6 and 9.7423, respecti\tly, whereas between 130° and 197.2°C. 
they arc 2^W.2 and 9.2477, resi)ectively. 

Komstall'*'** has investigated the densities and refractive indices at different 
temperatures as well as initial Iniiling points of aqueous mixtures of glycol. The 
heat of dilution at 15°C. and the contraction of volume"* were aLo measurevl. 
Some of Romstatt’s results are given in Table 114. 

The vapor pressures of ethylene glycol and water mixtures have l>een ascer¬ 
tained by Trimble and Potts,'^ and also the composition of li(juid and vapor phases. 

*• For the absolute and relative vi#co«itie*. see. for example, A. Noll ami F. Hol*. Paf'icr Fabr . 
19.15. %y Trek, Tett 195; Ckem. Abs.. 19.15. 29, 6485. 

•M). J. Schierholtf and M. L Staple*. J.A.CS.. 1055, 57, 2709; Ckcm. Abs. lo.to. 30, 1624; 
Brit. Ckem. Abs. A, 1956. 279. Cf. Carleton EUi*, "The Chemi*lr,v of Petroleum Dertvatives.*’ 
Th« Chemical Catalof Co,. Inc., New York. IM4. See al»o. NV. Hiel>er and A. \\\>erner. Z. 
Etrktrockrm., 1954. 40. 252. 256; Ckem. Abs., 1934. 28, 5524; Brit. Ckem Abs A. 1954. 856. 
y. A. Kireev and A. A. Popov, j. ApY^ied Ckem. iV.S.S.R.), 1934. 7, 489; Ckem. Abs., 1955. 
20, 2061. 

*•0. Romatalt, /nd$utrie Ckimiqne, 1935, 22, 648; Ckem. Abs., 1956. 30, 572. See also O. S. 
Davla. Ckem. Analvst, 1955, 24 (2) 8; Ckem. Abs., 1955, 29. 5707. 

** Thia i* the phenomenon observed on dilutiort of nuny *ub*tance*. For example. 50 cc. each 
A water and abacMute ethanol when mixetl «ive 98 cc. of dilute alcohol. 

’’H. M. Trimble and W. Pott*, ind. Eng. Ckem., 1955. 27, 66; Brit. Ckem. Abs. A. 1955, 290; 
Ckem. Abs., 1955, 29. 1694. 
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Table 114. ~ Ethylene Glycol - Water Mixtures. 


Glycol 
% by 

Density 

at 

Weight of 
Glycol in 

1 Liter 
Solution 
at IS^C. 

Density at 


Refractive Index at: 

Initial 

Boiling 

Point, 

Weight 

0 X\ 

Grams. 

15"C. 

30®C. 

45^C. 

15‘*C. 

30°C. 

45*^0. 

"C. 

0 

0 9998 

— 

0.9991 

0 9957 

0 9902 

.— 

-- 


99.5* 

5 

1 0078 

50 30 

1.0051 

0 9999 

0 9910 

1.3383 

1 3373 

1 3358 

100 ® 

10 

1 0148 

101.21 

1.0125 

1 0056 

0 9949 

1 3423 

1 3418 

1.3403 

100.5® 

15 

1 0223 

152 75 

1.0190 

1 0116 

1 0001 

1 3473 

1.346.5 

1 3443 

101 ® 

20 

1.0303 

205.33 

1 0260 

1 0186 

1 0060 

1 3523 

1 3513 

1 .5493 

101 5® 

25 

1 0380 

258.26 

1 0333 

1.0245 

1 0126 

1 3583 

1 .3568 

1.3.S38 

102.5® 

35 

1.0537 

366 11 

1 0470 

1 0372 

1 0238 

1 3682 

1 3667 

1.3633 

105® 

50 

1.0755 

534.18 

1 0675 

1 0561 

1 0416 

1.3842 

1 3812 

1.3782 

108® 

(jO 

1.0885 

649 35 

1 0808 

1 0673 

1.0528 

I 3952 

1 .5917 

1 3892 

111 ® 

75 

1.1064 

822 36 

1.0968 

1 0828 

1 0674 

1 4101 

1 40()1 

1.4031 

117® 

85 

1.1152 

940 26 

1 1045 

1 0922 

1 ()76vi 

1 4191 

1 4161 

1 4126 

126 ® 

Pure 

Glycol 

1.1257 

1116 50 

1.1165 

1 1032 

1 0867 

1 4335 

1 4.506 

1 4261 

195® 


A modified Othmer still (Fig. 136) was employed for obtaining the vapor phase, the 
analysis being made refractomctrically. The vapor pressure was expressed by the 
equation 

logiop - /I -H 

where T is absolute temperature and /> the vapor pressure. A and B are constants 
whose values depend upon the composition of the liquid.'^ The ratio of glycol in 
vapor and liquid varies only slightly with pressure, although it changes markedly 
with change in composition of the liquid. Some of the results, together with the 
values computed for A and B in the above eejuation, are given in Table 115. 

Table 115.— Ethylene Glycol: Composition—Boiling Point Relations. 


Cflycol in Pressure - 228 mm. Pressure « 430 mm. 

Liquid Glycol in Vap^>r Glycol in Vapor 



Mol 



Mol 



Mol 


Frac¬ 

BP. 


Prac- 

B.P. 


Frac¬ 

% 

tion 

•c. 

% 

tiOT) 

®C. 


tion 

0 

0.0 

69.5 



85.0 



10 

0.03 

70.6 



85.4 



20 

0.07 

71.5 

0.2 


86.3 

0.2 


50 

0.11 

72.7 

0.3 


87.4 

0.3 


40 

0.17 

74.0 

0.7 


89.0 

0.7 


SO 

0.23 

76.1 

t.O 

o!o02 

91.1 

1.2 

0.002 

60 

0.31 

78.9 

2.0 

0.003 

94.1 

2.3 

0.004 

70 

0.40 

83.1 

3.4 

0.010 

99.0 

4.6 

0.012 

SO 

0.54 

89.6 

6.6 

0.020 

106.1 

9.0 

0.028 

90 

0.73 

103.1 

17.3 

0.06 

120.0 

20.7 

0.072 

95 

0.S5 

118.4 

33.4 

0.13 

135.0 

.58.8 

0.16 

97 

0.90 

128.0 

48.8 

0.22 

145.7 

53.6 

0.26 

9S 

0.93 

134.7 

59.0 

0.30 

152.6 

63.2 

0.34 

99 

0.97 

145.0 

75.4 

0.47 

163.0 

77.6 

0.50 

100 

1.00 

160.7 

100.0 

1.00 

179.3 

100.0 

1.00 


Pressure - 603 mm. 

Pressure - 747 mm. 

Values of 

Glycol in Vapor 

Gdycol in Vapor 

Constants 



Mo! 



Mol 

in Equation 

B.P. 


Frac¬ 

B.P. 


Frac¬ 



®C. 

C' 

V 

tion 

°C. 

Tc 

tion 

A 


93.7 



99 6 



8.7120 

2178 

94.3 

O.l 


100.9 

0.1 


8.7000 

2182 

95.7 

0.2 


102 0 

0.2 


8.6900 

2185 

97.1 

0.3 


101.4 

0.1 


H.6800 

2188 

99.0 

0.7 


105.5 

0.7 


8.6700 

2190 

101.3 

1.2 

0.002 

108.0 

1 2 

0.002 

8.6690 

2201 

104 2 

2.3 

0.004 

111.2 

2.3 

0004 

8.6640 

2220 

108.7 

4.7 

0.013 

116.7 

4.9 

0.013 

8.6680 

2250 

115.4 

9.4 

0.030 

124.1 

9.7 

0.031 

8.6730 

2293 

130.2 

21.3 

0.076 

138.7 

22.2 

0.080 

8.7000 

2386 

145.8 

39.7 

0.16 

154.0 

41.3 

0.17 

8.8000 

2528 

1.56.0 

53.2 

0.25 

164.3 

55.7 

0.27 

8.9000 

2632 

163.4 

63.7 

0.34 

171.3 

65.3 

0.36 

8.9500 

2694 

173.4 

78.2 

0.51 

182.0 

79.8 

0.53 

9.0250 

2800 

190.0 

100.0 

1.00 

196.7 

100.0 

1.00 

9.1580 

2952 


Chemically, ethylene glycol behaves as an alcohol. It may l)e oxidized, for ex¬ 
ample, electrochemically at a smooth platinum anode,*® to give an hydroxyaldehyde. 
Its homolog, propene glycol, as well as phenylelhylene glycol, under similar condi¬ 
tions give the corresponding hydroxy ketones. Another reaction of electrochemi¬ 
cal oxidation is splitting a primary or secondary glycol such as ethylene or 2,3- 
butene glycol into two aldehyde molecules. A ditertiary glycol, such as pinacol, 
will be oxidized to two ketone molecules by this reaction. These latter reactions 
are more pronounced at higher potentials. 

>*lt will be •ecu that K corretponds to the B of .Scbierboltc and Staplea (/or. nt.), while 
•OfTceponda to tbeir A. 

»^E. TomnUa, Ann, Acnd, Sci. Pennicae, 1934, SS, 3; Chem. Abs., 1935, 29. 2093, 
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Concentrated hydrochloric acid (hydrous medium) converts ethylene glycol 
into the chlorohydrin or dichloride, whereas hydrogen chloride (anhydrous me¬ 
dium) appears to form first the epoxide (ethylene oxide) and subsequently the 
chloro compounds.^ 

According to Kedrinskii and Skornyakova^* solutions containing ethylene and 
propene glycol should be analyzed by oxidation with dichromate as well as by den¬ 
sity and water determinations. If salt is also present it may be estimated by the 
Vollrath method (see Chapter 50). 


Fir,. 136. 

Modified Othmer Still for Vapor Analysis. 
(H. M. Trimble and W. Potts) 


Comwttty Induttriml 9md En{;inhering Cketmutry 



Toxicity of Ethylene Glycol 


There is considerable difference of opinion as to the possibility of the exhibition 
of poisonous properties by glycol.*** The evidence appears to \yc that its toxicity 
depends very largely upon the conditions under which it is tested. Mancini/'^''^ for 
example, has observed that the minimum lethal dose is from 3 to cc. per kilogram 
of body weight depending upon the exj>erimental animal used. He stated that it 
could l>e administered in reasonable doses without fear of toxic action. Injections 

H. H. SchluliAch. H. EUner ami II. Kiuiuit. .-fMf/rrr Lhrm., lU.M. 47, Ihtt. Lhrm, Ahx. 

A. 19.14, .196. Ser aim C'arleton KIIU, toe, ml. 

V. V. Kedrin»kii and V. K. Skornyakova. Matrriais ott CrarAtttff and (, Mrmu\it TreotmrNt 
of Product M Ohtoimed, Khimtrorct ( t.cuiugrad ), 19SS, No, i. 201; Chtm Ahs.. 29, ,^775; fint 

Ckem. Abs. B. 1926, S,l6. 

•Set, Carlrton Ellii, "Thr Chemiatry of Petroleum Derivative*,” The Chemical Catalog Co,. 
Inc.. New York. 1914. 

i»M. A. Mandni, Arch. fUuA., 19JS, IS. 157; Ckeiw Abs.. 1926, 10. 4928. BoU. toe, itol. bioi. 
tpfr., I92S, 10, 964; Ckem, Abs., 1926, 10. 2640. 
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intramuscularly arc said to cause neither persistent pain, irritation or abscess. 
Applications to the mucosa cause a slight disturbance, whereas there is no effect 
when applied to the skin. The possible objectionable results are hemolysis (cf. 
Chapter 53), oxaluria^^ and decrease in blood pressure. Wiley, Hucper and van 
Oettingen^^ have pointed out that concentrations of glycol as high as 300 mg. per 
1000 liters of air have no toxic effects on rats or mice, and probably would have 
none on man. A concentration of 0.5 mg. per 1. is saturated. Brown^® has also 
directed attention to the toxicity of both glycol and dioxane.^^ 

Applications of Ethylkne Gi.ycol 


Ethylene glycol has found use in many fields.-® It has been employed as an 
antifreeze in automobile cooling systems and also as a preservative. It is a sol¬ 
vent for many organic substances in which respect it resembles ethanol. Thus 
Rae^ has obtained a strongly tinctorial extract from cudbear (a lichen), and from 
other natural sources such as saffron, red rose petals, Brazil wood, carmine, butter¬ 
cups and Ccntaurea montana (a blue-fiowercd plant native to the Pyrenees). In 
most cases the presence of water was harmful, but deeper tints were obtained from 
madder and henna in the presence of water than without it. Glycol could not be 
used for preparing extracts of litmus, alkanet root or gamboge. The glycol has 
been proposed as a solvent for insecticidal compositions containing pyrethrins.'^* 
Ethylene glycol (5 per cent by volume) has been suggested as a selective solvent 
for the more readily oxidizable constituents of gasoline (cf. Chapter 40), thus 
reducing the gum- and color-forming tendency of the fuel.^® Dehydration of 
diethyl ether may be effected by mixing the latter with 20 to 50 volume per cent 
of glycol and distilling. The ether is said to contain less than 0.6 per cent water 
after this treatment. Other substances which are hygroscopic and do not form 
azeotropic mixtures with ether may also be used, such as proi)enc glycol, diethylenc 
glycol, glycerol, and triethanolamine.®' 

Lockspeiser®^ has suggested that glycol be used either alone, or with 10 per 
cent ethanol to prevent the formation of ice on airplane propellers during flight. 
In experimental tests on a Hart and a Gordon airplane, 1.5 and 1.7 pints of liquid 
were used per hour, respectively. Milliken®® reported, as a further application of 
glycol, that it is possible to reduce the viscosity of nitrocellulose by digestion with 
glycol or glycerol (of 95% or more concentration) at 160°C. and atmospheric 
pressure. According to Blount and Boardman,®®* a soluble oil may be prepared by 
mixing 14 parts sodium soaps (e.g. those from corn-oil acids), 6 parts water, 64 
parts mineral oil, 10 parts water-white rosin, 4 parts of a polyhydric alcohol (such 
as glycol or diethylene glycol) and 2 parts of a monoalkylated dihydric alcohol 
such as ethylene glycol monoethylether. 


The pmwrnce of oxalic acid in the urine. 

• F. H. Wiley, W. C. Hueper and W. F. v. Oettingen, J. Ind. Hyg. Toxicol, 19.16, II, 123: 
Chxm. Abs,, 1936, 30, 2638. 

••C. L. M. Brown. Quari, J. Pharm. Pharmacol., 1935, I, 390; Chem. Ahs., 1936, 30, 1943. 

^ For a dt^cuffion of dioxane. tee Chapter 23. 

* Sec, Carleton Ellii, “The Cbemiitry of Petroleum Derivative*,” The Chemical Cataloe Co.. 
New York. 1934. 

»J. Rae, Pharm. J., 1933, 131, 369; Chem. Abe., 1933. 27, 5893. 
r. Ripert, U. S. P. 2.074.188. March 16, 1937, to I>e Fly Tox. 

G. McIntyre and E. G. Ulbricht. U. S, P. 1,985.613, Dec. 25, 1934, to Standard Oil De¬ 
velopment Co.; Chem. Abe., 1935, 29, 1241; Brit. Chem. Abe. B, 1935. 1128. 

«P, S. Greer, U. S. P. 1.974,069, Sept. 18. 1934, to Carbide and Carbon Chemical* Corn.; 
Brit. Chem. Abs. B. 1935, 761; Chem. Abt., 1934, 21, 6727. * * 

•* B. rjcick»pei»er. Aircraft Eng., 1935, 7. 278; Chem. Abs., 1936. 30. 786. 

•M. G. Milliken. V. S. P. 1,957.180, May 1, 1934, to Ifercule* Powder Co.; Brit. Chem. Abi 
B, 1935, 266; Chem. Abe.. 1934, 28, 4231. 

A. L. Blount and D. W. Boardman. U. S. P. 1,965,935, July 10. 1934. to Union Oil Co. 

of Calif ; Brit. Chem. Abe. B, 1935. 485; Chem. Abe., 1934, 28, 5684. See also French P. 789 636 

1935, to International Hydrogenation Patents. Ltd.; Chem. Abe., 1936, 30. 1989. * * 
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Tatter*^ has suggested that a mixture containing 50 volume per cent glycol 
together with water (37 to 45 per cent) and a sulphonated oil (13 to 5 per cent) 
be used as the hydraulic fluid in brakes. Other compositions intended for this same 
purpose comprise the dihydric alcohol mixed with the sodium salt of the sulphuric 
ester of castor oil,^^* with furfurol or other furan derivatives,or with lard oil 
(containing 10 to 15 per cent free fatty acids) and a large proportion of ethanola- 
mines (40 to 100 per cent of the weight of the lard oil Cox^® proposed a mix¬ 
ture of ethylene and propene glycols, or other polyhydric alcohols, as a heat or 
pressure transfer medium. Furthermore, according to Cox and Clapsadle^® a mix¬ 
ture of 60 to 30 per cent ethylene and 40 to 70 per cent diethylene glycols may be 
used as a heat transfer medium in cooling systems and as a pressure transfer 
medium in hydraulic brakes. 

Glycol (95 per cent) has been recommended as an antifreeze in conjunction 
with 5 per cent or less of a mixture containing ethanolamine salts of fatty acids.*^" 
It has also been suggested as an absorptive liquid for ammonia,^® as a solvent for 
extracting colored substances from rosin,together with an oil as a vehicle for an 
abrasive containing bentonite,and for addition to solid carbon dioxide to decrease 
the size of crystals and thereby improve its mechanical properties.An interest¬ 
ing application of ethylene glycol is as the electrolyte for a battery.^^ The cell 
contains two electro<les. one of aluminum, magnesium, beryllium, cadmium, zinc or 
an alloy or amalgam of these or of chromium, silver or silver plated metals, and 
the other of cuprous, ferric, vanadic, plumbic or cadmic oxide, sulphide or selenide, 
or carbides of iron or nickel. The electrol>te consists of ethylene glycol, glycerol 
or a derivative of one of these to which has been added a small proportion of a 
weak organic acid such as lactic, malic or tartaric. A battery of this type is said 
to be particularly applicable for maintaining a grid-bias on a vacuum tube (a so- 
called “c-battery”). 


Fstkrs 6f Ethyi.ene Glycol 


The esters of glycol have l>een the subject of many investigations.^^ The 
dinitrate is used extensively in admixture with nitroglycerine to form explosives 
which have lower freezing points and less susceptibility to shock than glycerol trini- 


** }. W. Taitcr, I*. S. 1*. I,9J8,956. (>cc. to I.rwis Differential Co ; Brit. Chem. .4bs. 

B. \9.\4. 610; Chtm. Abs , 19.CC 27. .^910. 

E .Miiench and F. Nicolai. IC S. P. 1.898.564, Feh. 12. 1932. to I. G. Farhcnind. . 

Chrm, Abs. 19.CC 27. 2772. Cf. British P. 333.200, 1929. to I. ('. Farhenind. A. G. ; Chem Abs., 

1931. 25. 567; Bnt. CMrm. Abs. B. 1930. 1051. 

German P. 548.003. 1931. to Hydraulic Brake Co; Chrm. Abs. 1932. 26. 3634, 

»**■ L. D Dana and C. W. Cieorgi. V. S. P. 1.988.584. Jan. 22. 1935. to Carbide and Carbon 

Chemical* Corp ; (hrm. Abs. 1935, 29. 1543; Bnf. Ckcfti. Abs. B, 1936. 90. 

“ H. I.. (\>x, C. S. P. 2.003,429. June 4, 1935, to Carbide and Carbon Chemicals Corp.; Brth. 

Ckrm Abs. B. 19.16. 672; Chrm. Abs.. 1935. 29, 4857. 

••H. L. Cox and L. T, Cbpaadle. IC S. P. 2.003.662. June 4. 1935, to Carbide and Carton 

Chemical* Corp.; Cbrm. Abs., 1935. 29. -4857; Brit. Chrm. Abs. B, 1936. 399. 

L. I. Dana and C. W*. Georgi. C, S. P. 1,988.584, fan. 22. 1935 to Carbide and Carbon 

Chemical* Corp.; Chrm. Abs., 1935, 29. 1543; Bril. Chrm. Abs. B. 1936, 90. Canadian P. 355.319, 
1936: Chrm. Abs.. 19.16. SO. 2287. See also H. L. Cox. U. S. P. 2.042,830. June 2. 1936. to Union 
Carbide and Carbon Corp.- Chrm. .4bs.. 1936. SO, 4956. 

* R. S. Taylor. U. S. P. 1.914.222. June 13, 1933, to Electrolux Servel Corp.; Brit. Chrm. Abs. 
B. 1934. .104; Chrm. Abs. 1933. 27. 4325. 

•1. W. Humphrey. IT. .S. P. 1.890.086. Dec. 12. 1932, to Hercule* Powder Co ; Bril. Chrm. Abs. 
B. 1933, 756; U. S. P. 1.905,173, April 25. 1933; Chrm. Abs., 1933. 27, 3628; Brit. Chrm. Abr. 
B. 1934, 28. 

C. Fucha. It. S. P. 2,006,162. June 25. 1935, to Permatex Co., Inc.; Chrm. Abs., 1935, 
19. 5552: Bnl. Chrm. Abs. B. 19.36, 64.3. 

** C. L. Jonet, V. S. P. 2,020.189, Nov. 5, 1935, to Adico Development Corp., Chrm, Abs., 1936, 
SO. 335. 

"Britiah P. 427,098. 1935. to P. R. Mallory & Co.. Inc ; Chrm. Abs . 1935, 29. 6154; Bnl. Chrm. 
Abi, B, 1935, 508. 

•• See Carleton Ellia, **The Chemistry of Petroleum Derivatives." The Chemical CaUlof C^,, 
iM.. New York, 1914. 
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trate itself. Nitration is carried out in much the same manner as in the prepara¬ 
tion of nitroglycerine. A modification proposed by Brown^^ comprises the control 
of the reaction temperature by addition of a hydrocarbon which is unaffected by 
the nitrating mixture, and which is volatilized by the heat of reaction. Isopentane 
was suggested as fulfilling the requirements. 

There are three general methods which have been employed for the preparation 
of the glycol mono- and di-esters of aliphatic acids. These are: 

a. Reaction of salts of acids with ethylene dihalides. 

b. Esterification of glycol with acids or their anhydrides. 

c. Condensation of epoxides with acids or anhydrides. 

For example, glycol diacetate may be prepared by any of these three methods. 
Thus, it has been synthesized in 20 per cent yield by passing vapors of glycol and 
acetic acid in a stream of nitrogen over active carbon containing small amounts 
of phosphoric acid."*^ Although better yields were secured at 130® to 150°C., it 
was found necessary to work with temperatures of 160° to 170°l\ to obtain a satis¬ 
factory reaction velocity. The only prcxluct from this procedure was the diacetate 
whether one or two moles of acetic acid were used per mole of glycol. The mono¬ 
acetate. which may be employed as a cooiponent of a fluid for hydraulic brakes.^*' 
may l)e prepared by the esterification of either the glycol or ethylene oxide 
(epoxide). 

The aliphatic esters have found employment in various ways, particularly as 
.s<j1 vents. Dreyfus^^ propo.^ed that a diester of glycol be decomposed by heating 
lietween 450° and 600°C. with the formation of an acid anhydride. In this manner 
ethylene glycol diacetate is reported to be converted into acetic anhydride. lst>- 
butyrates of glycol <»r dicthyicne glycol are reported to be plasticizers for cellulose 
acetate.”*'* 1 he glycol derivatives of saturated or unsaturated fatty acids such as 
glycol stearate have been suggested as ingredients for soap-free shaving prepara- 
tion>.^'‘' On the other hand. Lomakin and Smirnov'**^ have proposed as a lubricant 
the prfxlucts resulting from esterification of bone grease with ethylene glycol at 
temperatures below 130°(\ Adams**^* recommended the ethylene and pro])ene glycol 
esters of branched-chain aliphatic acids of I2 to 20 carbon atoms as bactericides 
and bacteriostatic agents. 

The work of Meerwein and .Sonke'’* on the trichloroacetates is of interest. These 
investigators prepared trichloroacetyl glycol from ethylene oxide and trichloro¬ 
acetic acid. Because of its strongly acid nature and vigorous reaction with diazo¬ 
methane, they believed that the cotn|K)und was an ortho-ester: 
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K, Uro»*n. V. S. IV l.V7.V55y. Sri»t. ll. 19J4. to Slanclarfl Oil To. of Ind ; Hrit. Chem 
Abs. B. I9.V5. 761; them. Abs.. IV.U. 28. 6727. 

M. B. Turova'Polbk .ind V. K. Ozioma. 7. Applied them (/' SS H.). 9, 6V6* Chem 

Abs . 1936. 30. 7.S40; Bnt. Chrm. Ahs. A. 1936. S21. 

T. K. T4enK. W S. IV 1.990.149. Krl». .S. 19t.V. to H)drauhf Hrakr Co; Btit. (hem Ahs 
B, 19.15. 1078; t hem. Ahs.. 19 H. 29. 1908. 

H. Drrvfu*. C. .S. P. 2.050.287. Auk, 11. 1936; Chem. Abs.. 19.16. 30. 6765. 

♦*'E. F Izard. C. .S, IV 2.014,381. .Sept. 17. 1935. to DuPont X'fU'oloid Co,; Ihtt. them .dht 
B, 1916. 1109; Chrm. Ahs. 1935. 29. 7528. 

•• F. Heckt, O. Hall and (t. Marchanl. (Irrman IV 604.774. 19.14; Chem. Ahs., 191.5. 29. 892 
A. Lomakin and VC N, .Smirnov, Rii«aian IV 35,311. 1934; Chrm. Ahs., 193.5, 29, 8321. 

** R, Adamo, IV S. P. 1.917.681. Jul> 11. 1933. to .Vbwnt f.alMH'aiori«<i; Chem. Ahs loti 27. 
4539; Brit. Chrm. Abs. B, 1934. 428. 

H. Mrerwein aiwl H. .Sonke, Bcr., 1931. MB, 237.5; Chrm, Abs.. 19.12. 26, 87; Bni. ( hem .dhs. 
A, 1931, 1395, /. prakt. Chrm., 1933, 137, 295; Brit. Chem. Abs. A, 1933. 1273; (hem. Ahs., 
193.1, 27, 4215. .See aljw H. .Meerwein and (V Hinz. Ann., 1930. 464. 1; Bnt. (hem. ,dhs A 1931 
306; Chrm. Ahs., 19.11. 35. 1484. 
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As a confirmation of this structure, the straight-chain trichloroacetyl glycol methyl 
ether was made from trichloroacetyl chloride and 2-methoxyethanol. 

C) O 

II li 

Ca,-C-- Cl -f HOCH,-CH,OCH, —CCl,—C—OCH,--€H,OCH, 

The product was very different in chemical properties from the supposed ortho- 
ester. For example, alcoholysis (by heating with alcohol) of the ortho-ester re¬ 
sulted in replacement of the methyl group by another alkyl residue, whereas the 
straight-chain compound should give 2-methoxyethanol and an alkyl trichloroace- 
tate. Further exf>eriments on the reactions of ethyleneglycol-monotrichloroacetate 
(such as with ammonia, acetyl or thionyl chloride" showed that it was a tautomeric 
mixture (in uncertain proportions) of the two possible compounds having the 
structures: 


O HO O—CHj 

i: \ / j 

ecu C—O- CH, CHj--OH C 

('Cb O CHj 

2-hyd roxyfthyl 2 -hyd roxy-2-trichi oromethyl 

trtcHloroiUfUUe 1,3-dioxol<ine. 

In this connection, Hibbert and Greig*'’‘* investigated the nature of the jjroducl 
obtained in endeavoring to prepare glycol trichloroacetates. They also reported 
a compound with a dioxolane structure, which was said to decompose on heating 
at IOC)® to 110®C. to give ethylene carbonate and chloroform. This result, how¬ 
ever, was not confirmed by Meerwein and Scinke. The physical properties of some 
of the 2-alkoxy-2-trichloromethyl-l,3-dioxolanes prepared by these latter workers 
are given in Table 116. 

Tabi.k 116 .—FropertUs of 2-Alkoxy-2drichloromfthyl-1,3-dioxolan^s. 


Inde.v of 

Boiling Point Density at Refraction 

Alkyl Group Pressure Temperature 20° 4° 

Methvl (m. p.. 78-8.5°) . . . 10 mm. 112-3°C. 1 486 1 45652i«‘i?®) 

Ethyl (m. p., 26.4°) . 10 mm. 119.20°C. 1 429 1 47846 

Propvl . 2 1mm. 99°C. 1 370 1 47635 

Butyl. 5 85 mm. 125 5°C. 1 321 1 47439 


Gi.YaiL Esters of Poi.ycarboxylic Acids 

The esters of polyhydric alcohols and polybasic acids are well known to exhibit 
a resinous character because of the tendency to form very large molecules.*'^^ On 
the other hand many of the simpler esters of glycol arc said to be plasticizers. For 
example, Gabriel and Swallen^*’' obtained a neutral product by the interaction of 
phthalic anhydride and ethylene glycol, using sulphuric acid as a catalyst. The 
product may be used as a plasticizer with nitrocellulose. Nonresinous esters of 
dibasic acids and polyhydroxy compounds may be synthesized from the alcohol and 
acid anhydride by reacting them in the presence of a tertiary organic base. By 
employing one mole equivalent of base for the corresponding amount of acid an¬ 
hydride, it is possible to obtain acid esters of polyhvdric alcohols.^*** which may be 

•H. Hibbert and M. E. GreU. Can, /. Retcarch, 1931, 4. 254 ; Ck^m. Ahs , 1931 . 25. 297.1 

Carleton Ellia, '‘The Chemistry of Synthetic Resina.” Reinhold Publishing Corp.. New 
York. 1915. 

•C. L. Gabnel and L. C. Swallen, V, S. P. 1.946.202. Feb. 6. 19.14. to Commercial Solvents 
Corp.; CAem. Abt., 19.14. 28. 2372; Bnt. Chrm. Abs, B. 1934. 1003. 

M Wench P. 761,591, 1934, to Kodak Palh6; Cktm Abs,, 1934. 28, 4432. 
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r-eacted further with monohydric alcohols or partially esterified cellulose. Dreyfus®^ 
has suggested that hydroxyalkyl alkoxyalkyl esters of polycarboxylic acids such as: 
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be used as plasticizers. Frazier'^^ suggested the preparation of esters of the type 
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!! f' :! 
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by heating 2 moles of a polycarboxylic acid >uch as phthalic (HO—CO—R*— 
CO—OH) with 1 mol of a glycol (HO—R''—OH) such as an alkene or polyalkene 
glycol and subsequently esterifying with a monohydric alcohol (R—OH). An 
example of a product of the kind is di-/^“butoxyethyl ethyleneglycol di[)hthalate, 
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Ftiif.r.s of Ethylknf. Gi.vroi. 


Of about etjual importance with the esters of glycol are the ethers and their 
derivatives which have been employed in numerous instances as solvents and dilu¬ 
ents. For example, glycol monoethyl ether has been used in duplicator fluid 
together with water and ethanol for wetting the wax impressions prior to print¬ 
ing.®® Mixtures of this ether with castor oil and alkyl derivatives of toluene 
sulphonamide®®* are suggested as fluids for hydraulic brakes. North®® has em¬ 
ployed the oleates of glycol methyl- and butylethers as plasticizers. (3n the other 
hand, Seymour®^ employed the formals of ethylene, propene or diethylcne glycol or 

H. Dreyfuf, British I*. 418,506. 19.U; Chem. Abs., I9J5, 29, 2260; Prit. them. Ahs. B, 19JS, 
3J. Ste also British P. 4.18.540. 1934; Brit. Chem. Ahs. B. 1936. 142; Chem Ahs., |936. 30. 2757. 

R. B. Fraaier. British P. 410,797. 19J4. to ('arbide and (*arbf>n ('hemicals (*orp.; t hem. Abs., 
1934, 28. 6443; Brit. Chem. Abs. B. 1934. 1094. 

*• P. A. Shiltenn. IT, S. P. 1.996,125, April 2. 1935, to Radio ('orp. of America; Brit. Chem. Ahs. 
B, 1936. 462; Chem. Abs., 1935, 29. 3429. 

•••German P. 624.784. 1936, to Wagner Klectrical Corp.; Chem. Abs.. 1936, 30, 4956. 

•C, O. North, S. P. 2.010.560, Aug. 6. 1935, to H. S. Kreighhaum; Brit. Chem. Abs. B, 
1936, 823: Chem. Abs., 1935, 29, 6607. 

•* G. W. Seymour. IT. S. P. 1.990.098. Fel>. 5, 1935, to Olanese Corp. of America; Brit. Chem. 
Abs. B, 1936, 97; Chem. Ahs.. 1935, 29. 1907 IT. S. P. 2.031.619. Feb. 25. 1936; Chem. Abs., 
1936. 30, 2208. British P, 424,837, 1935, to British Celanese. I.td.; Chem. Abs.. 1935, 29. siiSt 
Brit. Chem. Abs. B, 1935. 619. Canadian P. 352.701, 1935, to Camille Itreyfus; Chem. Abs., 1935, 
29. 8329, Canadian P. 353,271. 1935, to Camille Dreyfus; Chem. Abs., 1935, 39. 8329. Stc alto 
British P. 440,962, 1934, to British Celanese, Ltd.; Bnt. Chem. Abs. B, 1936, 263. 
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glycerol nionochlorohydrin as solvents for cellulose derivatives and in binding 
layers of cellulosic materials. The products were formed by heating the glycol 
with formaldehyde (or its polymers) in the presence of an acid condensing agent 
such as hydrogen chloride, sulphuric or phosphoric acid or ferric chloride. 

A small proportion (1 part) of monoethyl ether of ethylene glycol has been 
used together with beeswax (70 parts), stearic acid (20 parts) and paraffin (10 
parts) in making wax for molded candles.*^- It has also been employed admixed 
with o-dichlorobenzene and an ether of diethylcne glycol, as a solvent for oils 
during dewaxing by chilling to —Furthermore, its acetate has been utilized 
in conjunction with an immiscible liquid (e.g., water) in refrigerating apparatus, 
the acetate furnishing a liquid medium interspersed between any crystals formed.'^'* 

The toxicity of the moncxdhyl ether of ethylene glycol has been investigated.®^* 
It was reported that the ether has a relative toxicity of approximately the same 
order as carbon tetrachloride and benzene, when considering acute poisoning. Fur¬ 
ther, it was stated that air, saturated at 20°C. with the vapor of the ether, possesses 
a disagreeable odor and also produces moderate eye irritation. If these properties 
are heeded as warning of the occurrence of a potentially dangerous atmosphere and 
exposure is avoided, it is Ixlieved that acute poisoning will not occur. 

The monoethers, including the butyl ether of glycol, have lx‘en suggested for 
addition (0.1 to 5.0 jht cent) to a mineral oil in conjunction with 1.0 to 5.0 per 
cent of an aluminum soap of stearic, palmitic or hehenic acid.^*^ Boyle®® and 
Neilson®^ have recommended the monobutyl ether of ethylene glycol in composi¬ 
tions intended to clean metals prior to painting. Boyle emjiloys phosphoric acid, 
the ether (as an oil solvent) and a wetting agent, whereas Xeilson used phosphoric 
acid and saponin (a glucoside) together with an optional amount of the ether. 
Glycol monoethers have aUo been advocated as emulsifying assistants for mixtures 
of soap and benzene, or its homologs, and other hydrocarbon materials®^ and as a 
solvent in preparing a coating composition from chlorinated rubber and an organic 
abietatc.®** 

The naphthyl ethers of glycol have been synthesized by heating glycols with 
sodium naphthoxide or with naphthol and sulphuric acid at about 120®C.‘® On the 
other hand, the benzyl ethers of glycol (and glycerol) may be obtained by heating 
the polyhydric alcohol with l>enzyl chloride and powdered sodium hydroxide.*' In 
an analogous manner ethers may be made from dodecyl, myristyl, cetyl or oleyl 
halides, or those of alcohols obtained by reduction of resins, or resinic or naphthenic 
acids.The ethers of aliphatic polyhydric alcohols may l>e eslerihed with aliphatic 
acids containing more than 7 carbon atoms to give plasticizers, such as 2-ethoxy- 

f.. W. (ifllct, r .S r. M.»\ 2^. IVM, to Will and Baumcr Candle Co ; Pni. them, 

.its. B. IV.IS. M9. ( hi'm .‘fhj . 28. 4hJi) 

•* B V Mc('ari> and \V, K Skrhtm. I' .S P 2.0.^S.4^0. March }]. to Texas C'o ; Ciir-m. 

.ihs . 30. 3610. 

•• J. Klri»chfr. li. S. I*. 1.943,2^‘), fan. |v34. to Frijfidairc Cixrp.; Ckrm. Abs., 1<^34. 28, 1794; 
Brit. Chem. Abs B, 1934. H16 

••• C. P. Waite. F. A Pattv and W. P. Vant. f *. .S Pmbl. Ucaith Ketts . 19.^0. 45. 14.';9; 
Chrm. Abs., 19J0. 24. 4849. 

“A. L. Blount, U. S. P. 2.0.M.405. Fel». 18. 19.lf>, to I'nion (>il Co. of Calif ; t Arwi Abs. I’^.U*. 
30, 2363. 

••C. L. Boyle, Canadian P, 3.^6.078. 193n; Chrm. Abs, 1936. 30. 2669. 

•Ml. R. Neilaon, V. S. P 1.935.911. Nov. 21. 1933. to H E Wextervelt; Chrm Abs. 1934, 
2f, 916; Brit. Chrm. Abs. B. 1934. 811. 

••C*. Kropfhamnter, (ierman P. 61.5..*^63. 19T5; (hrm Abs. 1935. 29. 8182. 

•• W*. KikH. C. S. P. 1,9.57.786, May 8. 1934, to Hercules Powder ('o,; Brit Chrm. Abs. B, 
193.5, 278; Chrm. Abs., 1934. 28. 4256. 

•• M. A. Dahlen. C. K. Black and W. I.. Foohey. C. S. P. 1.979.144; 1,979.14.5. Oct, 30, 1935, 
*0 E. I. du Pont de Nemours 8r Co . C/irm. Abs., 1935. 29, 177 

S. Danilov, V. Dryakhlitzuina. O. .Manokhina and N. Orlova. Plastirhrskir Massni. 1934, No. 
2, 11; Chrm. Abs, 1934. 2t. 6300, S. Danilov. V. Dryakhlitiuina and D. Manokhina, Rew arn. 
»w#. piastiquis, 1934. 10, 36$; Chrm. Abs, 1935. 29. 756 

«Preficll P. 768,554, 1934, to Henkel & Cie. c;.m bH.; Chrm. Abs., 1935. 29. 475. 
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ethyl caprylate.^-* Cyclic acetals may be prepared on condensation of an aldehyde 
and a polyhydric alcohol by heating with benzene so that water is removed as it 
formsJ** Internal ethers of glycol such as dioxane and its isomers are considered 
more fully in Chapter 23. Glycol dialkyl ethers are said to result on heating a 
monoalkyl ether either by itself or with a monohydric alcohol in the presence of 
sulphuric acid.*’^^ 

The tertiary ethers of glycol have been prepared by condensation of a tertiary 
olefin, such as 2-methyl-butene-2 or isobutene, with glycol in the presence of sul¬ 
phuric acid.^® In this way the mono-/er-amyl ether (b.p. 50°-55®C. at 3 mm.) and 
the various tt^r-butyl ethers listed in Table 117 may be synthesized. 

Table 117 .—Tertiary Butyl Ethers of Glycol and its Monoalkylethers. 

Boiling F'oint of the 

Alcohol Butyl Klher 

Ethylene Glycol . 152..S°' 

Glycol methyl ether. 131-2® 

Glycol ethyl ether. 147 5® 

Glycol «-butyl ether. 83.4® (20 mm.) 

Glycol/er-butyl ether. 171° 

Propene glycol. 151-3® 

These ethers and diethers are said to be useful in dyeing, explosives, as lubricants, 
cooling liquids for internal combustion engines, and as solvents and plasticizers. 
The esters of glycol ethers and hydroxy acids may be further esterified by acids 
to give substances which are said to be pla-sticizers."^^ Alkoxyalkyl esters of poly- 
hasic acids such as adipic, sebacic"^^ or benzoylbenzoic^® have been proposed. 

Polyethylene Glycols 


The formation of an ether by elimination of water (one molecule) from two 
molecules of glycol leads to the production of diethylene glycol or 2,2'-dihydroxydi- 
ethyl ether. This reaction is assisted by various catalysts, as for example, heating 
glycol to 190°C. with 0.3 per cent by weight of iodine.^ Compounds of as high 
molecular weight as decaethyicne glycol (mol. wt. about 458) may be obtained 
Another procedure involves the interaction of ethylene oxide and glycol. It has 
l)een suggested that the dichloride of a polyethylene glycol be condensed w'ith the 
monosodium salt of a polyethylene glycol. For example, 171 g. diethyiene glycol 
and 100 cc. of ether were treated with 3.5 g. sodium metal until the latter had dis¬ 
solved. To this solution was then added 24.8 g. of hexaethylene glycol dichloride 
prepared from 33.0 g. hexaethyleneglycol, 18.5 g. pyridine and 27.8 g. thionyl 


^ BritUh P. 393,619, 1933, to E. I, du Pont de Nctnourt & Co.; Cktm. Abs., 19J3, 27. 597S. 
K. H. Hoover, U, S. P. 1,934.309. Nov. 7. 1933, to American .Soap and Glycerine Producer!; 
Brit. Ckem. Abs. B, 1934. 872; Ckem. Abt.. 1934, 28. 485. 

^ H. L. Cox and T. D. Roper, Jr.. U. S. P, 2,044,468, June 16, 1936, to Union ('arlnde and 

Carbon Corp.; Ckem. Abt., 1936, 30. 5237. French P. 796,150, 1936, to Carbide & Carlion Chero- 

tcalf Corp.; Ckem. Abe., 1936, 30, 5590. 

^T. Evans and K. R. Edlund, U. S. P. 1,968.033, July 31, 1934, to Shell Development Co.; 
Ckem. Abs., 1934, 28, 5832; Brit. Ckem. Abi. B, 1935, 715. 

^ H. L. Cox and T. F. Carruthere. U. S. P. 2.046.150. June 30. 1936. to Union Carbide and 

Carbon Corp.; Ckem. Abe., 1936, 30, 5590. Brittah P, 437.790. 1935, to ('arhide and Carbon Chemi¬ 

cal! Corp.; Brit. Ckem. Abe. B, 1936, 88; Ckem. Abe., 1936, 30, 2200. Cf. also Brilith P 440 986. 
1935; Brit. Ckem. Abs. B. 1936. 263. 


»E. F. Izard, U. S. P. 1.991,391, Feb. 19. 1935. to E. I. du Pont de Nemouri it Co.; Brit. 
Ckem. Abs. B, 1936, 89; Ckem. Abs.. 1935. 29, 2176. See also, U. S. P. 2,006.555 July 2 1935* 
Brit. Ckem. Abs. B, 1936, 1141; Ckem. Abs., 1935, 29. 5460. • J 7 

^ E. F. Izard. U. S. P. 2,008.716, July 23, 1935. to E. I. du Pont de Nemour* it Co ; Brit Ckem 
Abe. B. 1936. 752; Ckem. Abs.. 1935. 29. 5949 

•• S. Z. Perry and H. HiMiert. Can. J. Research, 1936, MB, 77; Chem. Abs., 1936, 30, 4150. 
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chloride. The solution of sodium salt and glycol chloride was heated at 70®C. for 
5 hours, at 100®C. for 4 hours and finally at 160®C. for 40 hours. A yield of 68.5 
per cent was obtained. 

HOCH,CH,OCH,CH,ONa ClCH,CH*OCH,CH,OCH,CH 5 

-f- O —^ 

/ 

HOCHjCHjOCHzCHjONa ClCHiCH^OGHjCHiOCHiCH, 

hexaethyUnf glycol dichloride 
(b.p., J46.5-J4S° at / mm.) 

hoch,ch,och,ch,()CH,ch,och/:h,och,cHj 

1 

O + 2NaCl 

I 

H( )CH,(:Hj( )CH,c:h,och,ch,ocHjCH,och,ch, 
dfcaethylene glycol ib.p., 320-3J3°C. at 0.010 mm.) 

Tile polyethylene glycols are solvents with low volatility and are miscible with 
water. They may l)e incorporated in a fatty acid soap for use with chloroform or 
carbon tetrachloride in dry-cleaning.**' By heating diethylene glycol monoethyl 
ether to above 250®F. with boric acid and a base (such as ammonium, sodium or 
potassium hydroxide or an ethanolamine) a liquid is obtained which may be used 
as the electrolyte in an electrolytic condenser.**- The polyglycerols (higher than 3 
molecules) incorporated with 10 to 30 per cent water and a small proportion of a 
hygroscopic substance (other than the polyglycerols) are suggested as lubricants 
for valves and ‘'topcocks.**'* 

The derivatives of piilyethylene glycol have been used in many ways. A large 
number of mixed estei s and ethers including alkoxyacetates and alkyl and tetra- 
hydrofurfuryl ethers have In'en advocated as solvents for refrigerants such as mono- 
fluorodichloromethane or methyl chloride.Merrill**-'* prepared the arsenites of 
polyglycols, or their monoether^, by heating with arsenious oxide at 135® to 145°C. 
until the calculated amount of water separatetl. .\n inorganic acid catalyst (^hydro¬ 
gen chloride) may be employed. The arsenites may l>e used in conjunction with 
petroleum fractions as insecticides and wood preservatives. 

series of compounds, designated “hydrophilic lipins” have l)een prepared by 
partial esterification of i>olyglycols or glycerols, followed by sulphating.**^ The 
esters, which contain fatty acid and sulphate groups, are reported to be applicable 
as softening, wetting, emulsifying, detergent, frothing and penetrating agents. One 
such compound, the ammonium salt of lauryl diethylene glycol sulphate was made 
by dissolving monolauryl diethylene glycol in chloroform, and treating with chloro- 
sulphonic acid dissolved in the same solvent. When all the acid had been added, 

the resulting mixture was aspirated with a dry, inert gas to remove hydrogen 

chloride, and ammonia gas was incorporated to furnish the ammonium salt. Among 

British P. 407,088. 19.t2. to Ro<‘«d«*r and Hasslachcr Chem. Co.; Brit. Cltrm. Abs. B, 19.U. 412. 

F. C. Stephan. British P. 4.19,788. 19.1S. to The Telcfraph Condenser Co. Ltd.; Chrm. Abs.. 
1936. 30, 3336. Cf. British P. 448.8.10, 1936; Chrm. Abs.. 1936, 30, 8046. On the purifications of 
glycols ar>d their dhert. see British P, 430,2.14. 1934; Chem. Abs., 1935, 29. 7346; Brit. Ckrm. Abs. 
B, 193.5. 761. 

«K. Noack. V. S. P. 2.01.5.867, Oct. 1. 1935; Chem Abs.. 1935. 29. 8321. 

F. ZcIIhoefcr. V. S P 2.040.895; 2,040.896; 2.040,899; 2,040.900; 2.040.901; 2.040.904; 

2,040.905; 2.040.906; 2.040.907; 2.040.908; 2.040.909; 2.040,910; 2,040.911; 2.040,912. May 19. 

1<>36; Chrm. Abs.. 19.16. 30. 4366. 

^ «I). R. Merrill, U. S. P. 1.988.176. Jan. 15. 1935. to Union Oil Co. of Calif.; Brtt. Chem. Abs. 
B. 1935. 1 130; Chrm Abs.. 19.15. 29. 1573. 

^ ••B. R. Htrrit, U. S. P. 2.023.387 and 2.023,388, Dec. 3. 10.15; Chem. Abs., 1936, 30, 1465, 
733; Brit. Chem. Abs. B. 1936, 1192. 
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the uses suggested for compounds of this general class are included the preparation 
of cake-batter ingredients,**^ confections.®** and cosmetic creams.®® 

Diethylene glycol has been suggested as an hygroscopic substance for tobacco.®® 
It is reported that cigarettes prepared from such tobacco are less irritating when 
smoked than those containing either glycerol or devoid of any moistening agent. 
Experiments, conducted on patients who were apparently affected by glycerol- 
containing cigarettes, showed that there was some difference in the iK'havior of the 
two hygroscopic agents from this standp< 3 int. 

The dinitrate of diethylene glycol may be pre])ared by adding (at 10° to 15°C.) 
the glycol to a mixture containing water, nitric and sulphuric acids. The prtxl- 
uct may be used to decrease the sensitivity of glyceryl trinitrate to shock.Poly¬ 
glycol nitrates may be recovered from the spent acid by washing with the nitrate 
of another polyhydric alcohol, e.g., nitroglycerol.®- 

The propionates of such polyhydric compounds as di- and tri-ethylene glycol, 
may be incorporated in compositions containing cellulose ethei> or esters.®^ On 
the other hand the ethyl®"* and butyl®"* ethers of diethylene glycol have been em¬ 
ployed in liquids intended for the transmission of pressure. For example, such a 
liquid medium may contain 50 per cent castor oil. 25 per cent triacetin. and 25 
per cent diethyleneglycol monobutyl ether. It has been suggested that the butyl 
ether of diethylene glycol may be used in conjunction with n-dichloroben/ene for 
dewaxing oils.®® 


Propfnk and Hichkr Glycols 


Glycols containing more than 2 carbon atoms, which include 1,2-, 1.3- and other 
diols, have attracted considerably less interest than ethylene glycol. Propene 
glycol may be prepared by saponification of proj)ene dichloride. Klehanskii and 
DolgopoPskii®^ have found that heating 1,2-dichloropropane with aqueous scnlium 
carbonate at 209°C. and 48 atm. pressure gave a yield of only 48 per cent. Using 
sodium bicarbonate and carrying out the reaction at 210°C. and 182 atm. pressure 
raised the yield to 60 or 65 per cent and gave 7 to 8 per cent of unsaturated com¬ 
pounds. The 1,2-glycol which was formed in these reactions was estimated by 
oxidation with potassium dichromate: 

3CH,CH(OH)CH,OH + 4K:Cr,07 IbHjSO^ > 

3CH,CCK)H -H 30 ), -h 4K,S()4 4- 40,(SO*), 4- 22H,0 

Bowden and Adkins®® observed the formation of propane-1,2-diol on hydrogenation 
of butyl lactate in the presence of a copper chromite catalyst at 250°C'. and 150 to 

•»B. R. Harris, V. S. P. 2.024.357. Dec 17. 19.15; Chrm. Ahs , 1916. 30. 1144 H. R {{arri« 
and M. C. RcyTiold*, U. S. P. 2,026,631. Jan. 7. 19.16; Brtt Chrm Ah%. B, n>l7. M4; ( hrm. Ahs.. 
1936, 30. 1143. 

•B. R. Harria. tr. S P. 2.024.985. and 2.024.986. Dec. .11. 19.1S; Chem Ah.t . 1916. 30, 1144; 
Brit. Ckrm. Ahs. B, 1936. 1211. 

•• B. R. Harris, U. S. P. 2.052.025 and 2.052.026. Auk. 35. 1916; Chrm Ahs. 1916, 30. 6824 
••Sec C. F. Bailey and A. W’. Pelre. Ind. Enu. Chrm. 1917. 29, 11. (i Mulino^ and R. L. 
Ofbornc, Proc. Soc. F.xt*tl. Bi^st. Mrd . 1914, 32. 241; (hrm Ahs. 19.?5, 29. 4824 

•‘A. Hough, IJ. S. P. 1.916,020. Nov, 21. 1911; Chrm. Ahs.. 1914. 28. 781; ftrif. Chrm. Ahs. 
B, 1934, 824. 

••Gertnan P. 592.007. 19.34, W'e^tfaliiwrh Anhaltiachr S|>rrnK**foff A (I.; ( hrm. Ahs. 1914 28. 2730, 
••H. S. Holt, U. S. P, 2.011.601. Feh. 25. 1916. to E. I. du Pont dc Nemoum ft Co - Chrm. 
Ahs.. 1936, 30, 2200. 

R. R. Fulton, t*. S. P. 1.986.260, Jan. I. 1915. to Puritan Soap ('o,; Brit. Chrm Ahs B, 
1935, 1027: Ckrm. Ahs.. 1915. 29. 1181. 

••French P. 778,271. 1915. to Automotive Products Co.. Ltd., Chrm. Ahs.. 1915. 29. 4485. 

•• B. Y, McCarty and W. E. .Skelton. V. S. P, 1.995,151. March 19, 1915. to Trxa« Co* Brit. 
Ckrm. Ahs. B. 1936. 260; Chrm. Ahs.. 1915. 29. 1149. 

••A. L. Klebanakii arw! I. M. Dolffoportkti. J Apf>lird Chrm. (l/.S S.P.}, 1914, 7 l|81- Chrm 

Ahs.. 1935, 29. 5814; fint. Chrm. Ahs. A. 1915. 125. 

•• E. Bowden and H, Adkina. J.A.C.S., 1914, 58, 689; Chrm. Ahs.. 1914. 28, 2699; Bril. Ckrm. 
Ahs. A. 1934. 521. See alio. Carlcton Elli*. Hydrogenation of Organic Suhatancea.** D. Van 
Noatrand Company, New York, 1938. 
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200 atm. pressure. Another metho<l of synthesis is hydrogenation of glycerol in 
the presence of a nickel-chromium oxide catalyst at 200®C. or higher and 2000 lbs. 
pressure.®® 

Schierholtz and Staples*®® have reported the physical properties of the propene 
and two of the butene glycols. 1,3-Butene glycol, since it could not be prepared 
from an olefin, was made in 75 per cent yield by the reduction of acetaldol with 
aluminum amalgam. 

CHiCHCOHjCH^CHO + -> CH,CH(OHjCH2CH,OH 

Some of the results obtained by Schierholtz and Staples are given in Table 118. 
The constants A and B for the vapor pressure ei^uation: 

logio^ = B - y 

which has been mentioned in connection with the properties of ethylene glycol are 
also given in the table. 

'I'Am.K 118 .—Physual Constants of Glycols. 

Refractive Index Density Constants 



B P.. 


at 


at 



Range 



Range 

(ilyco! 

^C. 

»ID 

®C. 

di 

®C. 

.\ 

b 

CC.) 

A 

3 

'°C.) 

1.2 — Pror»cne 

1H7.4® 

1 4.062 

25 

1 0354 

23 

3039 0 

9 5157 

80-130 

2925.2 

9.2317 

130-187.5 

l.,1 Pr(jiH*nc 

214 7° 

1.4.1H47 

25 

1.05 IK 

20 

3305.4 

9.6951 

110-160 

3154.9 

9.3484 

150-214.5 

1.3—Butene 

207.5® 

1.4409H 

25 

1.0053 

20 

3116 7 

9.3890 

100-1.50 

3035.6 

9.1979 

150-207.5 

2,3—Butene 

182 5® 

1 4.1637 

25 

1 0033 

20 

3023.9 

9 5521 

80-130 

2907.1 

9.2616 

130-182.5 


An interesting method for the synthesis of glycols by hydroxylation of olefinic 
l>onds has been described by Milas and Sussman.*®* Kmploying /cr-butyl alcohol 
these workers found that an anhydrous solution of hydrogen [)eroxide reacted with 
olefins in the presence cu' f)sniium tetroxide (dissolved in /cr-butanol) to give 
givcols. I*'or example, froin 7 g. (O.l mol.) of trimetbvlethvlene (b.p. 38.3-38.4°C.) , 
48.4 cc. (0.1 mol.) of 7.03 per cent hydrogen peroxide reagent and I cc. of osmium 
tetroxide solution, reacted at room temjH*rature for 24 hours, permitted the recovery 
of 2.0 g. of olefin and 2.3 g. per cent yield) of a glycol. The product boiled 

at 175®C*. and bad a density of 0.V8)2 at 25 '. Fbese values are in agreement with 
tho.se given by Krassuski*®* (b.p. 17()'S'\ </J{ 0.^f803.) for the product which was 
prepared from trimetbyletbylene bromide and lead oxide. By their method. Milas 
and Sussinan succeeded in synthesizing isobutene glycol, glycerol, phenyl-glyceric 
acid (frtun cinnamic acid), dihydroxybutyric acid (from croionic acid), and vtcso- 
and (f/-tartaric acids from maleic and fumaric acids, respectively. 

Fbe formation of butanediol-2.3 by fermentation of sucrose by Acrobacter has 
Iktti studied by Kendall.He found that yields corresponding to SO per cent of 
the weight of sucrose used could l>e obtained by employing a medium containing 8 
piT cent sucrose. 0.175 per cent magnesium sulphate. 0,3 i)er cent or more of am¬ 
monium chloride. 0.175 i)er cent of disodium phosphate and a trace of calcium 
chloride. The optimum /»H was 6.2. 

Both (//-2.3-butanediol and i»/i\m-2.3-butanediol have been prepared by W ilson 
and Lucas2“‘^ Ibeir method comprised treatment of bulene-2 with hypix'hlorous 

** A \V. I*. S I* 1 luiir Jii. IS.M. In K. I. «lu I’mit Nriruxitv Co.; 

Chrm Ahs . PM4. 28. ^077: i hrm .ths B. .Wc. 

’■•(> I .^chirrholl/ .itui M, I S^plcs. .f .4 C S . 57. 2/0*^. Lhcm .4bs . 30. loJ4: 

( h^m. Ahs. A. 

N. A. Milax amt S Sus*‘ni.iii, f .4 C S . 58. l.MU; Chrm. Ahs . IV.R.. 30. 

”•='K. KraMuxki. / A’hijt T/mj Chrm .S'm . l^OJ, 33. : Chrm. 7rntr . IQO’. l. 

"**A. R. Kcmiall. Colt . f. Sri.. I<>U. », 171; Chrm. Ahs., 1*^.CS, 29, S2\7. Se« 

'*'1x0. I, Staxtnv. Crftidk Crskoslox' .ikad 7rmrdrlskr. 8, 6H71; Chrm .ihfor. S Ah.ttraii Serf., 

Ift?; ( hrm. Ahs.. 19.t4. 28. .t8,D. H. Moiirru ami Nf l>orlr. Butt, assvr. rhim. suer, dist . I'J.M, 51. 
-^7; Chrm Abs., 19.U, 28. e»2.W. 

'"^C. K. Wilaon and H. j. I-iica.. J.A.C.S.. 19.16. 58. 2397; Chrm. Ahs.. 1937. 31. 657. 
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acid to secure the corresponding chlorohydrin, subjecting this to the action of 
potassium hydroxide to obtain the alkene oxide, and hydrating the latter with dilute 
aqueous perchloric acid, rij-Butene furnished the ^/-compound and /ranj-butene 
the w^rjo-derivative. Some of the physical properties of these two optically inac¬ 
tive glycols are given in Table 118A. 


H OH 

! I 

H,C—C-C—CH, 

I ; 

OH H 

d/-2,3>butanediol 


H H 

I I 

H,C-C—C—CH, 

! I 

HO OH 

m eso-2 ,3 -butanediol 


Table 118A. - Physical Properties of Inactive 3,3-Bulanediols. 


Glycol Conhguration meso dl 

Melting point. 34.4®C. 7.6°C. 

Boiling point (742 mm.) . 181.7®C. 176.7®C. 

Boiling point (16 mm.) . 89°C. 86®C. 


Flavitzkii'^ has shown that the glycol prepared from amylene (obtained from 
amyl alcohol of fermentation) has the structure of isopropyl ethylene glycol. This 
was indicated by the formation of isobutyric acid on oxidation with sulphuric acid 
and potassium dichromate. According to Wiemann'^® oxidation of diprop-1-enyl 
ethylene glycol (4,5-dihydroxyoctadiene-2,6) results in the formation of a dimethyl 
hexitol (hexahydroxyoctane, m.p. 161-2®C.). Glycols are also said to be formed 
by the oxidation in acetic, propionic or butyric acid solution of olefins of 8 or more 
carbon atoms by hydrogen peroxide.This result is in keeping with that re¬ 
ported by Milas and Sussman. mentioned previously in this chapter. For ex¬ 
ample. a per cent yield of hexadecane-1.2-diol is said to be obtained from 224 g. of 
hexadecene-1 in solution in 100 g. acetic acid at 95®C. by oxidation with 170 cc. 
of 30 per cent hydrogen peroxide, 

Rdlund'*^^ has described the preparation of glycol ethers (which can be used as 
solvents) by reaction with an alcohol of an olefin oxide containing 4 or more 
carbon atoms. In this way 2-methoxy- and 2-cthoxy-l.1-dimethyl-ethanol (h.p. 
142® and 147.8°C.. respectively) were made from isobutene oxide and methanol 
or ethanol. 

Reactions of the glycols of 3 or more carbon atoms parallel those of ethylene 
glycol. There is, for example, the |K)ssibility of forming esters and ethers, and 
of oxidation to carbonyl groups and finally complete oxidation of the molecule.'®* 
For example, oxidation of polyhydric alcohols to the corresponding carbonyl com¬ 
pounds may be brought about by the action of 1 mole of available oxygen on 2 
carbinol groups in the presence of an activated copper catalyst at 270®C. In this 
way, biacetyl may be prepared from 2,3-butene glycol.*®® 

Diols may be dehydrated at temperatures below their boiling point by the action 
of oxides of aluminum, zirconium or thorium.**® For example, 1.12-octadecanediol 
may be converted into octadecenol by this proceduic. 

Flavitzkii, Ber., 1877. 10, 2.10; J.C.S., 1877, 32, 286 

»«*J. Wiemann. Compt. rend.. 1935, 200, 2021; Chem. Abs.. 19.1S. 29. 5816; Brit Chem Ab» A. 
19J5. 1104. 

British P, 449,060, 1935, to Bohnx Fettchernir-Os.m.b.H.; Chrm Abs.. 1936. SO, 7587; 
Brit. Chem. Abs. B, 1936, 823. Brtttih P. 449.221, 1936; French P. 795.391, 795..192. 1936; Chem. 
Abs., 1936, SO. 5238. 

K. R. E4Jand, U. S. P. 1,968,032, July 31, 1934, to Shell Development Co.; Bril. Chem. Abs 
B, 1935, 618; Chem. Abs., 1934, 28, 5832. 

“•See Carleton Elli*. '*The Chemietry of Petroleum Derivatives.” The Chemical Catalog Co.. 
Inc., New York, 1934. Alio thia chapter under propertiea of ethylene glycol. 

“•S. H, McAllister and M. de Simo. IJ. S. P. 2,051,266. Aug. 18. 1936, to Shell Development 
Co.. Chem Abs., 1936, SO. 6763. 

'“British P. 413,909. 1934, to H. Th. Bdhme, A.-G.; 7. Inst. Pei. Tech., 1934. 20. $41A; 
Chem. Abs.. 1935, 29. 176; Brii. Chem. Abs. B. 1934. 824. French P. 762,001; Chem. Abs., 1934, 
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Lepkovsky and co-workers* have shown further that fatty acid esters of ethyl¬ 
ene and diethylene glycol were toxic and caused enlargements and lesions in the 
kidneys of rats. On the other hand, the corresponding esters of propene glycol 
were nontoxic and produced good growth. 

A rather interesting reaction of trimethylene glycol is that with 2,3-dichloro- 
1,4-dioxane which results in the formation of a cyclic ether : 
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Interaction occurs when the reactants are heated for 20 hours in boiling benzene.**^ 
The product is a mixture of two solid stereoisomers. 

The action of Aspergillus niger (a mold) on propane-, butane-, pentane-, and 
hexane-1,2-diols has been investigated by Walti.**^ He showed that oxidation of 
the secondary alcohol group took place with the formation of a l-hydroxyalkanone-2 
except in the case of the hexanediol, which was unaffected. The pr^xluct-S were 
optically active as were the unreacted glycols which were recovered. 

The uses of 1.2- and 1.3-propene glycol parallel in some measure those of di¬ 
ethylene and ethylene glycol. For example, they have been U'^ed in amounts of 16 
per cent of the water content of the product as preservatives for egg material when 
the latter is utilized in cosmetics.**^® Trimethyleneglycol diacetate and various 
ethers and esters of the glycol have also been suggested as solvents for fluorodi- 
chlorumetliane when the latter is used as a refrigerant.**^ 

S I.rpkov&ky, R. A. Oner and H. M. Evan<». J. Biol. Ckrm., 1935. 108, 431; Clirm. .dbj., 
1935. 29. 4416. L I. Ho>»c and R. F. Ruttan. Can. Chem. J., 1918, 2, 196; Ckcm. Abs . 1918. 

12. 254."; 

’“.I Bdc^ckcn. F. Trll<^en and P. Maltha. Rcc. trat' chim., 1933, 52, 1067; Chem Abs. 1934, 
28. 4423 

A Walti. J.A.C.S.. 1<>34. 56, 2723; t hem. Abs . 1933. 29, 731; Brit. Chrm. Abs. A. 1935. 193 
W. Kritchrvsky, B R Harris and C. J. Becker!. L’. S. F. 1.924.947, Aug. 29. 1933; Chem 
Abs . 1933. 27. 5484; Brit. Chem. Abs. B. 1934. 556. 

F. Zcllhoefer. T. S. P. 2.040,897; 2.040,901. May 19. 1936; Chem. Abs., 1936. SO. 4366 



Chapter 23 


Production, Properties and Uses of Olefin Oxides 
and Their Derivatives 

Ot a variety of loctlKnls for the preparation of oletin oxitle^, the main ones 
fall into two j^roups T 

1. The action of alkalie>. j>ijch as stxliuni hytlroxide, on a-alkene halohydrins, 
hy which the element> of hydrogen halide are removed. 

2. The direct oxidatitm of olefins, reaction being carried out in tlie presence of 
a catalyst. 

Insofar as known, large-scale operations involve only the first procedure, i.e., heat¬ 
ing alkene chlorohydrins with alkalies, although there i^ considerable interest in the 
oxidation procedure. W hile it is dtiubtful if the latter metlmd is being intensively 
employetl technically at the present time, it is apparent that the trend is now defi¬ 
nitely in that direction. 

i*kOf)l i l lO.N OF Ol.KFl.N' O.XIDKS FKOM ( T{ I.OKOH VDKi .\ S 

Thole, Birch and Scott- recommend that a solution of ethylene chloridiydrin be 
added to somewhat more than the theoretical requirement of alkali ( sr)dium hydrox¬ 
ide solution) at 10 to 20®C\ The mixture is then allowed to react in a packed 
column at 35 to 50’(‘*. umler reduced pressure (<)<>-I05 mm.), hahylene oxide is 
rapidly liberated and collected in a separate vessel as solid hydrate. .\ much 
shorter pericnl of heating at higher temperatures is employed by Britton, Nutting 
and Petrie.They suggest that substantially equimoleciilar proportions of alkene 
chlorohydrin and alkali hydroxide, carbonate f)r bicarlx)nate Ik.* healed under 
>lightly su|K‘ratmospheric pressure lor a very short time. 'Fhe period re(|uired is 
usually 5 to 60 seconds at tem^KTatures between ‘>0° atul l.s0'’( . By cooling rapidly 
to lielow and distilling off the olefin cixide the formati<ni of by-pro<lucts is 

avoided. I'he methorl may be readily of)erated as a continuous process. .Xnother 
procedure consists in passing vapor of the chlorohydrin, such as ethylene chloro- 
hydrin or menthol chloride, over an active catalyst such as magnesium oxide, cop|X'r 
oxide, or a salt of either magnesium or copper.* The contact agent is more 
effective if mounted on a carrier. 

Other chlorinated compounds txsides the chlorohydrins have been found to yield 
ethylene oxide on treatment with alkalies. An example is /^-chlonK’thyl acetate, 
which is said to give gocxl results if scxlium hydroxide is slowly added to it with 

* For a review of thcne, see C’arlctofi KUis, “The Chemistry of Petroleum Derivatives,” The 
Chemical C’atalof^ C*o,, Inc., New York. 1934. 

* F. II. Thole. .S. F. Birch and W. D. Scott. U. S. P. 1,986.082. Jan. 1, 19.0i. to Anslo Pemian 
Oil (o.. Ltd.: Chem. Ahs.. 1935, 29, IIO.I. Britijih P. 374,864, 1932; Chem Aht. 1933 27 3952 
ffn/ Chem. Abs. B. 1933. 878. 

* E. C. Britton. H. S. Nutting and P. S. Petrie, V. S. P. 1,996,638, Apnl 2, 1935 to Dow 
CTiemical (>i.; Chem. Ahs., 1935, 29, 3350; ffrit, Chrm. Aht. B. 1936, 310, 

‘ W. Schoeller. E. .Schwenk, E. Borgwardt and F. Aichner. V. S. P, 1,967,433. July 24 1934 

to Schering Kahlhaum A. G.; Chem. Abi., 1934, 2t, 5832, French P. 728,849, 1931- Ck^* Abs* 

1932, 26, 5963. » v. r . 


550 



PRODl’CTION, PROPERTIES AND USES OF OLEFIN OXIDES 551 

constant stirring. The temperature of the mixture should be kept between the 
limits 40® and 150®C.® 

Dominik and Bartkiewiczowna® added an aqueous solution of ethyl hypochlorite 
drop-wise to calcium oxide or sodium hydroxide in a flask heated in an oil bath. 
A manometer was connected with a reflux condenser, and from the observed rise 
in pressure during the experiment, the yield of ethylene oxide was calculated. Bet¬ 
ter results were obtained with calcium oxide than with acjueous stwlium hydroxide. 
The yield of ethylene oxide in the f(»rmer case was as high as *X) j>er cent of the 
theoretical amount. 

Another method.*^ applicable also for the preparation of cyclic and open chain 
ethers, consists in heating halogenated rlialkyl ethers with hnely divided metals, 
('opper, nickel and platinum have been found effective. Reactions in the liquid 
phase are carried out under 2lK) atmospheres pressure at temperatures between 50® 
and 100®C\ Vapor-phase changes take place at temperatures from HK) to 250®C. 
When monochlorodimethyl ether is heated at 1(X)®C. with metallic sodium, ethylene 
oxide is produced by removal of hydrogen chloride from one molecule of the chloro- 
compound. However, if two molecules of the ether are involved, only halogen is 
split off, and by conrlensation the dimethyl ether of ethylene glycol is formed. 
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Similarly, ethylene oxide and dio.xane result from dichlor(Kheth\ 1 ether using coj>- 
per at and 150 atmospheres pressure. 


()i Fn.\ ()\ii>F-s Hv O.MnATiinv of Tn.sai t k\TH) Hvokch. akhons 

Francon^ has reported a scries of experiments on the preparation of ethylene 
oxide by direct oxidation of ethylene in the presence of an activated catalyst. The 
raw' material, a gas mixture C(nitaining ^^2 per cent of ethylene, was protluced by 
catalytic dehydration of eihan<d. The results of Francon’s tests are summarized 
as follow s: 

The optimum working temfK'rature was found to be 275®C. and the most effec¬ 
tive air-ethylene ratio was 10:1. C'arbon dioxitlc was formed simultaneously with 
the oxide, but if water was introduced into the reaction mixture smaller yields of 
both products resulted, the oxide being affected less than carlx>n dioxide. The 
optimum gas flow, with a tube of 22 mm. internal diameter, was SO liter'' \k'v hour. 
At this rate, varying the proportioT^s of air and ethylene reduced the formation of 
ethylene oxide and (to a less extent) increased that of carbon dioxide. .\i tem¬ 
peratures below 275®C. the production of ethylene oxide was lowered consid¬ 
erably, with practically no change in carbon dioxide yield. .Mkhc 275®C'.. however, 
both oxide and dioxide increased, the latter more than the former. Raising the 

* K. r. Britton. (J. It Coleman amt B. Matr. T. S. P. 2.022.ISJ. Non. 2 (\ u> iKm 

Co.; Chfm Ahi., 19.t6. 30. 7.17; Brit. Chrm. Abx. B. 19.16, 1192. 

•W. l>omtntk an<t J. Hartkicwictowna, PrremytiChtm., 19.14. IS. .17.1; T/irw. Ahx , iv.!.*!. 20. 

Brit. Ckrm. Ahs A. 19.15. 194. 

Britiah P. 4.1.5,110, 19.15, to E. I, itu Pont dc Nrmfvur> C'o ; i hem Ah.t . 19.16, 30. 1.1X7 
Bnt. Ckrm. Abi. B, 19,15. 10,17. 

"J, Francon, Ckim. rf ind., 19.1,1. 29, (June S|>«c. So.), 8(»9; Ahs . 19,14, 28. 46.>; Bnt 

Chtm, Abi. B, 1933. 953. 
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pressure to 50 kg. per sq. cm. caused the development of more carbon dioxide at 
the expense of ethylene oxide, possibly because of partial combustion of the latter. 
Under optimum conditions, the production of carbon dioxide was attributed to 
direct oxidation of the ethylene gas. 

According to Francon, industrial coke-oven gas may be used in this process if 
impurities, such as acetylene and compounds of sulphur and phosphorus, have been 
removed. These catalyst poisons may be eliminated by leading the raw gases 
through a purifier containing copper oxide maintained at temperatures of ISO® 
to 200®C. For work on the commercial scale with treated coke-oven gases, an 
air-ethylene ratio of 1 is suggested, with a further supplement of about 5 per cent 
of pure oxygen. The gaseous mixture could then be conducted through a number 
of catalyst tubes in which the activity of the contact mass increased in the succes¬ 
sive stages. Unchanged ethylene might be recycled, or hydrated to give ethyl 
alcohol. 

Later, Francon® described the catalyst employed in his method. It was com¬ 
posed of silver or gold, or a mixture of the two, either as metals or as alloys con¬ 
taining small percentages of a third metal, such as copper or iron. It may l>c used 
in the form of fragments, thin sheets or flakes. An example is fine leaflets of 
silver containing a small amount of copper an<l gold.^*^ These were made by rolling 
the alloy to form a foil, shredding the latter in a li(|uid inedium. and finally drying 
and screening the metallic particle^. 

Admixtures of hydrogen, carlxin dioxide and steam are permissible with the 
ethylene-oxvg#m reactant> when the reaction temperature ranges from 150® to 
40()®C. 

In a >imilar process for etliylene (oxidation*' the addition of water to the 
reaction mixture is said to mininuze the formation of by*pro<luctN. Mich as alde¬ 
hydes. The catalysts recommended for this treatment arc the metals antimony, 
lead, bismuth, silver, arsenic, nickel, tin. gold, copper, or iron. They may be 
used alone or as mixtures, or in admixture with their oxides. Hydrogen up to 5 
per cent of the total volume of gases may be admitted. Temperatures Ix'twecn 150 
and 400®C. and pressures up to 50 atmospheres may l>e employed. /\ typical reac¬ 
tion vessel consists of a silica tube containing a silver catalyst, or silver powder 
mounted on a carrier. 

Several mollifications of the alxive procerlure have been disclosed. In one of 
these,** carbon dioxide is suggested as an alternative inert diluent, and pressures 
below' atmospheric are recommended. The catalyst consists of silver activated by 
small amounts of either gold, copper or iron. As before, the reaction takes place 
at 150® to 400®C. in the presence of water. Another methfxl*^ prciposed by the 
same workers suggests employment of large proportions of carbon dioxide or nitro¬ 
gen as diluent (at least 50 f)er cent by volume), and requires the complete absence 
of water. High temperatures, 300® to 400®C., and pressures up to 50 atmospheres, 
arc employed. Contact agents consist of metallic silver, or silver containing small 
quantities of gold or copper. 


•j. Francofi. Fretich P. 794.751, 1936; Ckem Abs . 1036, 30. 5235 Srr »l*o Hrin^h P 444 1116. 
1936. to Soc, francat«c de catalyse K^4rati»4e; Brtt. Chem. Abt B. 1036. 4R7; J Inti /Vt Tech 
1936. 22. 272A; Chem. Abt.. 1936. 30, 55R«. 

Fretich P. 45.609, 1935, addition to 739.562, to Soc. francai«r de catalyse g^n^rali^^e; Chrm. 
Abt., 1936. 30, 3R37, 

** BritUh P. 402.43S, 1933. to Soc. francaiae de cataly«e gen^rali^r; Chrm Abt. 1934 2I 
2731; BnV. Chrm. Abt. B, 1934, 232; /, Inti. Pet. Tech., 1934, 20, l92A. French P. 739.562 1933* 
Chem. Abt., 1933, 27, 2l6i3. 


^*Brttiab P. 402.749, 1933. addition to 402,4311. to Soc. francaiae dr catalyte afn^rati*^; Brit 
Chrm. Abt. B. 1934, 266; J. Inti. Pet. Tech., 1934, 20. 115A; Chem. Abt.. 1934. 2t. 2711 French 
P. 41.811. 1933; Chrm. Abt , 1933, 27. 4546 rrmcn 

»^Briti*h P. 431.966. 1935. to Soc. francalae de catalyae g^n^rali*^; Chem. Abt., 1936. 30. 112; 
Brit. Chem. Abt. B, 1935. 839; /, Inti. Pet. Tech., 193$, 21, 383A. French P. 771,650. 1934* Chem 
Abs., 1935, n, 819. T. E. Ufort, U. S. P. 1,998.878. Apr. 23. 1935; Chem. Abi . myli/iSR] 
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Silver is the metal most generally recommended in the preparation of ethylene 
oxide from ethylene. It may be used in the form of wire, foil, or powder, or in 
colloidal suspension, either alone or with various metallic promoters. An active 
contact mass may be made by the decomposition of certain organic salts of silver, in 
particular the oxalate, by heating at 30()®C.^^ As activators, the following metals 
are reported to be efficient: copper, gold, iron, manganese, cobalt, nickel, cerium, 
thorium and zinc. The most effective temperatures are said to be from 350® to 
400°C. The gas mixture may carry steam, nitrogen or other diluent, and should 
contain 8 to 9 per cent by volume of ethylene. 

The use of certain metallic compounds as catalysts for the oxidation of olefins 
to the corresponding oxides is advocated by Dreyfus.The substances suggested 
are oxides of selenium, copper, silver, mercury, zinc, lead, antimony, arsenic and 
tellurium. Optimum conditions of temperature and pressure are given at 2(X)® to 
500®('. and above 10 atmospheres, respectively. 

Olefin Oxidations Without Catalysts 

A{ high tenuKTatures and in the absence of catalysts, the chief products of the 
oxidation of olefins are aldehydes and acids. For effecting the treatment in gaseous 
phase when it is desired to prcxluce olefin oxides or glycols, temperatures from 
250-600®C. are used.^® The reaction vessel should be free from packing and have 
a surface-volume ratio of not over 4:1. The conversion period is longer than 10 
seconds at 250-350°C. but only about 1 second at 450-6(X)°C. Yields obtained in 
two instances were as follows : A 4 :1 mixture of ethylene and oxygen, heated for 
25 seconds at 315°C'., gave 11.8 per cent ethylene oxide. 34.7 per cent formaldehyde 
and 6.9 per cent formic acid, the results being based on the amount of ethylene 
decomfxi.sed. A similar mixture of propene and oxygen held for 28 seconds at 
270-360°C. produced pro^nmc oxide, propene glycol, propionaldehyde. propionic 
acid, acetic acid, formic acid, acetaldehyde and formaldehyde. 

Kthylenk Oxide by Hydrolysis of Esters 

.Alkene oxides are formed by hydrolysis of volatile fatty esters having a double 
Inmd and a carboxyl group attached to the same carlxm atom.'* .Anmwnia or an 
organic l)ase may be use<i to effect the reaction. For instance, a mixture of 5 
parts of vinyl acetate, ('H 2 HC'02CHj|. with 5 parts of pyridine and 1 part of 
water is heated to 1(K)°C. in a vessel connected with a reflux condenser, the tem¬ 
perature of which is maintained at 20°C. Or. vapors of the vinyl ester (5 parish 
and ammonia (1 part) may l>e passed through a silica-packed tube at 245-250°C. 
In either case, ethylene oxide is formed and may be .separated by fractional distil¬ 
lation, the unchanged ester l)cing first condensed by cooling to 20°C. and the 
oxide liquefied by further cooling. 

Behavior of F'thylene Oxide 

Properties of Ethylene Oxide. F^hylene oxide is a colorless, volatile 
liquid of d J 0.887. The pure substance boils at 10.7°C. It has a sweetish odor 

** Rrtdth P. 434.011. 193S, to B«tjufsche Petroleum Mwitwcbjipnii; Chtrn .4br., 193^ JO, 7.17; 
Brit. Chrm. Aht. B. 1935. 938; J. Inst. Prt. Trek . I<>35. 21. 424A French P 7RS.975. 1^35; 
Ckem. /fbi,. 1936. SO, 1808. See also. A. J. van Pe»ki. V S. P 3.040.782, May U. I93h. to Shell 
Dtvelonment Co.; Chrm. Aht., 1936. 10, 4510 

»*M, Dreyfuf. French P. 770,420. 1934; Ckrm Ahs. 1935 29. 474 

*• Brttifth P. 400,297, 1932. to F. I. do Pont <le NenttMo* A Uo ; Brit C^'rm .•ihs. B, 1934, 10. 

Dreylua, BHtUh P. 449.875. I93^; Bnt Ckrm. Abs. B. 1936. 971; Ckrm. Abs., 1936, SO. 
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and mixes with water in all proportions. Its vapor forms explosive mixtures with 
air within very wide limits. The formation of binary mixtures as well as the 
boiling points of ethylene oxide-water or -alcohol admixtures were investigated by 
Kireev and Popov.'** 

Very little work appears to have been done on the physical properties of ethylene 
oxide, attention having been directed more to its phvsiological and chemical reac- 

C'H, 

lions, rile valence angle of the oxvgen in ; is st)mewhat smaller than the 

i . 

CM, 

corresponding figure for dimethvl ether, which ha^ no htnid c<»nnecting the two 
carbon atoms. The values, calculated from Kaman frequencies, are and IttJ"^, 
respectively.*’* 

Storage and Shipment. A method intended to minimi/e deterioration of 
ethylene oxide during storage and shipment ha< been recommende<l liy C ox and 
Greer.It consists in contacting the organic substance with cuprtnis oxide, man¬ 
ganese dioxide, alloys of iron, nickel and chromium, or metallic cop|>er. aluminum, 
chromium, nickel, zinc or cadmium. I he same treatment may he a|)plied for the 
preservation of other alkene oxides, as well as dialkejie oxides, aliphatic ethers 
with more than four carbon atoms per molecule, suhsiiiutetl deri\atives of aliphatic 
ethers, alkoxy alcohols and their derivatives. 

Thermal Decomposition of Ethylene Oxide. I ravers-* has made a 
study of the changes which take place during tlu‘ thermal decomposition of ethy¬ 
lene oxide. He maintains that neither the inechaniNin nor the rate of the reactions 
involved can lie satisfactorily followed by meastiring the rate of the increase in 
pressure at constant volume. He considers that the react ion ^ depend on the 
surface of the system and involve a chain mechanism. On the other hand, 'I homjf- 
son and Meissner,** summarizing measurements of the rate of decomposition of 
ethylene oxide over the range 435-505^C\, find their results to agree, in general, 
with those of Heckert arvl Mack.-* The latter workers <!ecided tliat the thermal 
ilecomposition of gaseous ethylene oxide in a Pyrex container at 38t)-444 '(*. is a 
strictly homogeneous gas reaction, <Kcurring in two steps with probably acetahle- 
hyde formation as an intermediate step. riH*re seemed to be an induction iH'ri(Kl. 
A decrease in the velocity of decompositi<>n on the ad<htioii of inert gases was 
proportional to the pressure ratio of inert gas to eih>lene oxide. I lie depressants 
included argon and nerm (least effective), carlnm dif»xidr. rarlw)?] mon»>xide, tiitro- 
gen, methane, ethane, propane, isobutane, helium. Hydrogen, on the other haml. 
increased the velocity of decompo-,itif>n. Hr)wt \« r. 1 hompsnii .iud Mt issuer were 
unable to detect acetaldehyde among the prixlucts at any stage of the d<‘comp«»sition 
over the temjH'rature range studied Hie chief \irlds weir earbon monoxide and 
methane with some formation of h><lrogen and <lham . These workers found the 

*• V A. Kireev ami A. A Fofxn, J. /Ipf'ltni i inm ft \ S h‘ l'<’r ' ♦.s'# ( fh, 

29. 2061; Brit Chrm A. IV U. Mol 

\ (i. Pai. CurrfHi Sti, ivr4, 2, lH/», Hum jou 28. *17' {h,m 4ht A PH* 

RiO. 

* H. I., Co*; am! P .S Crrer, ( .tiMflian I* l / ft t,. C 4ii<l ( hrmtt.it* 

( orp.; Chi^m, Aht., 191C 29. .1150 

^ M. W. Travf>r«i. Saturr, 1VI5. 136. VOV, them ,'f^l , 1*0/. 30. Btit ( turn A, 

1936, 191, See alio M. W, Travers am! T J I’, iVarrr. J V(‘/ I'/U S3. I3ir. ( ktm Aht. 

19.JS. 29. 1057; Brit Chrm Aht A, 1955. 40. C. S ( I. M Hrirhrr f || Vrrhtirk 

ami C. A. Winkler, Pror. ho\. Stn'. tl.otidon). 19.14. AM6. IJ7. Brtt ( hrm 4^l A 1914 Mil 
Chrm Aht, 1934, 28. 7120 

** II. W. Thompi/m and .Vf, Mfi«t«»r»er. Saturr IVlo. 137. H7M; But Chrm .iht A. 1916. 820; 
Chrm. Aht.. 1916. 30, 5488 Trant. haraiiay |9W>. S2. 1451. Chrm Aht 19lf'. I 0 / 7 V 88 ' 

Brit Chrm. Ahi. A, 19.16, 1208, 

W, W Heckrrt and K. .Mark, Jr. JAi S, |9..*9. 51. 2706, { hrm Aht 1929 23 5401; 

Brtt. ( hrm. .4bt A 1929, 124 », 
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velocity constant to vary with pressure over the ranj^e 15-800 luni. At 475^C. the 
period of half change was almost independent of initial pressure at above 250 mm. 
Between 250 and 40 mm. there was a bimolecular relation l)etween the half change 
period and initial pressure and another such region below 40 mm. With initial 
pressures over 300 mm. the energy of activation was found to be afx^ut 54,OCX) cal. 
and at alxjut 20 mm. approximately 50.(XX) cal. 

Sickman-^ also reports that an induction period is exhibited in the pyrolv-si'- 
of ethylene oxide and that the reaction is inhibited by the presence of inert gase^. 
His results are in qualitative agreement with those of Heckert and Mack.“^ In a 
discussion of the various peculiarities of the ethylene-oxide pyrolysis, Fletcher-*' 
suggests the formation of free radicals and aldehydes at 400followed by 
breaking up of the aldehydes, as an explanatory mechanism of ^h^-* changes taking 
place. Fletcher f<jund that at 443°C'. acetaldehyde (exerting a pressure of 1H4 
mm.) is half decomposed in 3 minutes in the presence of its isomer, ethylene oxide 
(partial pressure 17 min.), whereas approximately 350 minutes were required 
with no ethylene oxide proent. Later work by Travers and Seddon-" points out 
the complexity of the changes involved in the thermal decomposition under con¬ 
sideration. in the case of both ethylene oxide and its isomer acetaldehyde. 1 hey 
found the latter, over a u ide range of concentrati»)ns. to decompose maiiiK into 
methane and carbon tlioxide at 36()-5(HJ®C'. in unpacked tubes, but into prt)pene and 
carbon monoxide in i)acked tubes. However, some prot>ene always apj>eared in the 
first ca'^e and undersNent condensation prcKhicing 6-carbon and more conrplex 
hydrorarlMMtN. 

b'.chols aixl INMNe-"* report conlinnalion of the ob^ervalion^- of Heckert and 
Mack as to the cracking of n-butane, is<»butane and propane in the presence of 
decotnjiositi^f ethylene oxide at tenqH'ratures at wliich the normal decompositi<jn 
of these jiaraflins is negligible. \\ a total pressure of about 5fK) mni. and a temfvera- 
ture of 4J5 ('.. tin* resvdts gnen in Table 116 were obtained. 


1'ahi 1-: - Pyroiy\is of P-irofifis AiinuxrJ F.ihyUne ifxuic 


Hy<!pH'arlH»n 

Fthane 

Propane 

l.sobutane 

W'Hutaiu 


Initial Ratio <»f 

Hy^lnnarbon to 

Hthylene Oxide 
1 6 
I f> 

1 7 
I 0 

4 1 

5 0 


Ratio 

'r''tal Olefins t » 
('ar^wni Mor.oxule 
<0 05 
55 
7 5 

1 2 ' 

4 5 

12 0 


J'a'hols and I Vase point out the inctease in the relali\e amount of olefin \\ \Xh 
the complexity of the paratVm aixi. in the case of n-bulane. with the relative anxniTU 
of the latter originally present, riiey report the rale of pressure increase falling 
off rapi<lly on continued reaction, suggesting that piaxlucts of paraftin deconrpo>i- 
tion are inhibiting reactivitv. The effect of increases in temperature on the olefin* 
carbon monoxide ratio was not great. Other experiments \v('re found to conhrm 
the accelerated deconqu^itmu of acetaldehyde in the presence oi ethvlene oxide as 
reported by Fletcher and note*! above. 

^ /’Atu.c. 4. .oT; ( hrm 30. *40“r. Hnt, i ltm ,4bs 

A, .KOJ 

^ \V. \V. Hrikrri at>a K Matk. ti . U. o/ 

J M Klri^hrr, t .4 ( K , I‘J.l»> 5*. v w. < Jh, 30, c ;»,*»»v Jhs A. 

I9.t6. 570. ('. j. .M Flcfchrr ai.a il K Konrlv..n. f .4 C \ 5S. :l.^^ Chrm. 
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Toxicity of Ethylene Oxide. Ethylene oxide is known to possess the 
properties of an efficient insecticide and fumigant. The toxicological activity of 
the compound has been investigated with reference to possible hazards involved 
in the handling of the material industrially. 

Waite, Patty and Yant^ tested the physiological effects of ethylene oxide on 
small animals. It was concluded that the toxic effects of ethylene oxide vapor are 
comparable with those of ammonia, being less dangerous than sulphur dioxide and 
hydrogen chloride, but more harmful than chloroform or carbon tetrachloride. In 
view of its distinct lachrymatory properties, at comparatively safe dilutions, how¬ 
ever, this material may be said to give ample warning of its presence in the atmos¬ 
phere before any serious harm can be done. 

When used as a fumigant, ethylene oxide is frequently mixed with carbon 
dioxide, which increases its insecticidal value while decreasing its inflammability. 
A review of the work on the toxicity of ethylene oxide-carbon dioxide mixtures 
has been presented by Popov, Bezzub and Lebedeva.^® The effect of added carbon 
dioxide gas on the toxic action of ethylene oxide is highest at the ratio of 1 :10 
to 1 :15. The ignition safely limit of such mixtures is at 1 :7.5 volumes. Actox 
gas, an industrial product'*^ containing ethylene oxide and carbon dioxide, is re¬ 
ported to be nearly ten times as toxic as the oxide alone. It cannot be used in the 
fumigation of wheat grain l>ecause of its destructive action oti germinative power. 

The effect of the vapor of ethylene oxide on insects has been studied by Hase.** 
A concentration of 60 g. per cubic meter was found to destroy insect eggs in 24 
hours.''^ Horsfall'*^ has described the action of ethylene oxide on the bean weevil 
and the flour beetle. 

Determination of Ethylene Oxide. The use of ethylene oxide in the 
fumigation of foodstuffs has necessitated its accurate determination in air and 
gases a<5 well as in the stored materials. A most useful method, which can be 
adapted for the analysis cf both liquids and gases containing ethylene oxide, is that 
first suggested by Deckert^**^ and later modified by Lubatti.^® It consists essentially 
in allowing the oxide to react with a known aniount of standard hydrochloric acid 
solution. Ethylene chlorohydrin is formed, and the excess acid is titrated. The 
absorbent liquid must contain a high concentration of halogen ions. Lubatti rec¬ 
ommends a saturated solution of magnesium chloride, which he reports gives results 
which approach the theoretical much more closely than those obtained when sodium 
chloride is employed for this purpose. The equivalent of at least 300 g. of chlorine 
per liter of solution must be present, but in any case the best result obtainable cor¬ 
responds to Only about 94 per cent of the theoretical amount of ethylene oxide. 
Waite, Patty and Yant*’*^ used 2N hydrochloric acid and avoided hydrolysis of the 
ethylene chloroh' drin formed by titrating the excess acid against standard barium 

»C. P. Waite. F. A. Patty and W. P Yant. Pub. Health Rep., 1930. 45 (32). 1832; Chrm. Abi., 
1930 24. 484'> 

•* P. V, Pof>ov, K. E- Bezzab and N. I. I.«hedeva. Tram. Sci. Inst. Fertiitwert and fmreto- 
fumfficidcs {U.S.S.R.), 1935. 123. 264; them. Abe.. 1936, 30. 3575. For the determination of 
ethylene oxide in fumifanti aee W, B. Brown. /.S.C.i., 1936, 55, 321T; Chem. Abe.. 1937. 31, 974: 
Brit. Chem. Abi. B. 1936. 1191. 

Other trade names foe commercial mixtures of ethylene oxide and carbon dioxide are Car- 
boxide and T-gas. 

»A. Base, Z. ParaiUmk., 1932, 4. 369; Brit. Chem. Abt. B. 1932, 318. Saturwiaemekaften. 
1932, 20, 345; Chem. Abe.. 1932. 26. 4883, 

** A. Hate, Arb. bioi. Reiehiami. Land- «. Fontwirt. Berlin-Dahiem, 1932, 20, 101; Chem. Abi. 
1434, 26, 3192; Brit. Chem. Abi. B, 1933, 935; Chem. Zrntr., 1933. 1, 1991. 

W. R. Horsfall, J. Eeon. Entamol., 1934, 27, 405; Chem. Abi., 1934, 26, 5588; Brit. Chem. Abi. 
B, 1934, 9>9. 

»W. Deckert, Z. amal. Chem., 1930, 62. 297; Chem. Abi., 1931. 2S. 263; BrU. Chem. Abi. B» 
1931, 180. 

1933 ^*4^* Lobatti, JS.C.f., 1932. 51, 36lT; Chem. Abi., 1933, 27. 245; BrU. Chem. Abi, 1, 

•fC. >. Waite. F. A. Patty and W. P. Yant. he. cU. 
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hydroxide solution. Lubatti, as well as Waite and his co-workers, employed methyl 
orange as indicator. 

A micromethod of analysis of ethylene oxide-containing gases has been de¬ 
veloped by Lubatti^* and may be used in conjunction with the Page sampling ap¬ 
paratus.*^** The absorbent liquid consists of a solution of 490 to 540 g. of magnesium 
bromide per liter in 0.025 to O.LV sulphuric acid. Such a solvent is said to allow 
100 per cent recovery of ethylene oxide. 

Reactions of Kthylene Oxide 

Reactions with Water. Hydration of ethylene oxide in aqueous solutions 
containing 0.5 per cent sulphuric acid (as catalyst) has been investigated by Matig- 
non, Moureu and Dfxle.^^* They found the products included the following glycols: 
ethylene glycol, b.p. 197®C. (97®C. at 14 mm ), dj* 1.1170 and 1.4332; di¬ 
ethylene glycol, b.p. 244.5°C. (133°C. at 14 mm.), d\^ 1.1197 and 1.4488; 
triethylene glycol, b.p. 285^0. (165"C. at 14 mm.), d\^ 1.1274 and #il? 1.4578, and 
tetraethylene glycol, b.p. 328°C'. (108°C. at 14 mm.), dj* 1.1285 and 1.4609. 
The relative proportions of these substances were considered to depend upon the 
ratio of ethylene oxide to water in the reaction mixtures and were only slightly 
changed by variations in reaction temperature (within the range 50-90°C.) or in 
acid concentration (within the limits 0.5 to 5.0 per cent sulphuric acid). The in¬ 
fluence of ethylene oxide-water ratio on the proportions of products in a series of 
experiments carried out at %-95°C. is shown in Table 120. 

Table 120. -Ilydraium FJhylent Oxide ai 90-95^C. 

Moles of Water of Indivi<lual Products on Ethylene Oxide Used 


Per One Mole of 

Ethylene 

Dicthylenc 

Triethylene 

Tetraethylene 

Higher 

Ethylene Oxide 

Glycol 

Glvcol 

Glycol 

Glycol 

Glycols 

10 5 

82 3 

12 7 




4 2 

65 7 

27.0 

2 3 



2 1 

47 2 

34 5 

13 0 

0 3 


0 61 

15 7 

26 0 

19 8 

19 0 

14 5 


Reaction with Hydroxylatcd Organic Compounds. The action of 
ethylene oxide on the lower aliphatic alcohols forms the basis of a well-known 
method tor the manufacture of glycol monoalkyl ethers.^* The process may be ef¬ 
fectively catalyzed by aci<lificd hydrosilicales, such as aluminum hydrosilicate,^* 
and also by fluorine compounds such as boron trifluoride. An 80 per cent yield of 
ethylene glycol monoisopropyl ether is said to be possible on heating isopropyl 
alcohol and ethylene oxide with boron trifluoride.This type of reaction can, how¬ 
ever, be carried out in the absence of catalysts by heating the reactants at a suffi¬ 
ciently high temperature. 

In a process di.sclosed by Wittwer/^ ethylene oxide and an alcohol such as 
ethanol are passed continuously through a reaction vessel heated to above 130°C. 
under sufficient pressure to maintain liquid-phase conditions. However, etherifica¬ 
tion does not stop at formation of simple glycol monoethcr, but, if sufficient ethylene 

■•O. F. LiiUtti. JS.C.L. 19.^5. 54. 424T; Chtm. Ahs , 19.^6. 30, 1689; Brit. CUem. Abs. B. 
1936. 77. 

■•Thi* ainparatut in described by A. M. P. PiM|e. J.SC.l.. 19.12. SI, .l69T; Chem. Abs. 19,1.1. 27, 

792; Bril. Cks^. Abs. B, 1933, 94. See al»o J.S.CJ, 1935. 54. 421T; Ckcm. Abs . 1936. 30. 1689. 

^ C. Matignon, H. Moureu and M Dwle. fimll. sor. cbim.. 1934. (5) 1. 1308; Bnf. Chrm. Abs 
K 1935. 63; Chrm. Abs., 1935. 29. 1777 

** J'w? Carletofl Ellis, ’’The Chemistry of Petroleum Derivatives." The Chemical ( ataloa Co.. Inc.. 
New York, 1914, 537 

«H. Dehnert and W. Krey, U. S. P. 1.996,003. Mar. 26. 1935. to 1. Farbenind. A C.; Chtm. 
Abs., 1935, 29. 3349. 

^G. .Steimmiff and K. Baur. German i. .s;.S.7>2, 1933 (addition to German P. 5.58.646. 1930; 

Cktm. Abs.. 1933, 27, 512), to I. G. Farln’ttind A.^ti.; Chrm. Abs.. 1934 29. 784. 

^ «M. Wittwer, U. S. P. 1,976.677. Oct. 9. 1934. to I. G. Farhcnind. A G,; Chrm. Abs., 1934 
21 * 7263. German P. 595,174, 1934; Chrm. Abs., 1934. 19 , 4067. 
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oxide is present, monoethcrs of the higher glycols are formed by further condensa¬ 
tion. Thus, combinations of aliphatic monohydric alcohols of more than 7 carbon 
atoms with 2 or 3 moles of ethylene oxide may occur at 120-160® C. in the presence 
of caustic soda or caustic potash. Yields consist of the corresponding ethers of 
di- and triethylene glycols. Such substances are reported to be of value in the 
textile, leather, paper, lacquer, pharmaceutical and cosmetic industries as wetting, 
emulsifying, penetrating and softening agents.'*® The monooleyl ether of triethylene 
glycol, prepared from oleyl alcohol and the requisite amount of ethylene oxide, is 
said to furnish stable aqueous emulsions of oils or fats. Polyolefin glycol ethers 
made by the action of olefin oxides on alcohols or on glycol monoethers are sug¬ 
gested as solvents for nitrocellulose and other cellulose esters.*® 

Zimakov and Churakov*^ recommend a 1:8 mixture of oxide and absolute 
alcohol heated in an autoclave with 1 per cent sulphuric acid for 7 to 8 hours at 
100®C. The reaction period may be reduced to 3 hours by raising the temperature 
to 300®C. There was almost no formation of ethylene glycol or ethers of poly¬ 
glycols. Yields of the inonoethyl ether ranged from 95 to 99 per cent. On a com¬ 
mercial scale, using 95 per cent alcohol in 5 :1 mixture with ethylene oxide and 
one-half of one per cent of acid catalyst the following prcxlucts resulted from inter¬ 
action at 150®C. for 5 hours: 35 to 40 per cent momx'thyl ether of ethylene glycol, 
55 to 60 per cent of ethylene glycol and 0.5 |K'r cent mixed ethers. The dehydrating 
action of the ethylene oxide on the alcohol made possible the recovery of two- 
thirds of the alcohol in anhydrous form. 

By the reaction of ethylene oxide with polyhydric alcohols, a wide variety of 
hydroxyethyl ethers may be readily prepared. A product, said \o be useful as a 
dressing oil for cotton, may be obtained by heating diethylene glycol with 4 or 
more moles of ethylene oxide in the presence of nickel sulphate.**^ Mydroxy com¬ 
pounds resulting from conden.sation of alkene oxide> with polyhydric alcohols may 
be esterified with higher aliphatic acids to furnish water-soluble esters useful as 
emulsifying agents in admixture with sulphonated higher aliphatic alcohols or 
their derivatives.** Some of the hydroxyethyl ethers of the higher polyhydric 
alcohols, such as pcntaerythritol, sorbitol and hexitols. have been described by 
Schmidt and Meyer,®* who recommend these substances and their esters as wet¬ 
ting, cleansing or dispersing agents in the textile industry. 

The action of ethylene oxide on cellulose has been stmlied by Nikitin and Rud- 
neva.®* They found bleached cotton wool to react with ethylene oxide at 50®C. to 
yield a product containing only one hydroxyethyl group per 32 cellulose units of 
CeHioOft. In the pre.sence of dilute alkalies the degree of etherification was inr 
creased to 1 ether group [>er 4 to 8 cellulose units. A maximum etherification, 
namely, 1 ether per 1.5 cellulose units, was attained with 18 [kv cent caustic soda, 
or 35 per cent caustic potash, at 50-60®C. for 15 minutes. The products, which 
yielded solutions (in caustic soda) of increasing viscosity with the degree of etheri¬ 
fication, were much more readily hydrolyzed and acetylated than cellulose. 


• BfifUh P, 404,931. 1934. to f C,. Farbvnind. A. G.; C/trm. .ibf . 1914. 2S. 4549 /ihr Chrm. 
Abs. B, 1934, 266. 

^CrrnMfi P. 608.478. 1935. to Cxrhirlc and (’«rl»on ChrmicaU Corn ; Chem Aht . 1935. 29 2741. 
P. Zimakov and A. Chorakov. Or^. Chem. Imd. (T.S.S.R.K 1936. 1. 329* Chi-m Abi* 1936 
W. 7540. S« al.o BnUiA P 271.169. 1926, to I. G. Farhrnind A i'. /ckem Abr ^ 1596; 

ant. Lk 0 M. Abi. B. 1927. 571. 

Witiwer. Cfrmin P. fc05.97J. 19J4. lo I. O. F.rhrtiind, A ; Ckem. Ahi.. 

ChZ^ M.'iiir' *“* ” ’’ •" > A.r.,; 

.4*.*w ^ Vi- T M,, J2. 19«, to I. C F.rb»t.iml, A O.; Chtm. 

VC. '»«• “ 

Ai,^K •• Bri,. Ch^ 
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Fatherification of natural or artificial cellulosic textiles by alkene oxides in 
aqueous alkali of at least 11 per cent strength has been proposed by Lawrie, 
Reynolds and Piggott."‘- The type of finish obtained is determined by the oxide- 
cellulose unit ratio. For example, 0.3-1.0 mole of oxide produces an organdie, but 
1-1.5 give a parchment appearance. Schorger^^ describes the manufacture of hy- 
droxyalkyl ethers of cellulose by treating mercerized cellulose (freed from excess 
alkali lye by s<|ueezing) with ethylene oxide, or other 1,2-oxides, or chlorohydrins, 
at l)elow 45”C‘. With 11 to 20 per cent of ethylene oxide at i)°C. the products are 
M»luhle in 10 |K*r cent atjueous alkali. 'I'hose obtained with less than 11 per cent of 
the oxide become soluble in this strength of alkali at about ”20®C. although tend¬ 
ing to form gels w'hen the solution is warmed. Dreyfus*** j>repares hydroxyalkyl- 
cellulose by reacting an alkene oxide, or a chlorohydrin, with cellulose in the 
presence o) a primary or secondary organic base containing at least one alkyl, 
aralkyl or alicyclic radical free from hydroxyl groups, such as diethylamine. 
Ftherification of cellulose by means of gaseous alkene oxides at about 120°C. in 
the presence of weak acids or caustic alkalies or other basic substances, has also 
been suggested.’*' In another |)rocess j)ro|KJsed by Dreyfus,^^* cellulose is reacted 
w ith alkene oxides at pres>ures f)f at least 5 atmospheres and at tem[)eratures such 
that the alkene oxide is either wholly liqui<l or partially or wholly gaseous, to 
yield hydrrKxyalkyl ethers for use as sizes, dressings and finishes for textiles. 
Ftherificaticm of partially esterified cellulose by alkene oxides in the absence of 
strong inorganic bases and under conditions such that no substantial saponification 
occurs, has aNo been suggested. '^ 

Hydroxyethyl-lignin has been <»btained by Nikitin and Rudneva*'''' as an amor¬ 
phous solid having greater hygroscopicity and swelling capacity than lignin. The 
prcnluct was made by treating WilKtatter lignin’*^* with ethylene oxide and 18 per 
cent acpieous caustic s(Kla at 7(1®(’. f<»r 24 hours, for 2 hours at 70-72®C. or for 2 
days at room temtKTature. The crude lignin ether was then separated by means 
<»f water, washed with alcohol and ethyl ether and finally dried. On hydrolysis for 
5 hours with 5 per cent sulphuric acid a pure lignin hvdroxyethyl ether was ob- 
taine<l. It is an amorphous, insoluble material, having 38.76 per cent of the group 
—and 18 fHT cent of HO— group that may be acetylated. The 
former group may Ik* removed by hydrogen iiHlide at 135-140®C., but is not affected 
by boiling with 5 per cent sulphuric acid. Such behavior is considereti due to 
presence of a simple ether bond. It was IndicNcd that lignin reacted w’ith ethylene 
oxide as indicated in the following scheme suggested by Shoruigin and 
Kuimashevskaya."*^‘ 

K + V R () CH,~CHr~<)H 

Reaction with Hydrogen Halides and Metallic Halides. Ethylene 

oxide combines energetically with hydrogen chloride, even in aqueous solution. 

“ ?.. <1, R .1 W' .•»n*| H I’iKK'*n. Hnfish P 4 e>.}<s0. tu In^|K-ri.4l 

I Hrmiral Iiwlu'ilrirH, |.i<| ; ('ht’m . IV JO. ; Hut. ( hrm. .^hx B. 272 

■•*A. W. .SchorKtr. f S P 1^41.’7f.. IV41.J77 amt 1.V4IJ7S. Ore 2u, IV.I.l. i K ltur^:r>^ 
L.tlN>riitnrtr%. Inc ; /Inf Chem .4hs B, 1V.I4. H79; i'hrm. Aht . Iv.l4. 28, IKM 

'•* H l)rr)<u*. British IV ivr.nh, IVV*. ( hrm Ahs. IV.U. 28. S9Al-o f S. P. 

Mar. 10. 19.16; Chtm. Aht . JO. ^2^2 

H Drryfu* llnimh P 41VIMJ. IVM; Chrm Ahs 29. v:5; /fr.f, Chrm. Ahs B, iv.U. 

‘^56. tv S. P. 2.0S5,89>. Sept 2^, 19.W.. Clum Ahs., 19.Vb. JO. Hnl,^ 

H. nrrvfu<i, I* 4l> IMl. IV.U; (/»cm, Ahs,, iv.15, 29. 9Jf5; firtf C kcm. Ahs. B, iv.ti 

IT. .s; p. 2 SepV 29. I9.I6. ihrm Ahs , I9.ln. JO. 

®Mt. Drrvtini. Ilrui%h P 196 7vn. ivt.t; Chrm. Aht , IV.U. 28. 4S4, /l.if Cfum Abs B. 19.1,^ 
R60 

X. T XUdtin ,*»n<l T T Ru<lur\a. .f Atpltoi C<f S .S h\). 8, n7(i; Hrtf Cbrm. 

Aht A, lV.t6. .140; (turn Ah*. lu.Wt JO. <.v>7 

R. WilUfnnrr an.I 1. KalK. /hr. }92J. 55, 26.17; 0»rm Ahs., I9i.i 17. JS( f . \*21. 

9t, 89,tA, Srr iiIm» Carirtoit KUii». ‘The I Hrminiiy df S>nthc1tc Rr^in».’‘ RrinhoM Puhli»htnK rorp., 
New York. I9JS, 747. 

^IV P. Shoruinin ami I Ruinw^hcvnkaya. Her.. 19.13. 68. 1014; Chem. Abs., I9J.I. 27. 4529. 
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with the formation of ethylene chlorohydrin. Preparation of the latter from the 
oxide and liquid hydrogen chloride has been described by Gebauer-Fuelnegg and 
Moffett.®^ Thus, hydrogen chloride present as impurity in tetraethyl silicate prep¬ 
arations®^ may be removed by addition of the alkene oxide. 

It has long been known that aqueous solutions of certain metallic chlorides, such 
as those of zinc, manganese and magnesium, are decomposed by ethylene oxide 
with the formation of ethylene chlorohydrin and a precipitate of the metallic hy¬ 
droxide or oxychloride. This reaction has been utilized by Ziese®^ for the prepara¬ 
tion of sols and reversible gels of hydrated metallic oxides. For example, addition 
of ethylene oxide to aluminum chloride in aqueous solution yields ethylene chloro¬ 
hydrin and aluminum hydroxide. The latter remains as a sol until about 90 per 
cent of the theoretical amount of ethylene oxide has been added, after which 
solidification to a clear gel occurs. By-products can be removed from the sol by 
extraction with .solvents (for the chlorohydrin) or by distillation. The .sols ob¬ 
tained from solutions of aluminum, chromium, zinc and thorium halides, which 
may be regarded as containing highly basic salts, may be dried to reversible gels; 
the latter can be again converted into .stable sols when contacted with water, ethyl 
alcohol or glycerol. The metal oxide hydrates are precipitated as gels, without 
passage through a hydrosol phase, by the use of ethylene oxide in excess. In the 
case of bivalent metals, such as zinc or manganese, precipitation often occurs in 
the presence of quite small amounts of ethylene oxide owing to the instability of the 
sol phase. Bromides and icKlides can be used in place of chlorides ; propene oxide 
instead of ethylene oxide. Water may be replaced by 96 per cent ethvl alcohol. 

Reaction with Organic Bases. Ethylene oxide reacts readily with a large 
number of primary and secondary organic bases with the pro<luction of the cor¬ 
responding hydroxyethylamine. Thus, by heating er]uimolecular proportions of 
dibenzylamine, water and ethvlme oxide in a sealed tul)c at ir)0®(‘., Gal>el®® ob¬ 
tained a 25 per cent yield of /f-dibenzylaminoethyl alcohol, m.p. 45.5-47Under 
similar conditions the alkene oxide and water ( 1 m(»le each) react with w-phenyl- 
enediamine at 30®C. to give after 8 hours a .M per cent yield of ^-^-amino- 
phenylaminoethyl alcohol, HOCH 2 CH 2 NHC|,H 4 NHo, m.p. 52-53®r,®^ The com¬ 
pound is soluble in alcohol, acetone and water, but less so in ethyl ether and 
benzene. On standing it resinifies. It is said®® that nitroarylamines, on heating 
with 2 molecular proportions of ethylene oxide at 140-170°C., are converted into 
their NN-di-)9-hydroxyethyl derivatives. Similar derivatives of m-nitroaniline and 
^nitroaniline have constitutions represented by the following formulas : 


NO, 


NO, 



N(CH,CH,OH), 


m.p, 98^9rC. 


n(Ch/:h,oh), 

m.p. lOl WZ^C. 


• E. G«bauer>Fttclneff and E. J.A CS. I9J4. 56. 2009; Chem Abt . 1934. It. 669S; 

Bfii. Chem. Abs. A. I9J4. 1200. 

•P. L. Salfberf, U. S. P. 1.944,274. Jan. 23. 1934, to E. I. du Pont dt Nrmotiri * Co.; 
Ck€m. Abs., 1934. U, 2012; Brit. Chem. Abs. B. 1934. 954. 

•W. Zitm, Ber 1933, 66, 1965; Bril. Chem. Abi. A, 1934, 142; Chsm. Abs.. 1934, 2i. 1245. 
JY' S. P. 1,951,716, Mar, 20. 1934, to I. G. karbenind. A.*C.; CAsm. Abs-, 

** Farbmind. A G ; CMsm Abi.. 1935, If, IIM: 

Brit. Chem. Abt. B. 1935, 226. 

— 9. '■*•*** ' b C’Wi. Abi. A. 1934. 1215; Ckrm. Abt., 

1935, If, 750. 

••O. Gabel and R. M. Matikevicb. Ukfin. Cktm. 1935. 10, 4; Brit. Ckrm. Abt. A. 1935. 
969: Ckrm. Abt.. 1935. 29. 7957. • v, , on*, enrm. AOt. la, 

•BrHIali P. 410,707. 1933, to I. C. Farbenind. A.-G.; Brit. Cktm. Abt. B. 1914, 617. 
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Secondary aromatic bases of the type of /3,y-dihydroxypropylaniline or their 
y-alkyl ethers,®^ may be converted into the corresponding N-'/9-hydroxyethyl deriva¬ 
tives by heating with ethylene oxide under pressure at about 150-160®C. Ruberg 
and Shriner®* have described the condensation of a numl)er of aliphatic secondary 
amines with ethylene oxide at below* 60®C. to yield mixtures of alcohols of the 
types NRoCHXHoOH and NR.fC'HoCHoO )„H. in which R is an aliphatic 
radical. These can be reacted wdth nitrobenzoyl chloride to give the corresponding 
nitrobenzoates w*hich in turn may l>e reduced to the respective aminobenzoates. 
The latter have possible applications as local anesthetics. It was noted, however, 
that although this property increased with the molecular weights of the substances, 
nevertheless their toxicity also became greater. 

In the absence of water many of the well-known reactions of ethylene oxide 
with the simple primary and secondary bases do not take place at all or only very 
slowly. Knorr®® has shown, for example, that ethylene oxide does not react with 
carefully dried 2-aminoacetaldehyde. In the presence of w'ater, how'ever, complete 
combination occurs and the prorluct, on standing, loses water w^ith the formation 
of a substance (b.p. 253®C .) which is probably 5-ethoxymorpholine, 

( 

CHi-CH 
/ \ 

US o 

CH, -CH, 


Nearly theoretical yields of tertiary alkylolarylamines are said^® to be obtained by 
heating a secondary alkylarylamine with an alkene oxide in a closed vessel at 140- 
150®(’. riie prcxiucts exemplified by l-(phenylethylol)-butane may be used as dye 
intermediates. 

An unusual rearrangement occurs during the condensation of 2-aminopyridine 
and dry ethylene oxide in methyl alcohol at 15-20°C. Under these conditions the 
formation of 1-/^-hydroxyethylpyridoneimine takes place.This substance may 
l>e readily hydrolyzed to the corresjxmding pyridone compound by boiling with 10 
per cent caustic stxla solution. The changes may be indicated thus : 





X 


X 

/ V 


C,H.O ji 

-V 


=NH 


hydrolysis 
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.W) 
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N 

{ 

CH,CH,OH 


N 

CH,CH,OH 


Natural polymeric aliphatic amino comf>ounds, such as casein, horn, w*ool, glue 
or albuminous materials, may he reacted with ethylene or propene oxide in a 
slightly alkaline aqueous medium.Such alkoxy derivatives are not decomposed 

P 409.2.18. to I. C. FarWnirt V A C.; Brit. Ckrm. .^hs B. 19U. 5.tS. 

Rritt«h P. 409.2J7. to I. (i. Farbntind. Bnt. Ckrm. Abt. B. 19JI4. 53S. 

b. A. Rubrrit and R. L. Shrinrf, J A C S., 1935. 57, 1581 ; Brit. Ckrm. Ahs. A, 1935, 1363; 
Ckrm A hi.. 1935. 29, 7.306. 

•b, Knorr, Brr , 1899. S2. 729; /.C.S., 1899. 76 (1). 461. 
at ^ 1.930.858. tVt 17. 1933. to XWntrA\ Anilinr Worki^; Ckcm Abs . 1934. 

b b, Knunyantt. Brr., 1935, 66, 397; Bnf. Ckrm. Ahs. A. 1935. 627. Crm/^t. rrnd. cerd. set. 
V,Rj;,S., 1935, t, 501; Brtt. Ckrm, Abs. A, 1935. 757; Ckrm. Abs„ 1935. 29, 3339 

^ K. Spofiicl and Ii. KrauM, U. S. P. 1,96.5,008, July 3, 1934, to I. G. Farbentnd. A.^G.; Ckrm. 
1934, 8$, 5079. 
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by fermentation ami may be used for emulsifying fats and waxes. They may be 
reduced by catalytic hydrogenation. In another procedure, casein is treated in 
aqueous suspension (neutral or weakly acidic with acetic or other organic acids) 
at 40-90®C. with an alkene oxide. The products are insoluble in water and weak 
aqueous alkalies but soluble in dilute acids. They may be used as adhesives, sizing 
and finishing agents and for molding.^^ 

An interesting development in the reaction between alkene oxides and organic 
nitrogen compounds is the observation that carln^xyl- or sulphonamides, with at 
least one replaceable hydrogen atom and a radical of at least 8 carbon atoms, may 
undergo condensation with up to 3 moles of an oxi<le for each replaceable hydrogen 
atom, in the presence of an alkaline catalyst. For example, dibutylnaphthalcne- 
sulphonamide reacts with ethylene oxide to yield a prmluct having dispersing, 
emulsifying and wetting properties. Moreover, the products obtained may form 
with polybasic acids combinations having acid functions.Combination of ethylene 
oxide, either alone or in non-hydroxylic media, with a primary, secondary or ter¬ 
tiary water-.soluhle amine or with a primary or secondary acylated water-soluble 
amine having at least two hydroxyl groups, has also l)een descril^d.*^^ .Such mate¬ 
rials are suggested as wetting and other agents for use in the treatment of 
textiles. Similar auxiliary agents are prepared by heating ethylene oxide w’ith 
the condensation products of polyhydroxylated primary or secondary aliphatic 
amines (such as methyl glucamine) and higher aliphatic acids7® 

Polymerization of Ethylene Oxide, f'thylene oxide (and propone oxide) 
undergo polymerization l)eyond the dimer .stage when subjected to the action of 
caustic potash or other alkali or alkaline-earth metal compounds in the presence 
of an inert organic liquid me<lium. In most instances temperatures of 11()-130®C. 
have been found effective.^^ Polymers of ethylene or prot>ene oxide rnay be em¬ 
ployed as the liquid if in a low degree of polymerization. The latter underg(» further 
condensation so that a homogeneous pro<luct is formed.^'^ 

By the slow polymerization of ethylene oxide at ordinary temf>erature under 
the influence of strontium, calcium and zinc oxides, or carbonates, .Staudinger and 
Lohmann^® prepared eucolloidal pnxlucts having mean molecular weights of 100,000 
or over, whereas previous exi)eriments wdth other catalysts had yielded |K>lymers 
of molecular weight not exceeding 12,000. Sluggish action is necessary for this 
change, the type of transformation depending on tlie catalyst. ()xi<les tif iron, 
magnesium and lead, as well as silica gel and carbon, were without effect, but 
alumina slowly yielded hemicolloids. Best results followed use of zinc oxide, 
which was easily removed without affecting the prcKlucts, All |K>lyethylene oxides 
were crystalline. A “meandering” form of the niolecule has U-en postulated which 
explains the solubility an<l low melting points of the comfKjunds in contrast with 
the polyoxymethylencs and the paraffins.^ 

R. Bauer ami G. Mauthe. V. S. P. 1,97'>.60|. Nov. (u 19J4. («» I <; K.4ri>r(uiHi A <; . ihrm. 
Abt., 1935, 29. 254. Al^o BritMh P 419.675. I9.M: Hnt. C hrm. Ahs. B. 1915, 9i, ( hrm Ahs . 
1935, 29. 262.t. (lerman P. 574.MI, 19.V1; them Aht., 1934. 29. 14HS. 

Britiah P. 415.718, 1933; Brit Chrm. Abs. B. 19.14, 954, Chem Aht . 1935. 29. 15 V# Frrivrh 
P. 751.641. 1933; Chem Abs,, 1934. 2$. K68. HritUh P 420.545. 1934; Chtm. Abs. 1935. 29. 3427; 
Brit. Chem. Abs. B, 1935. 139. All (>atenl« to I. (I. Fartienind A. ('t. 

“French P. 768,732, 1934, to Imperial (’hemteal InduMriet. lad.; Chtm. Abs. 1935. 29. 631. 

“French P. 770.294, 1934, to Imperial Chemical Imlu«trie«. Ltd.; Ckcm. Abs.. 1935, 29. 622. 

“ M. Wittwer. U. S. P. 1,976,678, (Hi. 9, 1934, to I. (i. Bartienind. A Ci.; C6rm Abs . IV.U, 
29, 7261. 

“British P. 406,443, 1934. to I. G. Farlienind, A.c;.; Chrm Abs. 1934, 28, 4743 Hrtt Lbrm 
Ab$. B. 1934, 393. 

“ H. Staudinaer and H. I.r>hmann. Aun . 1933. 505. 41; them, /etttr , 1934. I, 1027; them. Abs 
1933. 27, 4790; Brtt. Chem. Abs A, 1933. 9.12. 

“ For a dtseu«aifm 
ol Synthetic Rninf,” 


of the •tructure of ethylene oaide polymeri. •ee ( arleton Klliii. "'The Chemlalry 
Reinhold PuMtehing Corp,, New York, 1915. 990. 
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The structure of the polyethylene oxides has been investigated by Sauter,^’ 
using x-ray methods. 

Reaction with Aromatic Hydrocarbons. In the presence of appropriate 
catalysts, ethylene oxide may be condensed with aromatic hydrocarbons to give the 
corresponding /^-arylethyl alcohols, usually in poor yield. In the case of benzene, 
the product is phenylcthyl alcolud (phenethyl alcohol). The reaction may l)e re])- 
resented as follows: 


CH, 

tWt 

Condensation of alkene oxides with hydrcKarbons such as benzene in the presence 
of a FriedebC rafts catalyst, a non-substituted heterocyclic compound (e.g., pyri¬ 
dine or (juinoline) or a monohalogen derivative such as monochlorobenzene, at 
temperatures up to lOO'^C., has lx*en suggested by Hopff.** In making phenethyl 
alcohol, the temfxratiire is best maintained at 5°C. Further details of the influence 
of tem|Hrrature on the condensation of ethylene oxide with benzene in the presence 
of aluminum chloride or ferric chloride are given by Klipstein.^-^ The latter states 
that bibenzyl, which is j)ro<luced at tlie higher o^xiating temjKM'atures. is formed 
only to a negligible extent at lemperatures of alxiut when the yield of 

phenethyl alcohol anuiunls to 65 per cent of the theoretical. l>ow temjieratures (0 
to 1()'‘C.) are recommended also by I heimer.^'* C arpenter^’’ proposes to employ an 
acid-condensing agent (aluminum chU)ri<le) in an amount at least 3 to 4 times 
lliat of the aliphatic oxide used, lie further provides for removal of hydrogen 
chloride in a stream of air or inert gas. 

Accortling to \*alik and X'alik,"** loss of ethylene oxide as chlorohytlrin can be 
minimi/ed by diluting the gaseous <»xi<le with an inert diluent such as air. nitrogen 
or carb<^n dioxide. I'lie prcnress may then l>e carried out at 5-l()®(.'. in the presence 
of ammonia or an amine, such as triethanolamine, to take up the free hydrogen 
chloride. 

Alkene oxides may be converted into aralkyl alcohols by reaction with metal 
compoutuls of certain aromatic hydriKarbons.^" Thus, combination of ethylene 
oxide w ith phenyl scnlium in toluene sus|)ension at gives phenethyl alcohol. 

/^-/»-Tolyiethyl alcohol (b.p. 113-117'’('. at 11 mm.) is prtKhiced in a similar manner 
from />-tolyl scKlium. 

Reaction with Hydrogen Sulphide and Mercaptans. Chichihabin and 
Bestuzhev**^ ob.served that combination of et^uimoiecular proportions of ethylene 
oxide and hydrogen sulphide takes place slowly in atpieous solution at 8-10®C. 
After 10 days a (juantitative yield of thioethylene glycol, b.p. 54^C. at 12 mm., was 
obtained. With tw ice as much of the oxide in a cooled dilute solution, the product 

K. Sauler. Z. fh\$ik Chem . 21. l6l. Chrm 7rnfr , IQ.U. 1. 10’*^; Chrm. Ahs., 

tV.t.l. 27. .»S67; fini (hrm, Abs A, IV.l.t. 

"Mt. Hopff. f. S P. 2.029.6IS. Feb 4. 19.U,. to I. C. KarWinmt ; them. Ahs , 1926. 30, 

(;ermjin P. S94.96S. 1924; Orm Abs. 1924. 20. W7. 

K, H. KUpatein. Canadian P. 240,.S5.S. 1924, to K, C. Khp»tein and Son* Co., to The Calco 
Chemical Co. Inc.; Cktm. Abs . 1924. 2i. 4i>n7 

K. T. Theimer, I* S. P. 2.047.296, July 14. 192(>, to Van Amerigen Hacbicr, Inc.; Chem. Abs., 
1916. 10, 600.S. 

** M. S, Carpenter. It. S. P. 2,012.710. Sept. 10. 1925. to (uvaudan lVIawanna. Inc.; Cktm. 
^bs , 1925, 29. 6901; firit Ckrm Abs. B. 19.t6. 974 

^ •*!. Valik and 1. Valik. Briliah P. 298.1.16, 1922; Ckrm. Ahs, 1924. 28. 1047; fint. Ckrm. Abs. 
B, 1922. 9$6. 

” E Dorrer and H. Honff. German P. 596.522. 1924. to 1. G. Farbenind. A.d).; Ckrm. Abs., 
M, 5077. See alao Britiah P. 299,258, 1922; Pril. Ckrm. Abs. B, 1922, 999. French P. 
752.478. 1922; Ckrm Abs.. 19.14. 28, 1047 

*A. E. Chichihabin an4 M. A. Beatuthev, Compr. read., 1925, 800, 242; Ckrm. Abs., 1925, 28, 
2509; Bnl. Ckrm, Abs. B. 1925, 606. 



564 


CHEMISTRY OF PETROLEUM DERIVATIVES 


was thiodiethylenc glycol, b.p. 130®C. at 2 mm. A mixture of viscous polyglycol 
sulphides resulted in the absence of cooling. With 3 moles of ethylene oxide in 
dilute solution, hydrogen sulphide combined to give the strongly basic triethylol- 
sulphonium hydroxide. These reactions, which are catalyzed by mineral acids, 
chlorides of alun.inum or heavy metals, may be represented by the scheme: 

o 

\ 

CHr-CHi 

-> HSCH,CH,OH-S(CH,CH,OH), 

O 

/ \ 

CHr-CH* 

-> HOS(CH,CH,OH), 

HiO 

s^phonium base 

The production of thiomono- and thiodiethylenc glycols and triethylolsulphonium 
hydrate by direct combination of hydrogen sulphide and ethylene oxide at different 
temperatures and pressures has been previously reported by Chichibabin.®* In this 
case the reaction was said to be favored by the presence of water, lower alcohols 
and catalysts such as porous clay or alumina. 

Thiodiethylenc glycol in 90 per cent yield was secured by Nenitzescu and Scar- 
latescu®^ on passage of a gasecjus mixture of 1 mole hydrogen sulphide and 2 moles 
ethvlene oxide through glass beads moistened with the product of reaction. Re¬ 
placement of the hydrogen sulphide by mercaptans led to formation of the corre¬ 
sponding hydroxyethyl thioethers in g(X)d yields. The formulas and properties of 
some of these substances prepared bv Nenitzescu and Scarlatcscu are given in 
Table 121. 

Oxide Used 
Ethylene oxide 

n n 

Cyclohexene oxide 

ir 


Table 121. 
.Mercaptan 
Ethyl 
Phenyl 
Propyl 
Phenyl 
Benzyl 


- Hydroxyethyl Thioethers. 
Formula of Product 
C,H»SCH,CH,OH 
C.H*SCH,CH,OH 
C,HtSC.H„OH 
C.H|SC.H„OH 
C\H»CH,SC»H„OH 


Boilinj; Point 

119-12()®C\ at 4 mm. 
96- 97®C'. at .1 mm. 
148-149®r. at 4 mm. 
158-I60®C. at 3 mm. 


H,vS 4 - 

\ / 

O 


ft has been proposed®^ to condense mercaptans (except those containing the 
—SH group linked to >CO or a heterocyclic nucleus) with alkcnc oxides, such as 
ethylene oxide. It was suggested that groups intro<luced have at least one ether 
oxygen atom and not less than 4 carbon atoms. The products are soluble in water 
and are said to be scouring, dispersing, wetting and emulsifying agents. As an 
example, dodecyl mercaptan is heated with 5 equivalents of ethylene oxide at 140®C. 
in the presence of 0.5 per cent of sodium methoxidc. 

Substitution of inorganic sulphur-containing compemnds for mercaptans is re¬ 
ported to furnish thioethers.®^ An example of this is the preparation of diethyl 
sulphide (b.p. 55-56®C.) from ethylene oxide and potassium thiocyanate. The 
latter may be replaced by thiourea. 

Miscellaneous Reactions. With Grignard reagents, ethylene oxide has 
been shown to combine with the formation of the corresponding hydroxyethyl de¬ 
rivative according to the equation, 


•A. E. Otiebtbabm. French P. 769.216. 1934; Chtm, Ab*., 1935. 29. 4SI 

^ ScArUueecu. Frr.. 1935. 6S. SS?; Ckem. Abr, 1935. 19. 3979; Brii. 

Chrm. Abs. 1935. 729. 

F, 1934, to I. C. Fer^ind. A. G.; Bnf. CSm. Abt. B. 1936. SS. 

‘•Frendi P, 797,621, 1936, to I. G. Farbcniiid. A.*C.; Ckem, Abt,, 1936. is, 7123. 
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CH, 


RMgX + 


O 


HfO 


RCH,CH,OH -h Mg(OH)X 


CH, 


in which R is an alkyl or aryl radical and X is a halogen. For example, it is 
proposed®^ to synthesize phcnethyl alcohol by reacting phenylmagnesinni chloride 
(obtained by heating chlorobenzene with magnesium at 150-160®C. in the absence 
of a solvent) with ethylene oxide (or chlorohydrin) in the presence of benzene. 
This type of reaction has been particularly useful in the preparation of certain 
acetylenic alcohols by reacting ethylene oxide with the Grignard compounds of 
monoalkylacetylenes. Faucounau®^ made 3-nonyn-l-ol and 3-decyn-l-ol by this pro¬ 
cedure.®*"* In this manner 3-octyn-l-ol was obtained by Danehy, Vogt and Nieuw- 
land®® from hexyne-1 and ethylene oxide. Condensation of 2 moles of the Grignard 
reagent of heptyne-1 with 1 mole of ethylene oxide was found to yield ethylene 
bromohydrin and 3-nonyn-l-ol in addition to some unchanged heptyne-1. A similar 
reaction occurred with the Grignard reagents from phenylacetylene.®*^ Bachman®** 
calls attention to “the fact that this type of reaction was first reported by lotsitch®® 
w'ho used it to prepare 3-pentyn-l-ol.” 

Knunyantz, Chelintzev and Osetrova**^ have observed that ethylene oxide com¬ 
bines readily with ethyl srxlioacetoacetate in ethyl alcohol solution at 0®C. The 
product, after decomposition with dilute acetic acid, is 1-aceto-3-butyrolactone, 

CO - () f 


CTIjCOCH 

CHj-CH, 


This comj)ound can Ik* hydrolyzed by warm 5 per cent hydrochloric acid to produce 
3-keto-H-pentanol-l. Addition of sodium bisulphite to ethylene oxide was accom¬ 
plished by l^uer and Hill.*®**" The product is reported to be sodium )^-hydroxy- 
cthancsulphonate, a colorless crystalline compound which melts at 192-194®C. 


Uses of Ethylene Oxide 


Although the principal application of ethylene oxide is that of a chemical inter¬ 
mediate in the manufacture of solvents such as glycol ethers, the compound itself is 
widely used as an in.secticidal fumigant, particularly in the preservation of stored 
grain, .^s employed in fumigation, the oxide is usmilly admixed wdth an excess of 
carbon dioxide, a liquid mixture of 1 part of ethylene oxide and 9 parts of carbon 
dioxide being marketed for this purpose. For the destruction of insects, Brown'®* 

• P. P. Shoruigin, V. I. IfuguiyanU, A. R («u«rv». K S. Polynko^a aad V. P. Osipova, British 
P. 39«.56l, I9,U; Brit. Chem. Abs. B. 1933. <JS6. Frrnch P. 738.i77. 193 ’. i hem Ahs., I LO, 27. 
1638. Swisi P 159.939. 1933. Cktm. Ahs.. 1934, 28 . 1365. CL A Wfi-^smborn, V S P 2.058.373. 
Oct. 20, 1936, to Winlhrop Chrmiail Co.; Chrm. Abi., 1937, 31. 118 

•* L. Faucoutuu, Comf^. rend, 1934, 199. 605; flrtt Chrm Ahs. A. 1934. 1 199; Chrm. Abs.. 

1934, 28, 7245. 

••G. B. Bachman. J A CS.. 1935, 57. 382; Ckem Ahs. 1935. 29. 1771; Brit. Chem. Abs A. 

1935. 470. 

“•J. P. Danehy. R. R. Yogi and J. A. Nieuwland. / ACS., 1934. 56, 2790; Ckrm Abs, 1935. 
19, 725; Bnt. Ckem. Ab». A, 1935. 193. 

P. Danehy, R. R. Vogt and J A Nieuwland. JACK, 1935. 57. 2327; BrVf Ckem Ahs 
A. 1936. 187; Ckem. Ahs , 1936, SO. 78 
•• (*. B. Bachman, W. nt. 

•lotaitch. J. Bmss. Pkyi. Ckem S**c.. 1907. 39. 652. C/. BuU. t^c. ckim.. 1909. IV. 6 . 98. 

*“•1. L. Knunyanti, tV V. CTielintaev and E. D. Dsetrova. Comfit, rend aend, set. I'.R.SS, 
1934. I, 312; Ckem. Abi.. 1934. 28. 4.1H2; Bnt. Cktm Abs A. 1934. 509. 

‘»»W. M. Uuer and A. Hill. J A CS.. 1936. 58. 1873; Ckem. Abs.. 19.16. 30. 8143. 

E. W. Brown, U. S. Med Bnlt.. 1934. 32. 294; Bnt. Ckem Ahs. B. 1936. 396; Chem 

/fhf.. 1934, 28, 1144. 
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Yecommends the following minimum lethal concentrations per 1000 cu. ft. of room 
space: 5 lbs. for 3 hours, 3 lbs. for 6 hours, 2 lbs. for 18 hours or 24 hours. The 
influence of various factors on the efficiency of fumigation by ethylene oxide- 
carbon dioxide mixtures has been studied by Twinn,^^^ who found that this gas 
penetrated many containers, except boxes wrapped in three layers of C^ellophane. In 
comparing the fumigant with a mixture of ethylene dichloride and carbon tetra¬ 
chloride, the latter was found to penetrate less readily and to l)e less agreeable to 
handle, although it exerted no ill effects on workers even when inhaled in consid¬ 
erable amounts. The advisability and advantages of adding carbon dioxide to ethy¬ 
lene oxide used as a disinfectant of vegetable materials (particularly grain), under 
partial vacuum or at atmospheric pressure, have been discussed by Lepigre.'®^ 

In the fumigation of ships and warehouses, the method of vaporization of the 
liquid fumigant requires careful consideration. This question has been discussed 
by Page and Lubatti,^®^ who recommend that the latent heat requirements of 
such vaporization should be supplied from an external source. These investi¬ 
gators have described a vaporizer for use in fumigating dried fruit in barges 
and in similar operations. The effect of ethylene t)xidc on lK>oks and w'riting 
papers has been studied by W'eber. Shaw' and Back.'^^’' Their tests indicated that 
this oxide may be used with safety. 

Cotton and Young'®^ have described the use of solid carbon dioxide and 
ethylene oxide, carbon disulphide or other fumigants in the treatment of seeds, 
bulbs and foods for their protection against certain inNects. \ wet or dry 
preserving agent, for fruit-trees, vines or cereals, has lx‘en suggested by Pfaff 
and Erlenbach. It was made by treating a solution of cupric chh>ride with an 
alkene oxide and removing excess of the latter. 

Other proposed uses for ethylene oxide are in the stabilization of aliphatic 
nitrates (in conjunction with acetone)*®* in the treatment of leguminous vegetable 
materials for the destruction of their bitter principles*®* and for reducing the 
nicotine content of tobacco.**® A liquefied mixture of 5 parts of ethylene oxide and 
1 part of methyl alcohol has been suggested*** as a fuel tor portable lighting 
devices, such as cigarette lighters, the fuel being burned in gaseous form without 
the employment of a wick. 

Emulsifying and dispersing agents may Ik* prcxiuced by the action of ethylene 
oxide on the partially oxidized marine-animal oils that result from the oil-tanning 
of skins.**^ 


R. Twinn. Quebec Soc. Protection Plants. 25th an<! 26th .\nr» Rrpi* . 1934. 52; Brtt. i hem. 
j4bi. B. 1935. 1071; Chem. Abs., 19.15. 29. 2622. 

*^A. L. {..eptgre. Butt. soc. encour. ind. not. 19.14. 133. 509; Chem Abs. 1935, 29, 4H«4; Bnt. 
Chem. Abs. B, 1934, 1075. Cf. P. Vayttieres. Butt. toe. encour. ind nat.. 19 U. 133, 29$. 

»^A. B. P. Page and O. F. Lut«itti. f.SC I.. 1935, 54. 246T; Brit. Chem Abs B. 1935, 832. 
Chem. Abs., 1935. 29. 6326. 

C- G. Weber. M, B. Shaw and E. A. Hack, /. Res. S'atl. Bur Standards. 1915. 15, 27| 
(Research Paper No. 828): Chem. Abs.. 1936. 30. 188. 

R. T. Cotton and H. 1). Young, S. P. 2.024.027. Dec. 10. 1915. in Government and 
People of U. S. ; Chem. Abs.. 1936. 30. 1174; Brit. t hem. Abs B. 1916. 1062. 

Pfaff and M. Erlenbach, German P. 578.972. 1913. to I. (i. Farlirnind. AC.; Chem Abs. 
1934, 28, 852. 

H. Wemtr, Canadian P. 336.584. 1913. to Canadian Indiutrie^ I.id.; Chem. Ahs.. 1934. 28, 


British P. 424,590, 1933. to Henkel & <o. G.m.b.H,; Brit. Chem. Abt. B, 1935 477* Chem 
Abs., 1935, 29. 5196, French P, 769.932. 19.14; Chem. Abs. 1935. 29. 519 

^ and L. F. Diaon. V. S. P. 1,962.145. June 12. 1914. to Hall T*4»acco Chemical 

Co.; Brtt. Chem. Ahs. B. 1935, 924; Chem. Abs.. 1934, 28, 4842. French P. 784,795. 1935> Chem. 
Abs., 1936. 10, 576, 

^ * Jan. 24. 193.1; Brit (hem Abt. B, 1934. 9; (hem. Abr. 

1933, 27, 2559. 
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Ethanolamines 

Alkene oxides combine with ammonia and with primary or secondary organic 
bases with the formation of hydroxyalkylamines or alkylolamines. The three main 
products of the reaction between ethylene oxide and ammonia, in aqueous solu¬ 
tion, are: 

MomK.*lhanolamine NHfCHtCH»OH 
niethanolamine NH(CH*CH:()H )* 

Triethanolamine N(CHjCHiOH)» 

1‘his addititm, however, (I(k*s nut necessarily end with the formation of triethanol¬ 
amine, since tlie hydroxyl groups of the latter compound can undergo further 
reaction with ethylene oxide to yield complex hydroxyethyl ethers of triethanol¬ 
amine,'In general, all three of the simple ethanolamines are obtained simul¬ 
taneously by reaction of ethylene oxide with strong aqueous ammonia, a large 
excess of ammonia tending to favor formation of monoethanolamine. However, 
triethanolamine is the main product when approximately equimolar proportions of 
ethylene oxide and ammonia are used. 

Kautter"^ jiroposes to treat I mole of ethylene oxide w ith 1 to at least 20 of 
amnujnia, the reaction iKing carried out at elevated temj>eratures and pressures, it 
necessary. Thus, an 83.2 per cent yield of monoethanolamine is prepared by heat¬ 
ing a mixture of H8 g. of ethylene oxide and 6 liters of 18.3 per cent aqueous am¬ 
monia at 04®C'. for 1 hour, the pressure l)eing about 36 lb. per sq. in. At the end 
of thi> peri<Hi, excess ammonia is removed by release of pressure and absorbed in 
water. I he residual liquid is distilled tt> recover the monoethanolamine. An appa¬ 
ratus for effecting the prcnluction of ethanolamines has In^en described by Reid and 
Lewis.'*'' It consists of tx)rous tubes through which ethylene oxide is passed into 
aijneous ammfuiia. The latter is continuously circulated through a heat exchanger 
to maintain a reaction tenq)erature of 40-50®C. Excess of ammonia and water may 
lx* separated by distillation, leaving a residue of triethanolamine that contains 25 
to 35 per cent of diethanolamine. 

In experiments carried out on a scnu-commercial scale. Keilrinskii and Plaska"^ 
ted ethylene oxiile and ammonia in stoichiometrical j>rojK)rtions into a reacting zone 
filled with a solvent medium. Compressed air was utilized to force the mixture 
through the solvent, an oxide velocity of 320 g. per liter of solvent being maintained 
at a temperature of <)tCC. The final pnxhict ctntsisted of 1.5 per cent di-, 75 per 
cent triethanolamine an<l 13 |K‘r cent {Milymenzed material with traces of the 
monoamine and nearly Id per cent of water. The yield anumnted to 1008 g. jH*r 
KKX) g. ethylene oxide or 8V per cent of theiiry. 

Pure triethanolamine has In'en recoveriMl from the tix'hnical piinluct in the 
following manner by (Krmann and Knight.**' The crude material is hrst acidi- 
lied with a slight excess of concentrated hydrochloric acid at 10-15°('. After 
standing for 1 hour, 70 |hm' cent of the pure hvdrm'hloriile sejKirales out and can 
he filtered, washed with ethyl alcohol tor isf>propyl alcohol) aiul <iecomposeil with 

•'* For a of thr jcacOtm .touuonia aiut elhvirnc vtxHlt. srr ('arlcion FlUs. “The 

C'hrmitlry of Prlrolrum Df-rivafivm,*' The Chemical r«ultif{ Co. Inc. Nrw ^*o^k. 1934. 

C T. Knulicr. C IV J.051 4Hn. Ann IS. l^ln. to Shell l>e\rloj>mfnt : Ckrm. 

30, ftT.SO ('anAtitan I* ( Iicni. ,ihr.. IV.tn. 30. See aIm* Hritinh I* 

448,37,1, JO.tS, to Halaafachc IVtrolrum MAat«ch«|>|Mj; /Inf. ( Arcm .4Sj. B, 780. c .4hjr . 

30, 7S8.t: f Inst Hrt Trrh 1916. 22. 4nA 

W RchI and D i\ I r^tv V S V 1904,01.1, Apol 18. 19.tt. to iVoludc and Carhon 
ChtMfiical* Corp.; Brit Ckrm Ahr B, 19.t.t. V98, Chem .4h> , I'i.CC 27. M22. 

Krdrintkii and Kh. iMafdta. .\V/fcfs'rcrciht»f4i, 19.tn. 3, No 4. («; C/»c»n .4^x . I9.t6. 

30, 67<M. 

F. E, K drrmann and S Knight. / .4 (' S'. I9.t.t. S5, 4150; Brit, i'kcm ,4bs. A, 1933. 
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caustic soda in isopropyl alcohol solution. The base recovered by vacuum distilla¬ 
tion, b.p. 194-195®C. at 10 mm. and djj 1.1239, is 99 per cent triethanolamine. The 
solubility of its hydrochloride in isopropyl and ethyl alcohols at 65®C. is l.l and 3 
g. per liter, respectively . 

Properties of Bthanolamines. The ethanolamines are weak bases and 
yield readily hydrolyzable salts with many weak acids. In other chemical prop¬ 
erties, however, they exhibit important differences. 

When monoethanolamine is heated with diethyl sulphate, at temperatures not 
over 200®C., the hydrogen atoms of the amino-group are displaced by ethyl radi¬ 
cals, with the formation of diethylaminoethanol.^'* The method is applicable for 
the production of other dialkylamino alcohols. 

Monoethanolamine and similar aliphatic amines have been found to function as 
catalysts for the production of ethers of the polyalkene glycols by the action of 
alkene oxides on poly hydroxy alcohol derivatives.^^® For example, the monoethyl 
ether of triethylene glycol is formed by treating the corresponding diethylene com¬ 
pound with ethylene oxide. 

Monoethanolamine vapor undergoes partial dehydrogenation and condensation 
in contact with dehydrogenating catalysts, such as finely divided copper or zinc 
oxide-(containing 4.5 per cent sodium carbonate), at 300°C. In this way Aston, 
Peterson and Holowchak*®® obtained a 5.6 per cent yield of pyrazine, a cyclic base, 
b.p. 112-114®C. at 730 mm., evidently produced in the following way : 
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py ratine 

The gas collected in the runs with the reduced copper activator was exclusively 
hydrogen. The yield of pyrazine was isolated as the mercuric chloride double 
salt. C 4 H 4 N 2 HgCl 2 . The catalyst was eventually rendered inactive by resins 
which Aston and his associates thought were formed by side reactions from the 
amino-acetaldehyde. In the absence of a catalytic medium the cthanolamine was 
quite stable at 300®C. Another base, namely, ethylenimine, C 2 H 4 NH. b.p. 55- 
56.5®C., can be prepared by heating the acid sulphate of monoethanolamine to 
250®C. and subsequently distilling the resulting product with 40 per cent caustic 
soda.**^ 

French P. 792,046. 1935, to Carhidc end Carbon Oemirals Corn.; Chem. /tbs., 1936 10. 4176. 
C. A. Perkin* and J. H. Purse. British P, 451.630. 1936; Chsm. Abs.. 1937. 11, 416: Bri$. Ckem, 
Abr^ B. 1936. lOSl. 

® *' *• '» I’n'o" < »rbi<k tnd Carbon Corp,: Cktm. 

** J. G. Aston. T. K. Peterson and J, Hoiowchak. J.A C.S., 1934. 56, 153; Cbem Abs 1934 
n, 1703; Brii, Ckem. Abs. A. 1934. 306. * * ^ ^ 

»« H. Wenker. /.A.C.S.. 1935, 57. 2328; Ckem, Abs., 1936. 80. 79; Brii. Ckem. Abs. A. 1936. 194. 
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under pressure) of higher homologues of ethylene oxide with a ()9,y-dihydroxy- 

propyl)- or a (y-alkoxy-/8-hydroxypropyl)-aniinobenzene.^28 

Monoethanolamine reacts with 2,4,5-trinitrotoluene to form a substitution prod¬ 
uct. 4,6-dinitro-3-ethyloltoluidine, m.p. 115®C., one nitro group being eliminated 

CH, 

I 

,■ '\ 

'-NHCH,CH,()H 

! 


from the aromatic nucleus during reaction. On the other hand, di- and triethanol¬ 
amines do not undergo a similar condensation hut yield addition compounds with 
trinitrotoluene.^’-® 

Under the influence of heat any one of the ethanolamines may function as a 
rerlucing agent, the reaction being said to depend on the decomposition of th€ 
amino-alcohol into ammonia and an aldehyde. The reduction of anthraquinone, 
azobenzene and acetone to anthranol, aniline and isopropyl alcohol, respectively, 
under the influence of ethanolamines has been studied by Meltsner. Wtddherg and 
Kleiner.*^® It was found that the ethanolamines would also reduce aqueous solu¬ 
tions of certain metallic salts, e.g., those of •'ilver, lead and mercury. 

The hydroxyl group, or group>. in the ethanolaminc'^ may Ik* replace*! by chlor¬ 
ine on reaction wjth thionyl chloride. The metlnxl ha^ l»een employe*! \n Ward*** 
for the preparation of the derived chloroethylamine>. It was found tlut the 
chlorine atoms in these compounds were highly reactive and tlial ^^./^./J^'-trichloro- 
triethylamine exhibited a powerful vesicant action as did its hy*lrochl*)ri<le. The 
corresponding primary and secondary com|>ounds had no such actmn. 

Reaction with Inorganic Salts. The ethanolamines are sharply differen¬ 
tiated in their reactions with certain inorganic salts.All will react w ith cobalt 
chloride (and certain other bivalent metal salts), in absolute ethyl alcohol solu¬ 
tion, to furnish simple addition products. But only the tertiary base yields definite 
compounds in aqueous solution, under which circumstance the primary and sec¬ 
ondary bases give rise to indefinite mixtures of hydroxides and basic cobidt salts. 
This difference in behavior in aqueous solution has been ascrilied by Tettamanzi**^* 
to the lower basicity of triethanolamine as evinced by tbe lower /*H values of its 
0AM aqueous solutions. Hieber and I^vy**^ have descril)ed a large numlier of 
double comf)Ounds of mono-, di- and triethanolamine with cobalt, nickel, copper 
and zinc salts. 

In the reaction Iietwecn triethanolamine an*! metallic salts in aqueous s*)lution, 


'3* Brit»«»h P. 442.024, I9.U>. lo I C, FartK-nina A <•’ ; C hrm .ih$ IVI*. JO ■•'12 Atidilion lo 
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*^(i. Racciu. Atti acca4. set. Torino. Clone tc%. mat not. IV U. M. 104 them Ab» 

1935. 29. 6217; Bnt Cktm. Abs. A, 19.15. 6l.l 

.M. Mdt^fier, C. Wohihrrg and M. /. KIrtnrr. /.ACS.. I9.iy 57. 2554. Chfm. Abt 1936. 10. 
1741; Brit. Ckrm. Abs. A, 1936, 319, 
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29, 4328. 
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aolution. C/. A. Tettamanzi and B. Carti. Oaai. rkim. ttol . 1933. 6J. 566; Cktm Abt 1934 ft. 
1295: Brit. Cktm. Abs A, 1933, 1280, 
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several different types of combination have been found to occur. The interaction 
of triethanolamine with aqueous salts of nickel, cadmium, calcium, strontium and 
magnesium was found by Tettamanzi and Carli^*^ to result in the formation of 
double compounds of the type MClo-2(triethanolamine), in which the metal is 
probably coordinated through the oxygen of the hydroxyl groups or the nitrogen 
atoms. On the other hand, the effect of triethanolamine on aqueous solutions of 
cobalt chloride, cobalt bromide, cobalt thiocyanate, copper thiocyanate, zinc chlo¬ 
ride, zinc sulphate and cadmium chloride has been found by Garelli and Tetta- 
manzi^®® to involve double decomposition with the formation of mixed halide alco- 
holates in which one or more metal atoms replace the hydrogen atoms of the hy¬ 
droxyl groups of the tertiary base. This type of reaction is exemplified by the 
combination of hydrated triethanolamine with cobalt chloride according to the 
equations: 

(HOCH,CH,),N 4- H,0 4- CoCb Oj(C)H)C 1 4- (HOCH,CH,),NHCl 

Co(()H)Cl 4- (H()CH,CH,),N ~ ClCoOCtH 4 NfCH 3 CH,OH): 4- H.O 

Similar compounds, in which the triethanolamine behaves as an ammonium base, 
have lH‘en obtained with certain salts of beryllium and lead and also with nickel 
icnlide. Further studies of the^^c complexes of triethanolamine with aqueous solu¬ 
tions of metallic salts have Ihhmi contributed bv Ciarelli'**' and bv Tettamanzi and 
Carli.»^® 

flarelli''*’* also studied the combinations occurring on addition of triethanol¬ 
amine to concentrated solutions of metallic salts in water. In case of nickel, cal¬ 
cium, strontium and magnesium chlorides, double salts resulted, taking the form of 
colore<l crystals, e g.. (’aC'l. 2N ( Similar C(»mpounds were obtained 
with nickel bromide and nitrate, cobalt i<Klide. lead acetate and the sulphates of 
nickel, cadmium an<l copper. On the other hand, w ith leatl chloride and some other 
>alts. hydrogen at«>mN of the hydroxyl groups were substitute<i, as may he indicated 
in the react ioji 

(Cl Pl>0 CtH.V 

4 ^ IIU) v 4 4NiC5H4()H^, hci 

(HO PhO CtHiV 

In this connection, it is interesting to note that Brockman and Nowlen’^® have 
oblainc<l g<KHl electr<HlejKisiiion of both nickel and cobalt from solutions of these 
metals containing either an excess of triethanolamine or just enough to give a clear 
solution. From similar solutions of c<d>alt sulphate-triethanolamine it was also 
jmssible to plate the ntelal successfully on cop{>er. steel, nickel and zinc w ith cathode 
efficiencies as high as 98 [>er cent. .Mloys of nickel and cobalt have also hei^n 
deposited froitt triethanolamine solutiojts of these metals.*^* I'hey C4mtained nickel 
chhjride and sulphate, cobalt sulphate an<l some sodium sulphate. The concentra¬ 
tions of nickel and cobalt may vary over a wide range; the current densities ran 
from 3.4 to 15.5 amperes per Mjuare decimeter. 

'•A. TrlUmanfi and B Carli. chim . 19.1.1. M, Ahf . JQ.U, 1295; 
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21 . 26.18 

*•* A. Tettamanffi amt B rarli. (7as£ ckim ifaf,, 19.14. 64. ,1I5; Ckrm. Abs. 1954, 28, .5,1(.0; 
Bhi. Ckrm. Ah$. A. 19.14. 99.1 
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Double compounds of triethanolamine with calcium chloride, iodide and bromide 
and also with sodium iodide, potassium iodide and lithium chloride as well as a 
compound of diethanolamine with calcium bromide have been reported'^* for use 
in the dissolution of acid products, such as barbituric acids, in aqueous media. 

Raymond'^* has observed that, whereas both nickel and cobalt form soluble 
complex compounds with triethanolamine in the presence of excess aqueous caustic 
soda, the nickel complex is quantitatively decomposed on boiling, that of cobalt 
being stable. A quantitative separation of nickel from cobalt, by precipitation of 
nickel hydroxide, is said to be possible by this procedure. 

When an ammoniacal aqueous solution of nickel sulphate is added to a solution 
of triethanolamine containing caustic potash, a green color is obtained even in the 
presence of 1 part per 5000 of triethanolamine. This coloration is said by 
to be specific and to be capable of use in the colorimetric estimation of either nickel 
or triethanolamine. According to Simon,'**® the formation of a purple coloration 
when solutions of triethanolamine (made alkaline with ammonia) are treated with 
cobalt chloride, is not sufficiently characteristic or sensitive for the detection of 
the tri-amine in toilet preparations. 

Ftir the determination of triethanolamine in toilet creams and emulsions, 
I'lcck^***^ precipitates it as the hydroiodide, (CHoOHCFf 2 ) 3 ^" P- 169®C., 

which contains 53.6 per cent of the base. On weighing the com^H)und after washing 
with isopropyl alcohol, a correction is applied for the slight solubility of this addi¬ 
tion compound, namel; , 1 mg. per ml. of alcohol used. Florentin and Ruiz'^^ 
suggest that the amine can be identified by the microscopical characteristics of its 
chloroaurate, chloroplatinate and best of all its silicotungstate. The formula of the 
latter is SIW 2 ^ chlorometallic salts are soluble in 

water but may be crystallized from alcohol. The tungstate is a precipitate soluble 
in excess of the reagent. 

Quaternary ammonium compounds of the type N( R OH) 4 , are produced by the 
action of alkene oxides on tertiary alkylolamines, if the alkalinity of the mixture 
is maintained almost at the neutral point at the beginning of the treatment.'^* 
Hydrogen chloride, formic, acetic, lactic or stearic acids, or mono s(xlium phosphate 
have been found suitable for buffering the solution in this manner, but carbon 
dioxide is not effective. For example, when a soap made from stearic acid and tri¬ 
ethanolamine is treated with ethylene oxide, the foaming agent obtained may l)e 
converted into tetraethanol ammonium hydroxide by reaction with sodium hydrox¬ 
ide solution. Or, if a solution of the same tri-amine in aqueous sulphuric acid has 
been treated successively with ethylene oxide and mineral acid, the product will 
furnish the quaternary compound on addition of barium hydroxide. 

The salts of the quaternary alkvlolammonium compounds are soluble in 35 per 
cent sodium hydroxide solution. They include such compositions as tctra-()J-hy- 
droxyethyl)-ammonium hydroxide, acetate, stearate, distKlium phosphate, tri-(j 8 - 
hydroxyethyl)-butyl and diethyl-di()9-hydroxyethyl)-ammonium hydroxide. 


BritUS P. 436.00S. 1934, to I. G. Farbcmnd. A. G.; Brit. Chtm. Aht. B. 193$ 1165 
w*E. Raymond, Compt. rend,, 1935, 200, 1850; Brit, Chem. Abt, A, 1935. 951* Ckrm, Abi., 
1935, 20, 5038. 
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nmt* Sf 1936^ 780# 



PRODUCTION, PROPERTIES AND USES OF OLEFIN OXIDES 573 


Uses of the Ethanolamines 

The ethanolamines and particularly triethanolamine are finding increasing ap¬ 
plication in the industries. Among the numerous chemical products made from 
ethylene oxide, these amines must be classed as subsidiary only to the glycol ethers 
in technical importance. 

The ethanolamines, especially the tri- and di- forms, are employed in the re¬ 
moval of carbon dioxide and hydrogen sulphide from gases. The operation is 



( omrlcsy (ttrtiUr 

Courtesy Industrial and lin{fimrcnng Ckmustry 


Fig. 137,— Apfxaratus for Removal of Carbon Dioxide and Hydrogen Sulphide from Gases 
by Absorption with EthafK>lamines. (R. R. Bottoms) 


usually carrie<l out in countercurrent operations and sometimes under pressure. 
The dissolved gases are readily removed from the absorption liquid by heating. 
Developments in the so-called Girbotol purification system, in which ethanolamines 
arc employed, have l)ccn reviewed by Bottoms and Wood.***^ According to All- 
ncr,'**'^ a 50 per cent aqueous solution of triethanolamine is about equal, as regards 
its performance in carbon dioxide removal, to a 20 per cent potassium carbonate 
solution. Although the dissolved amine does not tend to deposit crystals, its use 
necessitates very careful packing of pump glands if leakage is to be avoided. 
Hirst and PinkeP®^ state that a 50 |>er cent aqueous solution of triethanolamine is 

»«*R. R. and W. R. Wood. Rtfintr. 1935. 14. 105; J. Init, Pri Tech., 1935. 21, IK9A; 

Cktm, Abs., 1935, 29. 710«. alto (^rroan P, 606,162, 1934; Chnm. .46x.. 1935. 29, liRX 

Prtneh P. 746.205. 1933; Chem. Ahs,. 1933. 27. 4324. 

“•W. AlWr. Chfm. Fohr., 1935. I, 344; Bril. Cbrm. Abs. B, 1935. 979; Ckrm. Abt., 1935. 

^ L. L. Hirtt and I. 1. Ptnkcl, /ttd. Emg. 1936, 29, 1313; Bril. Ckem. Abt. B, 1937, 35. 
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less efficient than either a 50 per cent solution of diethanolamine or a 5 per cent 
solution of tetraniine. In ethanolamine solutions for gas purification, Bottoms'*' 
proposes to include boric acid for inhibiting corrosion of the apparatus. He also 
points out'*'* that such corrosion of iron or steel and decomposition of the ethanol¬ 
amine may be prevented by means of vanadium or arsenic compounds, such as 
sodium arsenite or vanadate. Removal of carbon dioxide by countercurrent scrub¬ 
bing with triethanolamine bicarbonate solution under pressure, followed by re¬ 
generation by heating under reduced pressure, has l)een described by Allen and 
Michalske.'*- 

Comparisons of absorption of carbon dioxide by aqueous solutions of tri- and 
monoethanolamines and of diaminopropanol, (have l>een made 
by Gregory and Scharmann.'*-* They found that triethanolamine was only about 
one-half as effective as monoethanolamine or the diamino compound. The heat 
of absorption of carbon dioxide in both of the two latter substances was high, al)out 
750 B.t.u. per lb. of dioxide, thus necessitating the use of dilute solutions (about 
30 per cent) of the absorbents. It was also noted that in all instances the liquids 
must be kept free of dissolved oxygen otherwise they exert con>iderable corro¬ 
sive action on the apparatus employed. 

Fife'** eliminates sulphur compounds from industrial gases by scrubbing with 
water containing 15-30 per cent of ethanolamines and not less than 1 per cent of 
a soluble compound of copper, iron, nickel or zinc. The solution is regenerated 
by aeration followed by addition of unslaked lime. The foaming tendency of such 
aqueous solutions is said to l>e suppressed by continuously circulating a portion of 
the solution through activated carbon. A small proportion of fatty oil may also be 
added to the solution with advantage. An ethanolamine. such as monoethanolamine, 
containing 3 per cent of boric acid, has l)een proposed**' as a component of absorp¬ 
tion liquids for weak gaseous acids, and a solution of triethanolamine is specifically 
recommended'** for the removal of hydrogen sulphide from gases. A numl)er of 
complex bases, including those with at leaNt 2 nitrogen atoms and at least one hy- 
droxyalkyl or hydroxyaryl group, have also been suggested for this pur[>ose.'*** 
Brachfeld and Smola'*^ propose to remove carbon dioxide, but not hydrogen sul¬ 
phide, from gases by washing with an undiluted difticultly volatile amine, such as 
ethanolamines and morpholine derivatives. The absorbed gases may l)e recovered 
by treatment at raised temperatures with the vapor of a water-insoluble organic 
solvent, such as benzene, which forms an azeotropic mixture with water. 

Covers'*® reports that after distillation of a petroleum fraction (under reduced 
pressure) in the presence of a gaseous distillant, e.g., sulphur dioxide or carbon 
dioxide, the latter may be removed from the liquid by treatment with the tri-amine. 

In another methwl,'*® a gaseous mixture containing ammonia and hydrogen 


For the equilihriam absorption of carlnm dioxide by cthanoiaminen. sre J. W. .Maiuni and B. F. 
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sulphide is first washed with sulphuric acid to form ammonium sulphate. Mono- 
ethanolamine in aqueous solution is then utilized for removal of the sulphide. The 
latter is recovered by heating the solution and is converted into sulphur dioxide and 
then progressively to sulphuric acid. 


Soaps 


The ethanolamines may be employed in the form of their soaps, the aqueous 
solutions of which have low surface and interfacial tensions and hence exhibit good 
emulsifying properties. Triethanolamine 61eate is, perhaps, the most commonly 
used. On account of its solubility in organic solvents it finds application in dry 
cleaning.'^ One composition of this type consists of a paste of the soap in an 
alcohol (e.g., n-propyl) admixed with a hydroxy ether (for example, the butyl 
ether of ethylene glycol), water and a low-boiling petroleum distillate.An¬ 
other method of preparing alcohol amine soaps lus been described.^®** It con¬ 
sists of partially sulphonating i)etroleum oil with sulphuric acid, separating the 
acid sludge, and admixing the remaining acid oil with triethanolamine. 

7'he use of alkylolamines in the fat, oil and wax industries has been reviewed by 
Fischer.Triethanolamine soaps have been proposed as constituents of lip- 
rouge,*®^ in cosmetic preparations with glycol derivatives,*®^ in products for glaz¬ 
ing or finishing textile materials,*®'' in the separation of wax from oils.*®®* and in 
the oil-proofing of porous fibrous material.*®® Hydroxyalkylamines, such as di¬ 
ethanolamine, are recommended as ingredients of an aqueous bath for use in 
washing and cleansing textiles, cotton and wool.*®^ Salts of ethanolamines with 
dcic, ricinoleic and stearic acids, have l)een suggested as dispersing and emulsify¬ 
ing agents, soluble oils and antiseptics.*®® and as antiknock ingredients for motor 
fuels.*®® Naphthenic sulphonic acid salts of the alkylolamines are proposed as 
auxiliary agents in hydraulic cement.*^® 

The products of the reaction <5f carboxylic acids (particularly of more than 10 
carbon atoms) with alkylolamines are proposed by Ellis*'* for increasing the load- 
l)earing capacity of mineral lubricating oils. Addition is made to the extent of 
about 0.5 per cent or more. Such compounds include both esters and salts of 
alkylolamines, preferably the trihydroxyamines such as triethanolamine. Beale'"*^ 
recommends an alkylolamine salt of a fatty acid as a top cylinder lubricant. It is 
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21, 223A; Chem. Abs.. 1935. 29. 5675. 

H. Ulrich and (I. Schuater. U. S P. 1.935.217. Nov. 14, 1933. to t;eneral Aniline Works; 
Chem. Abs.. 1934, 28. 914. 

G. Kern and C. J. .Sala, V S. P. 1.946.079 and 1.946 080. Feb. 6. 1934. to E. I. du Pont 
de Nemours A Co.; Chem. Abs., 1934. 28, 2365; Brit. Chem. Abs. B. 1934. 1003. 
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30, 4662. 
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19,16. 30, 282; Brit Chem. Abs. B. 19.16, 1080. 
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added in the proportion of 20 to 200 cc. per gallon of gasoline. The salt may be 
first dissolved in a mineral oil and added to the fuel or mechanically introduced 
into the cylinder. 

The esters of hydroxyamines with higher carboxylic, sulphonic or sulphocar- 
boxylic acids are suggested as dispersing agents for graphite in lubricant manufac¬ 
ture. The monooleic ester of triethanolamine is typical of the suggested sub¬ 
stances.^'^* Stable emulsions may be obtained from triethanolamine, oleic acid and 
kerosene and other mineral oils or sulphonic derivatives of petroleum.The 
physical characteristics of such emulsions have been studied by Risi and Bernard,*^® 
who also compared their lubricating properties with those of technical lubricants. 
Another composition which may be employed as a lubricant comprises hydrogenated 
mineral oil emulsified with water, employing ethanolamine as the dispersing 
agent. 

The phosphoric acid salts of esterified alkylolamines are utilized by Albrecht*’'^ 
as constituents of rust-preventive or coating compositions. Thus, triethanolamine 
is esterified by heating at 176-250®C. with a higher fatty or resin acid of molecular 
weight greater than 150, for example, the acids of linseed oil. The resulting ester 
is then converted into its orthophosphate. The products are soluble in paint and 
varnish media and have rust-preventing properties when applied to metal sur¬ 
faces.*^* Small quantities of citric or tartaric acids arc added to counteract an 
‘'alligatoring'* effect in the film. 

Shaving compositions are said to be improved by the incorporation of 15-30 per 
cent (calculated on the soap and other solids present) of a secondary or tertiary 
phosphate of an organic base, such as triethanolamine. C'ombinations of mono- or 
polyhydric alcohol-amines with mineral or organic acids, other than those forming 
soaps, are proposed by Coustolle*^® as ingredients in cleansing agents for the skin. 
The proposed acids include hydrcKhloric, sulphuric, nitric, phosphoric, l)oric and 
glycerophosphoric. Dispersing agents advance<l by Hertscld*‘^ consist of the reac¬ 
tion product of aliphatic hydroxyamines and sul|)honated high-molecular weight 
aliphatic alcohols of more than 8 carbon atoms, for example, the triethanolamine 
salt of the sulphuric acid ester of <ileyl alcohol. 

Triethanolamine has l)een suggested as a useful addition to a wide variety of 
product.s (some which have been noted) including dentrifices.*** shaving cream 
and .soap,**- hair dyes,*** soldering flux,**** lime-scjap greases,*** foundry sand-core 
compositions,**® aluminum soap to lie used with gasoline or iHmzcne for watcr- 


*’» A. Bauer and ir. Ehrhardt. fJrrman V. 612.015 19J5. to 1. (I. Farlienind A. (I.; Ckrm. Abi., 
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C. Vogt, u. S. P. 1.969,340, Aujr. 7. 1934; Bnt. Ckrm Abs. B. 1935, 656; Ckrm. Abs., 

1934, 28. 6252. 
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proofing fabrics or stone^®*^ and as a component of a material for the manufacture 
of gaskets.^** Other suggested applications of this trialkylolamine are in aniline 
black printing,'®® in the manufacture of rubber sponge,'®® in the preparation of 
sizing, proofing, wetting and scouring agents for textiles,'®' in the removal of 
“catalyst taste“ of hydrogenated oils'®^ and for refining the oils obtained by sepa¬ 
ration of oil-water emulsions.'®® A solid wax dispersion, used in the preparation 
of emulsions for coating citrus fruits,'®‘' may l)e made of paraffin and carnauba 
waxes, cottonseed oil, oleic acid and triethanolamine (10 per cent by weight). 

Free alkylolamines may be recovered from extracts or residues obtained in re¬ 
fining oils, fats, waxes and resins.'®'^ The method recommended consists of dis¬ 
tillation with steam under reduced pressure after the addition of basic substances 
such as alkali soiips or alkali or alkaline-earth oxides to suppress amide formation. 
The lo\v-))oiling fractions contain alkyl- and alkylolamines. Kaladzhal'®® found 
tliat the influence of aluminum stearate in lowering the pour point of mineral 
lubricating oils is enhanced hy the addition of small proportions of triethanolamine. 
An anli-rusting comjwsition for preventing corrosion in stored engines may be 
prepared'®^ from 5 to 6 per cent of triethanolamine, 10 per cent aluminum stearate, 
10 to 12 per cent butanol and lard oil. 

Triethanolamine (and similar bases! have been recommended for use in the 
preservation and stabilization of a number of f)rganic chemicals. Thus, glycol 
ethers which tend to deteriorate on storage are preserved again'it discoloration by 
the addition of lesv than 1 irt cetu, generally about (1.1 per cent by volume, of the 
base.'®® Aromatic alcohols, such as iRmzyl alcohol, prepared from the correspond¬ 
ing halide by hydrolysis, are said*®® to In* stabilized by heating with about 3 per 
cent of a high-lM)iling base, such as triethanolamine, at alx>ve 1(X)®C.. followed by 
distillati(»n. The addition of not more than 0.02 per cent of an ethanolamine to 
petroleum distillate^, such as gasolines or kerosenes, is pur(>orted^‘ to render them 
stable as regards color, gum formation and cxlor. 

Alkylolatnines are suggested’*-'^*'' as agents for increasing the heat resistance and 
for diminishing any corrosive action of cellulose esters and ethers. They may also 
he applie<l in the refining of the ester<.-***- Neutral solutions of inorganic salts of 
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such bases, particularly of triethanolamine, are employed to effect fireproofing of 
textile materials without affecting the pliability and smoothness necessary for sub¬ 
sequent j)rocessing operations.Triethanolamine lactate is proposed-^^^ as an 
agent for the treatment of filaments, films and fabrics. Rayon is said to be pro¬ 
tected from the injurious action of oxidation products of drying oils by inclusion, 
in the dressing, of a water-soluble base such as triethanolamine.-**^ The ethanol- 
amines and related compounds have found application in such varied uses as the 
concentration of aliphatic acids,^ the reclaiming of oils containing carbon,*®^ 
the inhibition of corrosion in automobile radiators,-®^* and the manufacture of 
esters of leuco-compounds of vat dyes.^® 

The sulphuric esters of mono- and diethanolamine, and also of similar primary 
and secondary alkylolamines, may be halogenated to yield compounds capable of 
liberating free halogen and thus are reported to be useful as bleaching agents.^ 
The condensation of ester-type waxes with primary or secondary nitrogen bases, 
such as ethanolamine, is said*'** to furnish prtxlucts of value as polishes, textile 
finishes and in rubber compounding. Salts of ethanolamines with aromatic, aro¬ 
matic-aliphatic or heterocyclic sulphonic or carboxylic acids, containing i(Kiine 
substituted in the ring, have been (lescril)ed.-" 

A mixture of Carhitol and an organic acid salt of triethanolamine is advocated 
as a hydraulic pressure-transmitting fluid.Trialkylolamine may be added to 
solid carbon dioxide to improve its physical characteristics.^'^ Greer-^'^ proposes 
to employ, inter alia, triethanolamine as a dehydrating medium for drying diethyl 
ether to less than 0.6 per cent of water, the ether l)eing collected by distillation. 

Triethanolamine hydroxyabietate may l)e produced by treating a gasoline solu¬ 
tion of wood rosin with triethanolamine.-'*** The salt is soluble in alcohol but is 
hydrolyzed by hot water. Other alkylolamines react similarly with rosin, and it 
is believed that such treatment may be useful in the refining of rosin. 

Dioxane and Its Derivatives 


Dioxane and its homologues may be prepared by the dehydration of the corre¬ 
sponding 1,2-glycols under the influence of .sulphuric acid. Steimmig and 
Hambsch^^® have described a continuous process for the preparation of such com¬ 
pounds from a mixture of homologous 1,2-glycols by heating with concentrated 
sulphuric acid at the boiling point of the acid liquor. The prcnlucts arc allowed to 
distil off, and a corresponding amount of glycol is continuously added. 
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Another mode of synthesis of dioxane involves the catalytic dimerization of 
ethylene oxide. Passage of ethylene oxide at about 120®C. over a solid alkali bi¬ 
sulphate catalyst is said^^^ to yield mainly dioxane, whereas a similar treatment 
in the presence of an alkali hydroxide furnishes more highly polymerized materials 
of a waxy consistency. Other acid catalysts, such as aluminum hydrosilicate, may 
be employed for the same purpose in the presence of a solvent (dioxane or a hydro¬ 
carbon, ether or ester) at temperatures up to 150°C. in the liquid or vajX)r phase 
and at atmospheric or elevated pressure.-*** In like manner, propene oxide vapor 
is converted into a dimethyldioxane, b.p. 117°C., in the presence of a solid alkali 
bisulphate catalyst at about 120°C. More highly polymerized visccjus liquid prod¬ 
ucts arc obtained under similar conditions in the presence of an alkali hydroxide.-*** 

Dreyfus--** discloses that /»-dioxane, and its alkyl or other derivatives, may be 
prepared by the polymerization of the appropriate aldehydes under the influence 
of substances favoring etherification reactions. Examples of such materials are 
sulphuric acid, ferric chloride, zinc chloride, hydrogen chloride, benzenesulphonic 
acid, phosphoric acid, alkali bisulphates or acid phosphates. According to this 
method, />-dioxane is prmluced from formaldehyde wliile acetaldehyde furnishes 
dimethyl-/»-dio.xane. 

Dreyfus also prepared cyclic ethers by condensation of polyhydric alcohols by 
means of hydrochloric acid.--* The alcohol may be dissolved in an inert solvent to 
serve as a diluent capable of removing the ether in azeotropic mixture. In another 
process,--- the glycol or other polyhydric alcohol is used in the form of its alkali 
or alkaline-earth salt, in which case heating at 160-2(^)'C. in the prc'^ence of 
hydrogen chloride causes dehydration to the corresponding cyclic ether. Here, to<>. 
a diluent such as biphenyl is recommended as a means of distilling off tlie desired 
product, eg., dioxane. from ethylene glvcol or other di-alcoholale. Further, 
dioxane may be secured by heating /?./^-dichlorcKliethyl ether with copper oxide and 
lead oxide.-'^'-’* 

A method for purifying comtnercial dioxane involves the removal of low- 
boiling aldehydes with a volatile inorganic acid,--'* The crude material is distilled 
with enough water and acid (hydrochloric, hydrobromic or sulphurous) to form a 
quaternary azeotrot>e, 1'he undesired aldehyde and the acid pass over (juantitatively 
in the first portions of the distillate. For example, front the folhtwing mixture : 

^.25 vol. |HT i'vni dioxane (ionlaming 20',^ aldehyde 
O.d aqueous hvdnRhIorie acid 

d.45 " ” " water 

all the aldehyde and hydrogen chloride came over at C. in the first third 

of the distillate. 

Dioxane has the constitution indicated by the formula 

o' () 
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It is a neutral, inert, non-hydroxylic liquid of extensive solvent power. It has been 
reconunended by Oxford^^^ for use in the determination of molecular weights by 
the cryoscopic method. However, Roth and Meyer^^® consider the application of 
dioxane in this connection inadvisable, since its molar freezing point depression, 
approximately 4.71, was proven inconstant probably Inrcause of allotropy. These 
investigators found the heats of fusion and transition of pure dioxane to l)e —34.25 
and —6.32 g.-cal. per gram, respectively. However, contrary to the general rule, 
the specific heat of the crystal was greater than that of the liquid. 

The melting points, boiling points, refractive indices and densities of binary 
mixtures of water and dioxane have been determined by Gillis and Delaunois.'-^^® 
The melting point data showed a eutectic at —14.82°C., indicating formation of a 
definite hydrate. The dielectric constants of a series of dioxane-water mixtures 
between 0° and 80°C. for a wave length of 150 meters have been determined by 
Akerlof and Short.A resonance method previously described by one of the 
workers was utilized.--^* 

In view of the increasing employment of dioxane as an industrial solvent, the 
pharmacological properties of the substance are of importance, von Oettingen and 
Jirouch*-^ found that, in common with certain glycol derivatives, dioxane is toxic 
and possesses a haemolytic action on red bhxKl corpuscles. 

It has been shown by Fairley, Linton and Ford-Moore*-® that the in :i’/ro firad 
oxidation product of dioxane is o.xalic acid with diglycolic acid as a hy-pr(xluct. 
Formation of these substances is held responsible for tis.sue injuries. 

A detailed examination of the toxic properties of dioxane has been provided by 
Yarn, Schrenk, W'aite and Patty,whose main findings may be summarized as 
follows. Dioxane is much more poisonous than ethylene glycol FxjM)sure to its 
vapor produces severe irritation of the membranes of eyes and nose. After long 
exposure, the lungs are affected, narcosis Ixing evident with high concentrations. 
It was concluded that the low toxicity of dioxane. as cottiparecl with carlxm tetra¬ 
chloride or tetrachloroethane, together with warning provided by its irritant nature, 
r^akc health hazards from breathing it> vajKirs very slight under ordinary condi¬ 
tions of usage and with reasor*able exposure. The compoun<l, however, must be 
deemed hazardous to life in air confined over the liquid in tanks, vats and wher¬ 
ever high concentrations may accunmlate. 

Dio.xane is of interest chemically on account of the ease with which it 
yields addition compounds of the oxonium type. Thus, Doak-*'* noted that 
with arsenic trichloride it forms a crystalline addition complex of the formula 
(C4H«02):^-2 AsO 3 (m.p. 62°r.). The latter comtK)und is, however, largely dis¬ 
sociated into its components in benzene or acetone solution'^ 
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fr O. Doak. 3. Am. Pharm. Attoe.. 1934, 23. 541; (hem Aht. 1935. 29. 2519* Brit Chem 
Ahs. A. 1934. 101.5. . ^ nnr. 
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The products of chlorination of dioxane are the 2,3-dichloro- and a mixture of 
tctrachloro-derivatives. Kucera and Carpenter^^^ found that chlorination in the 
presence of a little stannous chloride or iodine chloride at 90®C. yields 96.6 per cent 
of the 2,3-dichloro-coinpound. The latter could be further chlorinated (without a 
catalyst) at 145°C. to give an 83-85 per cent yield of a mixture of symmetrical and 
asymmetrical tetrachloro-conipounds. 

Suninierl>ell and Bauer-*^^ consider the chlorination of dioxane to proceed via 
the inonochloro-compound which then decomposes with the elimination of hydrogen 
chloride to yield dioxenc, the complete scheme being: 


CHr-CH, 
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D 
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In support of this mechanism it uiiN ohNcrved that chlorodioxane prepared by the 
direct combination of dioxene with ludrogen chloride was unstable even at room 
tem[>erature. 'I'hese investigators have prepared various 2.3-diaryl-substituted 
dioxanes from the 2,3-dichloro-compound by the (irignard reaction. The 2,3-di¬ 
halide can l)e condensed witli ethylene glycol t«> yield a mixture of two isomeric 
2,3-ethyienedioxydioxancs,“''‘‘ A later report-’'^ by the same workers states that 
better yields of 2,3-dialkyldioxanes are secured if the magnesium alkyl bromide is 
first treated with an equimolar quantity of anhydrous zinc chloride or cadmium 
chloride. 

Dioxane has U-en propose<r*''^ as .in inert soKcnt in the etherification of alkali- 
cellulose by alkyl or aralkyl halides. .Moncrietf and Xorth’**^^ suggest the use of 
this liquid as a softening medium in the stretching of non-iiniformly hydrolyzed 
cellulose ester yarns. The reagent is said to have a greater action on the less 
hydrolyzed portions. It is refiorted by Young and Perkins*'^* that dioxane exerts 
a preferential sohent action on diolefin hydr<Karhons and can thus be employed 
in the removal of butadiene from butenes and butanes. The separation can be 
cfTectcd by distillation of the hydrocarbon mixture countercurrent to a stream of 
''olvent. the solution recovered Ixdng afterwards rectihefl. Dioxane has been sug¬ 
gested as a solvent for use in the preparation of a coffee extract.*^® 

I Kurrra .nn! I) (V ('ar|»cntcr. f ,4 C S . 57. J.U6; Brit. Chrm .4hs A. 1^36, 341; 

( hrni .ihs , I93r. 30. 

K K. Sumnirrljrll .ind I. N Baurr. J.4.CS.. 1935. 57. 2364; Chcm. .4bs , 1036. 30. 1795; 
flnr Cbrm .4hi A. 19.1^ Ml 

W flakrr and \ Shannon. 7.( V . 1933. 5S. 15V8; t hem. Abt.. 1934. 2*. 1330; Hrtt. Ckrm. 
Ahx A. 1934. 194. 

R K SnmmrrUll ami I. N Haurr. J.A.i S. 19.16. St, 759; Bril, t hem ,4hs A. 1936. 820; 
tkrm Ahi., 1936. 30. 4864. 

** I). ElNworth. r. .S. P. 1,980,988. Nov. 20. 1934, lo E. I. du Pom dr Nrmour* A Co.; 

»»'»i Onm Ah$. B. 193.5. 987; Cbrm Ahs . 1935. 29. .W 

R \V. Monrrirff and W North, British P. 438.119, 1934. to Brilivh Crlanrsr, Ltd.; 
"»'»i (/irwi, Abji. B. 1936. 96; ( brm. Abs . 19.16. 30. 2772. 

^( , CV Ycmntf and (i. A. Perkin*, I* S. P. 1.948.777, Feb. 27. 1934, to Carbide A Carbon 

tliemicaU Cnrp.; Bnt. C^rm. Abr B. 1935. 12; Ckrm. Abs.. 1935, 29. 2723. 

^S. Ofuri. Jatmneae P. 110,091. 1935; Cktm. Abs., 19JS, 29. 5196. 
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1.3-Dioxolanes 


The condensation of aldehydes or ketones with 1,2-glycols can be effected in the 
presence of esterification catalysts*^® to yield cyclic acetals or ketols (1,3-dioxo- 
lanes) of the general formula 


R,R,C—O Ri 

\ / 

C 

, / \ 

RiR4C—() R% 


where R^, /?,, R^, Rs and R^ may be alkyl groups or hydrogen atoms. The 

condensation is carried out by Dreyfus***^ in the presence of a limited amount of 
water, for example, 1 mole of water for each mole of aldehyde or ketone used. A 
continuous process for the manufacture of these cyclic prcxlucts has also been de¬ 
scribed.^'*^ Acid sulphates, pyrosulphates or phosphates, especially of the alkali 
metals, are suggested as catalysts for the reaction. For example, interaction of 
ethylene glycol and paraformaldehyde may be effected continuously by so<iium 
hydrogen sulphate at 140®C.*'**'’ In this case, the product is 1,3-dioxolane, 


CH,-0 

\ 

"CH, 

/ 

CHr-~0 


This compound is said^^^ to be applicable for dissolving cellulose acetates having 
an acetyl value higher than 56 per cent. The same solvent has been suggested as a 
medium for the incorporation of plasticizers or other materials into cellulose deriva¬ 
tives, such as the acetate having not less than 56 per cent acetyl value.^^® 

In this connection it is interesting to note that the monoalkyl ethers of glycols 
may be condensed with formaldehyde by means of ferric chloride or mineral acids 
as catalysts. The products appear to be straight chain formals of the type 

ROCH,CH,OCH,OCH,CH,()R 


For example, the addition of formaldehyde to ethylene glyccd monomethyl ether 
gives bis-(/J-methoxyethyl)methylene ether, b.p. 197-205®C. They are useful 
solvents, softeners and plasticizers for cellulose esters such as acetone-soluble cellu¬ 
lose acetate.^^® 


MoKrUOLINF.S 


The morpholines are a .series of cyclic ether amines somewhat closely allied, 
from the structural point of view, with the dioxanes. Morpholine itself has the 
constitution indicated by the following formula. 


CHr- CH, 

/ 

NH O 

\ / 

CHr-CH, 


••• H. Dreyfui, French P, 745,973, 1933; Chrm. Ahs., 1933. 27. 4243, 

*•'H. Dreyfus, British P. 393.608. 1933; Brit. Chem. ABm. B. 19.13. 822; Cktm. Abs., 1933, 27. 
5752. French P. 745,974, 1933; Ckrm. Abs., 1933. 27, 4243 

*«H. Dreyfus. British P. 394,678. 1933; Brit. Chem. Abs. B. 1933. 856; Ckem. Abs., 1933. 

27, 5752, 

H- Dreyfus, British P. 394.679, 1933; Brit. Chem. Abs. B. 1933. 856; Chem. Abs, 1933. 

27, 5752. 

*«H. Dreyfus. British P. 407.709, 1932; Brit. Chem. Abs. B. 1934. 464 
*^H. Dreyfus. British P. 397.191. 1931; Brit. Chem. Abs. B, 1933. 929. 

••• British P. 424.837. 1933, to British Cetanese. Ltd ; Brit. Chem. Abs. B. 

Abs., 1935, 2*. 5125. 


1935. 619; Ckem. 
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It was first prepared by Knorr^^^ who dehydrated diethanolamine with 70 per cent 
sulphuric acid. In a somewhat analogous manner, Hampton and Pollard^^^* suc¬ 
ceeded in securing morpholine in a reported yield of 48 per cent. In this case, 
diethanolamine was admixed with concentrated hydrochloric acid until the solution 
was acid to litmus. The mixture was heated to remove water, after which the 
temperature was raised to 200-210®C. for 15 hours. At the end of that time, the 
reaction mass was cooled and distilled with calcium oxide. The resulting liquid 
was dried over solid sodium hydroxide and refluxed with metallic sodium for 30 
minutes. Fractionation of the liquid was effected and the portion boiling at 126- 
129®C. was collected. It may also be derived from )5,j^-dihalogenodiethyl ethers 
by reaction with ammonia or amides.-^^ The N-alkyl or aryl-substituted morpho- 



Courti-jy Mt'lloH /nj/ifM/r of /m/nxfria/ Rrsrarch 
Industrial and J:mgimc*'rtHst Chs'mtstty 

P'ui. 138.~-\’a|K>r Pressures of X’arious Amines. (.A. L. Wilson) 


lines have lH*cn made fr<mi /f^./J^'-dichlortxlielhyl ether and primary aliphatic or aro¬ 
matic aminev. Thus. \-phenyImorpholine results from heating the halogenated 
ether with aniline,-^** a similar reaction also occurring in the case of ^./^-ilihro- 
rnodiethyl ether.I'he coiulensation of /^.)SJ'-<lichlorcKliethvl ether with phenvl- 
hydrazine and other aromatic leases has been investigated by A\c and Freeman.-*' 
Morpholine is a colorless liquid, b.p. 128.3®C,, soluble in all proportions in 
water. It has a high and varied solvent power and has been suggesteil as a leveling 
agent in dye Iwnhs’-**''*’* and as a general textile assistant for scouring, stripping ami 

f.. Knorr. /•«« . JJWM. 301. 1: ICS.. 1898. 74 (H. f»01. 

L. Hamilton amt C. B. TolUra. J.A.C S, I9.tn. St, i.t.tt: t .4ht., 19.17. 31. 40S; 

Ckfm. Abi A (2>. 19.17. Ir, 

^ S«mt. Bcr.. 1901. 34. 290f,; / l V. |Q0|. §0 (1). 741. aU* T. H. Pavman amt H. .\ 

V. S. 1*. 1.859.527. Ml) 24. 19.12; i hrm. Ahs , 19.12. 16, ,1808. 

Kamm amt /. H. Waldo. J.ACS . 1921. 43. 2225; Chem. Abs.. 1922. 16, 408. 

’**V. I*rvl<if amt V. Stepan. CaUrctuni Csa hostax'. Chem i itmmuuUattous. 19.15. 7. 9.1; Chem 
tSf . 19,15. M, 401,1; Brit (hem A.i. A. 19,U. u2^. 

W. .V. A%t amt C*. Freeman. J.A C V . 19.14. 56. 478; Brit. Chtm. Abs. A. 19.14, 5.1f*; Ctu-m 
. 19.14. as. 1704 

M. I’lrich amt .1. Ntie««lein. t*. S. V. 1,923,24.1. Ang. 22, 19,1.1; Ctu^m. Ahs., 19.13, 17, 5198, 
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boiling-off.^^ By virtue of its basic character, morpholine forms soaps with acids. 
The oleate and stearate are effective as stabilizers of oil-water emulsions. 

According to Wilson,^®^ morpholine was not commercially available as a solvent 
until 1935. It has a penetrating but not unpleasant odor suggestive of ammonia. 
It absorbs both moisture and carbon dioxide from the air, forming a carbamate 
which can be sublimed almost unchanged on heating at 95-100®C. It is water- 
soluble, cannot be “salted out” though it l>ecomes immiscible with strong solutions 
of sodium hydroxide. A 95 per cent aqueous morpholine is in equilibrium with a 
50 per cent solution of caustic soda. 

Combinations of morpholine with many acidic lx)dies seem to be loosely held, 
since the amine may be recovered by distillation from its addition products with 
oleic acid or phenol. Water solutions of its salts with weak gaseous acids give up 
morpholine on boiling. 

The soaps serve especially well in the i)roduction of coating emulsions, certain 
types of films exhibiting water-resistance. 


Table 122 .—Some Physical Constants of Morpholines, 


Compound and P'ormula 

Specific 

Gravity 

20%^20^C. 

Boiling 

Point 
(760 mm.) 

V. 

Vapor 

Prt'ssure 

20‘*C. 

mm. 

Morpholine, 

NHfC,H4hO 

1.0016 

128.3 

13 2 

M e t by 1 morp hoi i nc, 
CH,N(C,H4¥) 

0 9051 

115 4 

16 0 

Phenylmorpholino, 

C.H*N(C,H4)2() 

_ 

260 0 


Morpholine ethanol, 

1 0724 

225 7 

0 1! 

Morpholine ethvl ether, 
C,H*OC,H4N(C,H4),f) 

0 9648 

206 2 


Morpholine vinyl ether, 
CaH,OC,H4N(C,H4>,(> 

1 0024 

210 1 

0 3 


.Solve.VT Propekties or .Morphoi infs 


Morpholine is miscible in all proportions witli water, alcnbol. glycoK. glycol 
ethers, acetone, methyl butyl ketone, ethyl ether, butyl ether, hm/em*. turpentine, 
pine oil, castor oil, linseed oil, paraffin wax (hot) and saturated britie. It dissolves 
over 5 per cent of naphtha, shellac, rosin, ester gum. copal gum, a number of vinyl 
resins, cellulose acetate or nitrate, benzyl cellulose, alcohol-soluble and oil-solnblc 
dyes. It will dissolve from 1 to 5 per cent of sulphur but less than 1 jkt cent of 
paraffin oil. beeswax, or water-soluble dye. 

Morpholine ethanol has the same solvent projxTties as nuirpholinc with the fol¬ 
lowing exceptions: it dissolves less than 1 per cent of naphtha, from 1 to 5 f)cr cent 
of rosin, over 5 per cent of linseed oil and forms gels with several vinyl resins. 

Morpholine ethyl ether is an even more general solvent than morpholine as it 
adds naphtha and paraffin oil to the “miscible in all proportions” list, given for the 
latter. It dissolves from I to 5 per cent of paraffin wax, beeswax and Vinylitc A. 
Over 5 per cent of gum dammar may l)e dissolved, whereas the gum is only soluble 
in part in the other morpholines. Two other differences from the morpholine 
characteristics arc to be noted, viz., less than 1 iwr cent of water-soluble dye or 
cellulose acetate arc dissolved in this ether. It may serve a.s a corrosion inhibitor 


H. Ulrich and 
•♦A. L. Wilton, 
193S, n, 6571. 
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in water solutions, as a light stabilizer for trichloroethylene, as an antiknock agent 
for gasoline, as a carbon remover for use on aluminum pistons, and possibly as an 
assisting agent in permanent waving. 

Of the morpholine derivatives the ethyl and vinyl ethers are the only com¬ 
pounds known to surpass morpholine in solvent power. Both ethers yield constant¬ 
boiling mixtures with water, a somewhat rare phenomenon considering their high 
boiling points. These solutions boil at about 99®C. and contain approximately 12 
per cent amine. The vinyl ether is hydrolyzed completely in acid solution to mor¬ 
pholine ethanol and acetaldehyde. 

The ethyl ether is a mobile, colorless liquid and very stable. It has been sug¬ 
gested as a high-boiling reaction solvent in metatheses that set free acids and in 
the Grignarcl synthesis. 

Phenyhtwrpholinc. a white cry>tallinc solid when pure, offers promise as a dye 
intermediate. It may serve as a coupling agent for diazotized compounds, espe¬ 
cially in casc^ wliere the alkyl anilines are unstable due to migration of alkyl 
groups. Methyl morpholine, a lum-reactive tertiary amine, has advantages as a 
solvent on account of its relatively low lK)iling point and density. It is less reactive 
than morpholine and more easily recovered. It may supply a substitute for ethyl 
ether or pyridine as a reaction solvent or as a catalyst. 

A comparison of the vapor pressures for son)e morpholines with those of some 
aliphatic amines is given in Fig. 13H. 

Dimkthylmorpholine Synthesis 

Krasuskii**^^’ treated projame oxide with aqueous ammonia at 0-20®C. to obtain 
di-/f-hydroxypropylamine. ( I^NH. I his compound was then heated 

in a closed tube with 70 i>er cent sulphuric acid for 8 hours at 160-170®C. Steam 
distillation of the resultant reaction mixture, followed by caustic soda neutraliza¬ 
tion of the residue and steam distillation of the neutral liquor, yielded dimethyl- 
nmrpholine. 

CH, 

CH 

\ 

() 

ch" 

I 

CH, 

The boiling point of the above compound ((/J 0.935), after purification by means 
of the hydrochloride salt and two distillations over metallic sotiium, was 144®C. A 
yield of 4 g. of the morpholine was ohtaineil by the above metluxl from 16 g. of the 
dihydroxypropylamine. 

Mono- and trihydroxypropylamines were prepared by Krasuskii in the course 
of the synthesis. The purified mono-amine 0.9769) boiled at 159.2-159.5®C. at 
748 mm. The di-amine boiled at 249-250®C. (745 mm.) and had a melting point 
of 44.5-4S.S®C. and (liquid) 1.0038. The tri-amine (b.p. 190®C. at 23 mnv) 
melted at 48-50®C. and was soluble in water, ethyl alcohol and ether. Its hydro¬ 
chloride melted at 186-188®C. 

Attempts to prepare tetramcthylmorpholine from isobutene oxide and hexa- 
methylmorpholine from trimethylene oxide were unsuccessful. 

■»K. KrifunkU. 7. Grw. Ck#m. (17.5.5.1?.). 19.t6. 4f*0; Brit Ckcm. Jht. B. 19.U». 972; Ckrm. 

Aht., I9J6. 10, 6277. 
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pROPtNK OXIDK AND DkRIVATIVKS 


Propenc oxide may be produce<l-*'‘*‘ by the direct oxidation of propene with 
oxyg^cn in the presence of inert gases, e.g.. nitrogen or carbon dioxide, at 300- 
37S®C. under the catalytic influence of metals such as silver, silver and gold, 
or silver, gold and copper. Air may be used in the place of oxygen and a large 
proportion of carbon dioxide is recommended. The latter not only acts as a diluent 
but inhibits further reaction. The pressure used is above nornml, in some cases 
as high as 50 atmospheres. The catalyst may be applied in the colloidal state in 
water. A typical reaction mixture was composed of 66 per cent oxygen and 24 
per cent nitrogen. In one in.stance, colloidal silver (with small proportions of gold 
or copper or both) was placed in a high-pressure tube filled with water. After 
forcing propene gas into the water to form a solution, the tube was heated to 
30Q-375®C., while air was pumped into the reaction vessel. 

When propene oxide, and higher alkene oxides, are passed in vapor form over 
certain catalysts at elevate<l temperatures, isomerization to aldehydes takes place. 
Substances of large .surface area, such as woo<l charcoal, active charcoal, alumina 
gel, silica gel and permutites, are suggested*^^ for effecting this isomerization. 
Bauer*-^®** describes the conversion of propene oxide into propionaldehyde and other 
substances by passage in vapor form at 150-450®C. over catalysts. For this purpose 
he uses non-volatile, stable metallic compounds of oxygen-containing acids derived 
from elements of Groups 5 and 6. such as magnesium pyrophosphate associatetl 
with kieselguhr. According to Hoffmann,-*’'^ propene oxide undergoes conversion 
into propionaldehyde to the extent of 70 j)er cent when f)assed in vapor form at 
300®C. over silica gel or a silicate of large .surface. 

Alkene oxides of 3 to 4 carbon atoms, such as projKm** oxide and isobutene 
oxide, have been proposed as ingredients of an adhesive and softening comj>osition 
for shoes.2®® Instead of isomerizing to propionaldehyde, propene oxide may be 
converted into allyl alcohol. It is reported by Young and Law-’^* that passage of 
the diluted propene oxide vapor over a catalyst at 200'4(X)®('. results in the pro¬ 
duction of this alcohol and propionaldehyde in approximately c<|ual proportions. 
Nitrogen or steam may serve as the diluent and alumina, thoria or titania as the 
catalyst. Norton and Hass**^^* point out that propenc oxide reacts with diethyl 
magnesium to furnish 2-pentanol. and with ethyl magnesium bromide to form a 
mixture of 2- and 3-pentanol. 

n-Propyl Alcohol. On catalytic hydrogenation, projKme oxide is converter! 
exclusively into n-propyl alcohol. This .somewhat unexpected reaction provides an 
excellent method for the .synthesis of what is, from a practical viewpoint, a rather 
inaccessible alcohol. In the prfxress of Young and L-aw,**'’^ the oxide diluted with 
steam is conducted over alumina at about 275®C. with a space velocity of 48-120 


French P. 785.149. 1935. to 51oc. franc«i<«c de calalync Kmcralincr; Chem. /iht., 1936. 10. 492. 
Bntt»b P. 451.130, 1936; Brit. Chem. AbM. B, 1936, 971; J. inst. f*et. Tech.. 1936. 22. 439A: 
Chem. Abs.. 1937, 11, 117. 

•’French P. 763.914, 1934, to I. G. Ferbenind. A.-G.; Chem. Ahs.. 1934. 28. 5468 
*• K. Bauer, U. .S. P. 2.031.200, Feb. 18. 1936, to Union Carbide & CarUm Corn,; Chem. Abe.. 
1936, 30. 2200. 

U. HoBmann. German P. 618,972, 1935, to I. (i. Farbenind. A. (i.; Chem. Abt,, 1936, 30. 1066. 
•• Britlih P. 408,245, 1934; Chem. Abe., 1934, 28. 5612; addition to Britiidi P. 399,525. Chem. 
Abe.. 1934, 28, 1824. Both potentg to United Shoe Machinery ('ori». 

C. O. Young and G. H. l^w. U. S. P. 1,917,179, July 4. 1933. to Carbide and Carbon 
Chemkale Corp.; Bri/. Chem. Abe. B, 1934, 393; Chem. Abt.. 1934. 28. 3744. 

•** F. H. Norton and H. B, Ha*», J.A.C.S., 1936. S8. 2147; Chem. Abt., 1937 31, 364* Brit 
Chem. Abt. A (2). 1937, 2. 


••C. O. Yount and G. H. I^w, U. S. P. 1.953.548, Apr. 3, 1934. to Carbide and Carbmi 
Cktnkili Corp.; Brit. Chem. Abt. B, 1935, 138; Chem. Abt., 1934. 28. 3744, 
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reciprocal hours. Subsequently, the gaseous mixture plus 4 volumes of hydrogen 
(calculated on the oxide fed) is led over a reduccd-nickcl catalyst at about 150°C. 

Propcnc Dinitrate. By adding propene oxide very slowly to cooled fuming 
nitric acid and then pouring the mixture into hot water, Henry-*^ obtained an oily, 
colorless liquid he termed propene dinitrin and gave C 3 He(N 03)2 as its formula. 
A dinitrate was pro<iuced from amylene oxide by a similar procedure. 

Amines. Combination of propene oxide with aqueous ammonia produces 
mono-, di- and triisopropanolamines as well as more complex substances formed by 
reaction of the hydroxyl groups of these bases. VVickert-^^ explains that the pro¬ 
duction of the latter compounds may be minimized by maintaining the tempera¬ 
ture at or below 55°C. It is also desirable to avoid an excess of unchanged oxide 
in the mixture. Another process for the manufacture of isopropanolamines has 
been disclosed by VVickert-**^ in which propene oxide is bubbled through porous 
porcelain into 28 per cent aqueous ammonia kept below 55°C. (45-55°C.). Use 
of an excess of oxide leads to violent exothermic reaction and further condensation 
<»f tlic prcxtucts. W hen the proportion of propene oxide is about 80 per cent of that 
required to form tlie tri-compound, the resulting mixture of bases is stated to con¬ 
tain more than 90 per cent of triisopropanolamine as well as mono- and di-deriva- 
tives which can ))e recovered by vacuum distillation. 

The use of anhydrous mono- or dipropanolamine for the removal of carbon 
dioxide from industrial gases has been described by Smola.^®® Like triethanol¬ 
amine, tripropiinolamine forms addition products and alcoholates by reaction with 
metallic salts such as cobalt chloride. A number of such metallic compounds have 
been prepared by Tettamanzi.-®*^ Complex derivatives made by condensation of 
propene and butene oxides with ^,y-dihydroxypropyl-m-toluidine and similar bases 
have been reporte<i by Lange.For example, (y-methoxy-^-hydroxyprop\T)- 
aminobenzene treated with butene oxide at 170-180°C. produces the hydroxybulyl 
derivative which boils at 205-208®C. (10 mm.). 

Reaction prcxlucts of propene oxide wdth ammonia or w'ith organic hydroxy-, 
carboxy-, amino- or hydroxyalkylamino-compounds may be condensed at 100 to 
150°C. with urea, thiourea, guanidine or their derivatives.^®® A derivative of 
guanidine-propene oxide may be used in printing vat dyes. Dihydroxypropyl- 
glycolic ether plus methyl guanidine furnishes a sizing agent for viscose rayon. 
Isopropyl urea combined with trihydroxyethyl sorbite produces a cleaning and 
emulsifying agent. 

Numerous watcr-.soluble condensation products applicable as assistants in the 
textile and related industries may be prepared by use of alkene oxides in single 
or successive combinations with aliphatic organic hydroxylated substances.^^® The 
latter should have at least 5 carbon atoms or should be amines having one reactive 
—NH group. The products may be rendered more soluble in water by sulphona- 
tion. As instances of the above condensations, cetyl alcohol, w-CitfH 330 H. may be 
combined with propene oxide in the proportion of I :6 moles. After an addition of 

••L. Henry. Bet., 1871. 4, 602; J.CS.. 1871. 24. 808 

••• J. N. Wickerl. Cftnadian P. 346,165, 1934, to Carbide and Carbon Chetnicalt Corp.; Ckrm. 
Abs., 1935. 29, 2175. 

"•J- N. Wickert. I*. S. P. 1,988.225, Jan. 15. 1935. to Carbide and Carbon Cbemicals Corp.; 

Ckrm. Abi.. 1935. 29. 1439; Brit. Ckrm Abs. B, 1935. 11.^0. 

■•A. Smota, Hii-a. Kaite /ad., Feb., 1934. 1; Kiilr /nj., April, 1934, 46; Bm/l. Intern, Inji. 

Heiripemfion, 1934, 15, 289; Ckrm. Abs., 1935. 29, 2789; Bril. Ckrm. Abs. B. 1935, 21. 

•’A. Teitamanfi, Atti arrad. sri. Tan'mi, C/tuee set, fit., mat. nal., 1935, 70. 81; Ckrm. Abs., 
1935. 29, 6164; Bnl. Ckrm. Abs. A, 1935, 849. 

H. I.anKe. Orman P. 610,799 and 610.798, 1935, to I. G. Farbenind. A.-G.; Ckrm. Abs., 
1935. 29. 5860 Rritiah P. 442.024, 1934; Brit, Ckrm. Abs. B, 1936. 310. 

••Briliih P. 443.436, 1935; Brit. Ckrm Abs. B. 1936. 486. French P. 792,846. 1936; Ckrm. 
Abs.. 1936. SO. 4240. Both patenln to t. G. Farbenind. A.(». 

*** Britiah P. 443,559, 443.631 and 443,632, 1935, to I. G. Farbenind. A.-G.; Bril. Ckrm. Abs. 
B, 1936, 684; Ckrm. Abs.. 1936. 10, 5329. 
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2 moles of ethylene oxide, the product may be treated with chlorosulphonic acid in 
carbon tetrachloride at below 10®C. Similarly, stearic acid, treated in turn with 

3 molar proportions each of ethylene, propene and then ethylene oxides, supplies 
a material for softening and finishing viscose rayon. If 1 part of cetylaminc is 
reacted with 4 of ethylene oxide and again with 12 to 16 parts of propene oxide, 
the condensate may he utilized in dyeing wool. 

The reactivity of such diverse materials as silk, wool, furs, feathers, fibroin silk, 
casein and gelatine toward acid-treating agents is said to be increased by the action 
of alkene oxides or their derivatives on them.’*^'^' 

Cellulose hydroxypropyl phthalatc ,and similar hydroxy aliphatic esters of vari¬ 
ous dicarboxylic acid esters of cellulose have been produced by Malm and 
Fordyce.*'^- Cellulose phthalatc is allowed to react with propene oxide for 24 
hours at 100®C. to secure the above mentione<l ester. Hydroxyalkyl derivatives 
of cellulosic materials such as cotton or a bisulphite pulp in sheets may he obtainetl 
by interaction with an alkene oxide in the absence of bases, provided a catal\lic 
salt is present.Contact media suggested for the purpose are as follows: an 
alkali metal, zinc acetate or chloride, magnesium chlorate, calcium or barium .sul- 
phocyanide, or a halide of a heterocyclic tertiary amine, such as benzylpyridinium 
chloride. The cellulose derivatives may be formed into sheets or used for 
esterification. 


Fhk Hiohkr Olefin Oxides 


Few of the higher aliphatic olefin oxides have received close study, probably 
on account of the difficulty of their preparation. In this connection it is interesting 
to note that small amounts of olefin oxides (probably butene-2 oxide) have been 
found in the pro<iucts of oxidation of butene-2 with oxvgen in Pvrex tubes at 
375-490^0.-^^^ 

Batalin and Ugryumov*^’* secured a 76-81 per cent yield of butene-2 oxide by 
interaction of the eorres[xmding halohydrin with 40-50 per cent aqueous scxliurn 
hydroxide at 75-90®C, The product boiled at 55-58®C. and bad 0.8306. 

Brockway and Cross-'^'** report that CLr-butene-2 oxide boils at 54at 747 mm. 
while /ranj-butene-2 oxide In^ils at 60'’(‘. under the same pressure. Isomerization 
of the oxide in aqueous solution at I50®r. furnished methyletbyl ketone. Treat¬ 
ment with 5 mole> of ammonia (as a 35 per cent a()ueous sf>lution ) gave, after lOO 
hours at 38®C .. 41.5 jx*r cent mono- and 40 per cent dibutanolamine. The pro¬ 
portion of the mom) <leri\ative couhl be increased to ()6 per cent when 3 moles of 
the oxide and I mole of (arjueous) ammonia were interacted for 6 hours at HX)®C. 
Both amines were soluble in water, ether and alcohol, rributanolamine. a viscous 
colorles.s mass, was only slightly soluble in water, and its solubility decrea.sed with 
increase in tenit>erature. The boiling pcjints and densities of the three butanol- 
amines are given in Table 123. 

On reacting with diethylmagncsium, butcnc-2 oxide was said to form 3-methyl- 
2-|>entanol.2’^** 

French P, 794,750, I9.I6. to Aceta CLm.o.H.; CUem. Ahs.. 19.I6. 30. 

). Malm »nH C. R. Fordycr. IT, S. P. 2.05I.2I9. Aug. 18 . 19.t6, to K««inuit) KikUIc ( o * 
Chem. Abs.. 1936, 30. 6942 

P, Berger and A. F. BiiUiid. U. S. P. 2 *047,IH9. July 14, 1936 to Soc, ilc* iiiiitirft chiniiutM**' 
Rhone'Poulenc; Chem. Ah$., 1936, 30. 6195. 

J. Luc«)i, A. N. Prater mnd R. F.. MorrU, J.A,CS.. 193.L 57, 723; Hrtt. Chrm. Ahn. 
A. 1935. 728; them. Abs., 193$. 29. 3649, 

»*»V. S. Batalin and P. CL Vgryumov. 5in#rf. Kauehuk. 1916. No 6. H; C hrm. Ahg 19,16 
30. 6701. 

***• U, O. Brockway ind P. C. Croaa J.A.CS,, 19,16. 50, 2407; CUtm. Ahg., 1937. 31. 1002 
F. H. Norton and H. B. Haaa. J.A.CS., 1936. St. 2147: Chrm. Ahg.. 1917, 31. t64- 
Chem. Abg. A (2). 19.17. 2. D. L. Cottle and L. S. Powell. J.ACS., p)36, St, 2267 Chem* Ahg 
1937. 31. 363; Brit. Chtm. Abs. A <2), 1937. 3. . cn m. .en#.. 
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Table 123 .—Boiling Points and Densities of Butanolamines. 

Boiling Point 


Monobutanolamine. 159-160®C. (at 745 mm.) 0.9416 

Dibutanolamine. 240-250®C. (at 753 mm.) 0.9809 

150-152X. (at 20 mm.) 

Tributanolamine . 200-201 °C. (at 20 mm.) 0.9975 


obtained the oxides of butene-1 and |>entene-l by the action of hot 
a(|ueous alkali on 1-chlorohutanol-2 and l-chloropentanol-2, respectively. Hexene- 
1,2-oxide was pre|)ared by refluxing the corresponding chlorohydrin in anhydrous 
ether solution with powdered |M)tassiuni hydroxide. Walti found that pentene-1,2- 
oxide reacts readily with a 30 per cent aqueous solution of diinethylaniine to yield 

1- diinethylaminopentanol-2. Hexene-1,2-oxide combines rapidly with 48 per cent 
hy<lrobroniic acid in the cold and is thus converted into l-bromohcxanol-2. The 
combination of isobutene oxide with dil>enzylamine has been shown to furnish 
I -diben/ylaniino-2-methyl-2-propanol.““* 

lake the lower olehn oxides, some of the higher meml>ers undergo isomerization 
to the corresjMmding aldehydes or ketones. When heated with zinc chloride at 
315®('.. pentene-2.3-<Jxi<le and heptene-3.4-oxide are isonierized to methyl-»-propyl 
ketone and ethyl-ii-butyl ketone, respectively.-** 

The products of the reaction between magnesium dimethyl or diethyl with 
cyclohexene oxide at 1(K)®C‘. in ethereal solution consist, after hydrolysis, of traits- 

2- n)ethylcyclohexanol or /run.r-2-ethylcyclohexanol, respectively.^^® 

Cyclohexene oxitle has l>een produced by Bartlett-**^ on treatment of the traits- 
chlorohydrin of cyclohexene with cold methyl alcohol. When the oxide was treated 
with hydrogen chloride or cyclohexene with hyjxKhlorous acid, the traits form of 
the cyclic chlorohydrin was obtained. 

The oxide of A* ‘^-cyclohexadiene has been prepared from the dibromide of the 
cyclic compound by Bedos and Buyer.-** The dihalogen derivative was submitted 
to succesNive treatments with silver acetate and dry j>owdered potassium hydroxide 
in diethyl ether, fhe oxide uas found to react slowly with perbenzoic acid to form 
the dioxide. It was not pos>ible to decolorize bromine in carlxm tetrachloride im¬ 
mediately with the oxide except in the presence of a little water. By treatment of 
the oxide with phosphorus {Kmtabroinide in ether, the original dibromide (m.p. 
I08T .) could be regained as well as a liquid isomer. 

I he higher olefin oxides have, so far, attracted little attention either from scien¬ 
tific t)r industrial investigators. However, a few derivatives of these substances 
have l>een sugge.sted for use in stHreial applications. 

The condensation of isobutene oxide with anhydrous alcohols, e.g., methyl or 
ethyl, can be effected by heating in the presence of a catalyst such as sulphuric, 
nitric or phosphoric acids. 1'he products arc the corresponding monoalkyl ethers 
of isobutene glycol, which Ixiil al>ove 14()®C\ and are said to be applicable as sol¬ 
vents for gums, resins, lacquers and cellulose esters.*®^ 

Dreyfus'^®^* proposes to make a material which can be used in the manufacture 

J.A.C.S , I9.U. M. 272.1; Bn#. Ckrm. Ahs. A. I9J5. 193; Cktm, Abs , 1935. 29. 731. 

O. Gabel. Butt. ttK. cktm.. 1934. (5) I, 1006; Ckrm, Abs.. 1935. 29. 750. 

M. F»vor»ktt. M. Chicho«kin and I. Ivanov. Cornet, rend., 1934, 199, 1229; Brit. Ckem. Ahs. 
A, 1935. 194: Ckrm. Ahs., 1935. 29. 1388, 

O. Bartlett ind C, M. Berrr. J.A.C.S., 1934, S6. 2683; Brit. Cks^. Ahs. A, 1935, 208; 
Ckrm. Ahs., 1935. 29. 746. 

■»P. D. Bartlett, J.A.C.S., 1935. 57, 224; Ckem. Ahs., 1935, 29, 1785; Bnl. CAem. Ahs. A, 1935, 

486. 

P, Bedoa and A. Buyer, Com^. rend., 1936, 202, 671; Brit. Ckrm. Ahs. A, 1936, 598; Ckrm. 
Ahs,. 1936. 10. 3789. 

■•K. R. Edtund, V. S. P. 1.968.032. July 31. 1934. to Shell l>evelopment CV; Ckrm. Ahs., 
1934, 28, 5832: Bnt. Ckrm. Ahs. B. 1935. M8. 

••H. Dreyfua, V. S. P. 2.033.820. Mar. 10. 1936; Ckrm. Ahs, 1936. 30, 3232. 
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of rayon films and lacquers by reacting an alkene oxide, for instance, butene oxide, 
with a mixed aliphatic ester of cellulose. 

Compounds of butene oxide with calcium chloride are said to l)e useful as pest- 
destroying agents.2®^ Butanolamine is mentioned as a suitable material for the 
removal of weak gaseous acids from coke-oven gas.-^^ 


British P. 426,398, 1935, to I. G. Farbcnind. A. G.; Chcm. Abs., 1935, 29. 5551; Bnt, them. 
Abs. B. 1935, 608. 

British P. 417,379, 1933, to I. G. Farbcnind. Brit. Chcm. Abs. B, 1935, 55; Chcm. Abs., 

1935, 29. 1234. 



Chapter 24 

Miscellaneous Reactions of Olefins (I) 


A number of addition reactions of the simple olefins with sulphuric acid, halo¬ 
gens and halogen acids have already been discussed.^ In the following account 
some further reactions of these olefins, mostly of an additive character also, will be 
described. Among the compounds with which olefins condense are included aro¬ 
matic hydrocarbons, paraffins, naphthenes, phenols, acids, acid halides, ammonia, 
and amines. 

CoNDKNSATlON OF AlKFNES WlTH ArOMATIC HYDROCARBONS 

Many investigations have shown that the Friedel-Crafts reaction for the alkyla¬ 
tion of aromatic hydrocarbons may take place with the intermediate formation of 
an addition complex.- The direct alkylation of aromatics by alkenes in the pres¬ 
ence of acid catalysts is a particular reaction of these hydrocarbons which has 
received considerable attention. A discussion of such perhaps is best systematized 
on the basis of the catalysts employed. The more important of these are sulphuric 
acid, phosphoric acid, phosphorus pentoxide, aluminum chloride and boron fluoride.-’' 

Use of Sulphuric Acid, Alkylation in the presence of this acid was first 
investigated by Kraemer and Spilker* and Brochet,"’ who showed that the acid 
provided a convenient procedure for the preparation of some alkyl benzenes. 
Brochet believed that the method was general, although his results were obtained 
with hexene and benzene. Ipatieff, Corson and Fines,'' however, have observed 
that this reaction is not applicable for the ethylation of benzene even under pres¬ 
sure. rhey investigated the effect of using sulphuric acid of Iwth % and 80 per 
cent concentration as catalysts tor propylation of benzene, and found that with 
the more concentrated acid interaction was largely alkylation, wdth only slight 
ester formation. On the other hand, when 80 per cent acid was employed, alkyla¬ 
tion and formation of the alkyl sulphate occurred to about the same degree. With 
isobutene and l>enzene and acid of %. 80 and 70 per cent concentration, the pre¬ 
dominant reactions were alkylation, polymerization of the olefin to triisolnitylene 
and formation of alkyl sulphate. resjK'ctively. The extent of alkylation was shown 
to depend more or less on the concentration of the olefin in the reacting liquid. 
The results obtained when '>6 per cent sulphuric acid was used as a catalyst for 
the propylation of benzene are given in Table 124. 

Some f>f the higher alkenes, namely, buteiK'-l, pentene, octene. nonene and 
d(Kieccne, were sii!>slituted for pro|>ene. The structures of the prcxlucts were not 

' Sei? Chapters 11. 1.1. 14. 16. and 20. this text. Alw Carleton FUis. “The 

IViroleum Urrivativr'i.” The rhemical ('.italoR (\i.. Inc . New York. IM4. 

* .See ('hapler <». I f. bImj ('haplei 17 in which alkyUtion of aromatics with secondary and 
tertiary aIcnhoU i* dixctooieil. 

■’See alw» the di(*cuxsu»n in Carleton F.llis, -'The l*hrmi'ktT> of IVtrolcnm l>rnvative<.** The 
('hemical ('.'ttaUnr f'<» • bx.. New- York. 1914. 

Mi. Kraemer and A. Sj.tiket. /fer . IMVO. 21. .UnM; f .i'S.. IHOI. 60. 20u 

'A. Htiichet. i'omtt rcii«/.. IHQt, 117. MS; J C S., 189.1. 64 (I>. 6.15: Ckrm /entf . 1H9.1. 2. 429 

**V. \. B. H. ('orsiin .and M. f*inr». 19.16. S6, 9)9; Bnt. i'ftrm. A, 19.ln. 

97.^; J. ftitf. tVf 7,rh . |9.tn. 22. .t9^A; Chrw. .ihs . 19.16. 10. 519| 
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Table 124 .—Propylation of Benzene. 



Vol. of 

Vol. of 

Grams of 

Ratio of 
Mono- to Di- 

Run 

96% H^04 

Benzene 

Propene 

isopropylbenzenc 

1 

100 cc. 

200 cc. 

110 g. 

1.4 

2 

100 cc. 

400 cc. 

110 g. 

3.9 

3 

250 cc. 

1000 cc. 

300 g. 

6 3 

determined 

in all cases. 

Diisopropyl-. di-/rr-butyl- and di-.fcr-butyl-benzene, and 


isopropyltoluene, however, were all shown to have the substituents in the 1 and 4 
positions hy oxidation to either terephthalic or />“toluic acids or by nitration. 
Tetraisopropyl l)enzene (obtained in this investigation) was l>elieved to be identical 
with the 1,2,4,5-derivative previously described by Berry and Reid.*^ The tempera¬ 
ture at which alkylation was effected varied between 0 and about 20®(\ in most 
cases. However, in the attempted propylation of benzene, using 80 per cent sul¬ 
phuric acid as a catalyst, the reaction was allowed to proceed at 60®C. Further¬ 
more, in preparing higher homologues from diisopropyll)enzene, using % per cent 
acid, the temperature also was p)ennitted to rise to 60®(\ In treating naphtha 
fractions (boiling 90® to 95®C. and 125® to 130®C.) from brown coal with sulphuric 
acid of different concentrations. Geissler^ employed a temperature of 10° to 15®C. 
The high boiling oils which were obtained when 90 per cent acirl was used as a 
treating agent were found to be the condensation pr(Kluct> of toluene with heptene 
and octene. 

When alkylation of benzene was attenipte<l using di- or tri-isobutylene with % 
per cent sulphuric acid as a catalyst, mono-. />-di- and higher ^'r-hutyl-lH*nzenes 
were obtained. Ipatieff and Pines referred to this type of reaction as a “depoly¬ 
alkylation.’’ 

CH3 

HnSO. 

-h 2C«lh - > 2CdP - ClCHai, 

CH, 


As an example. 140 g. of diisohutylene and 97 g. of benzene were added during 
about 11/2 hours to 100 cc. of 96 fK*r cent sulphuric acid in a flask cooled by an 
ice bath. The reaction mixture separated into two layers. 'Fhe hydrocarbon 
layer weighed 214 g. after washing and drying. Fractions corresponding to mono-, 
di- and tri-/rr-hutyl benzene were obtained by distillation. Similar results were 
also secured using aluminum chloride as the catalyst.^ 

Truffault^^* has reported the alkylation of benzene by cyclohexene in the presence 
of concentrated .sulphuric acid. The reaction proceeds according to the following 
equation ; 


H*S04 C.Hi* 

C.H.-fC.H.o - C.H»—C.Hn -C*H4—C«Ht, 

{b,p., W4~t06**C.) p-dicyclohfxylhenzene 

(m.p., 102-WrC.) 

He also found that it was pos.sible to cause a condensation of halogenatcd ethylene 
derivatives with benzene to form w-haloalkylbenzenes of interest in synthetic work, 
particularly in the preparation of amides and carboxylic acids. 


’T. M. Berry and K. E. Reid. J.A.C.S., 1927, 49. 3142; Chtm. Aba., 1928, 22. 394; Brit. Cktm. 
Abs. A. 1928. 161. 

• M. Gei»sler. Braunkoh it march., 193S. No. 43, 1: Chtm. Aba., 1936. 30. 3992. 

•V. N. Ipatieff and H. Pinea. J.A.C.S.. 1936, 59. 1056; /. Inat. Pet. Tech., 1936. 22. 395A; 
Chtm. Aba.. 1936, SO. 5190; Brit. Chtm. Aba. A. 1936, 976. Cf. Chapter 6. 

^•R. Truffault, Compt. rend.. 1936. 202, 1286; Brit. Chtm. Aba. A. 1936, 832; Chtm. Aba., 1936, 
SO. 4154. 
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CH,==CHCH,C1 + C,H, —C,H,CH 


/ 

\ 


CH, 


CH,C1 


CH, 

CH, 


/ KCN 

/ 

HjO 

CiHsCH -> 

CiHsCH 

—^ 

\ 

\ 


CHsCl 

CH,CN 


CH, 

CH, 


/ M« 

/ 

COt 

C,H,CH — 

CsH,CH 

—^ 

\ 


H-O 

CH,C1 

CHjMgCl 



CH, 


CeHsCH 


\ 


:h,conh, 

CH, 


/ 


CH2C00H 


Naphthalene is said to be propylated by reaction with propene in the presence 
of naphthalene sulphonic acid'* or of sulphuric acid. Naphthalene sulphonic acid 
itself may also be propylated in this way.'- The prcxlucts obtained by the condensa¬ 
tion of cycloolefins (b.p. from 85° to 12()°C'.) and naphthalene are said to be useful 
for breakinjj^ petroleum emulsions,'*' On the other hand, Schildwachter'^ has stated 
that a j(ood lubricating^ oil may be prepared by the condensation of ethylene with 
a coal-tar fraction boiling; l)etween 2()0° and 300°C. The viscosity was still further 
increased by treatment with the silent electric discharge. Oil made by this method 
was reported t() show stability ag:ainst oxidation and hig:h temperatures. 

Ipatieff'*^ has described several procedures for increasing antiknock properties 
of jjasoline by treating straight-run or cracked distillates with the gases from 
cracking o[)erations and catalysts of either sulphuric acid or acid sludges. Some 
alkylated compounds are said to be formed. He has also suggested'® that the re¬ 
action of aromatic hydrocarb()ns with olehns in the presence of sulphuric acid 
may be used to remove gum-forming olefins from fuel gases. After the treatment 
both the purified gas and the aromatic derivatives are utilized. Ipatieff'^ has rec¬ 
ommended a mixture of sulphuric and phosphoric acids to catalyze the alkylation <if 
a cyclic hydrocarbon (such as benzene) by olefinic substances, e.g., propene or 
cracking gas. The prcxlucts could l>e employed in motor fueK. He has also used 
phosphoric acid to remove sulphuric acid esters dissolved in the hydrocarbon liquid 
after alkylation of an aryl hydrocarbon with a sulphuric acid catalyst.'’' 

Use of Phosphoric Acid. Alkylated aromatics which had good antiknock 
properties were obtained by treating benzene with the gases from oil-cracking, 
using phosphoric acid as the contact agent.'® The influence of the latter com- 


R. M. Ifiham. IT. S. P. 2.0l4.76ft. Sept, 17. 1V35. 75 i>er cent to \V. B. Pine; CMrm. 19.^5. 

29, 7346: Brit. Chem. Ahs. B. 19.^6. 921; J. Inst. Fct. Tech.. 193o. 22, 53A. 

** R. M. Ilham, IT. S. P. 2,017,803. Oct. 15, 1935. 75 per cent to W. B. Pine; Chem. Ahs.. 193.>. 

29, 8000; Brit. Chem. Ahs. B, 1936. 1142. 

’•M. de Oroote, S. P. 1.985.720. Dec. 25. 1934. to Tretolite Co.; Brtt. Cktm Ahs. B. 1935. 
1127; Ckrm. Ahs.. 1935. 29. 1238. 

**H. Schildwachter, Angew. Chem., 1934. 47, 677; C/icm. Ahs.. 1935. 29, .328; J. Inst. Pet Tech.. 

1934. 20, S76A. 

»*V. Ipatieff, r. S. P. 2.001.906, 2,001.907, 2.001.908, 2.001.909. and 2.001.910. Mav 21. 1935. 
to Univeraal Oil Products Co.; Brit. Chem. Ahs. B, 1935, 486. 681. 917; /. Inst. Pet. Tech.. 1935. 
21. 267A: Chtm. Ahs., 1935. 29, 4573. 

*• V. Ipatieff, U. S. P, 2,035.889, March 31, 1936, to I'niversal Oil Products Co.; Chem. Ahs., 
1936, SO, 3624; J. Inst. Pet. Tech., 1936. 22, 296A. 

Ipatieff, U. S. P. 2.006.695, July 2, 1935, to Universal Oil Products Co.; Chem. Ahs., 1935, 
29, 5456; Brit. Chem. Ahs. B, 19.36. 630. 

WV. Ipatieff. U. S. P. 2.039.798, May 5, 1936. to Univerial Oil Products Co.; Chem. Ahs., 

1936. JO. 4175. 

»®V. Ipatieff, V. S. P. 2,005,861, June 25. 1935, to Universal Oil Products Co.; Chem. Ahs., 

1935, 29, 5647. For the treatment of gasolines (having a high content of aromatics) with olefin- 

containing gaaet in the pretence of pyrophoaphoric acid, see V. Ipatieff, U. S. P. 2,067,764. Jan. 

12, 1937, to Univeraal Oil Products Co.; Cam. Ahs., 1937, 31, 1603. 
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pound on condensations involving low-molecular weight olefins has been studied by 
Ipatieff, Pines and Komarewsky.^ They reported that ethylation could be effected 
using this catalyst at 300®C. For example, a reaction was carried out in a glass- 
lined, electrically-heated, rotating autoclave. For a run employing 314 g. of ben¬ 
zene in a container of 3 liters capacity, ethylene was added until the total pressure 
was 60 atmospheres at 21 ®C. The catalyst was 103 g. of 85 per cent phosphoric 
acid. Reaction continued for 12 hours, and 569 g. of liquid product were obtained. 
This was fractionated and gave mono-, di-, tri- and tetra-ethyl benzenes. The 
structures of the di- and tri-derivatives were shown to correspond to the 1,3- and 
1,3,5-compounds, respectively. 

The alkylation of higher homologues was also carried out successfully. Ethyla¬ 
tion of naphthalene and tetrahydronaphthalene was accomplished under pressure at 
3(X)®C. using 85 per cent phosphoric acid. Propylation was effected with 89 per 
cent acid and a temperature of 200®C. Almost 90 per cent of the propene was 
taken up by naphthalene, although 27 g. of fluorene gave only 9 g. of propyl 
fluorene when treated with 40 g. of propene and 25 g. of acid. 

Phosphorus Pentoxide as Catalyst. Previous to the work of Ipatieff, 
Pines and Koniarevvsky on phosphoric acid, Malishev-' had observed the catalytic 
effect of phosphorus pentoxide on the alkylation of benzene. For example. 708 g. 
benzene, 50 g. phosphorus pentoxide, 24 g. lampblack (to maintain the catalyst in 
colloidal suspension) and 10 g. cresol (to peptize the lampblack) were heated for 
100 minutes at 250®C. with agitation, and ethylene added in sufficient quantity to 
maintain a pressure of 27 atmospheres. The product, 527.7 g. of liquid, was frac¬ 
tionally distilled. The volume per cent composition of the distillate was : 1.6 per 
cent benzene, 18.2 per cent ethyl benzene, 42.3 i)er cent diethyl benzene, 24.4 per 
cent triethyl benzene and 8.5 per cent of higher isomers. From the last fraction, 
34 g. of hexaethyl benzene was isolated. Experiments were also conducted em¬ 
ploying benzene and isobutene, toluene and propene, and naphthalene and ethylene. 
Reaction in each instance was carried out in essentially the manner just described. 
The temperature was kept between 2(X) and 250®C., except in the propylation of 
toluene which was carried out at 150®C. to give />-cymene. The only product from 
these experiments which was identified was l,4-d/-/cr-butyl benzene (m.p. 76®C.). 

Treatment of cracked gasoline with phosphorus pentoxide (and carbon black) 
may be employed as a method of refining.^- This procedure apj>ears to comprise 
alkylation of the aromatic and naphthenic constituents as well as polymerization of 
the olefins. There is an increase in octane rating and decrease in bromine number 
of a distillate refined in this manner, as is shown in Table 125. 

That there is a difference between the effects of phosphorus pentoxide and meta- 
phosphoric acid is shown by the polymerization of ethylene by the former under 
50 atmospheres pressure and at 250®C. to a gasoline-like liquid containing many 
types of hydrocarbons. This polymerization, however, apparently is hindercfl when 
aromatic hydrocarbons are present and may even he reversed, since under these 
conditions diisobutylene gives rise to. for example, isobutyl benzene. Refining may 
be carried out by distilling the gasoline through a stirred suspension of 1 to 2 per 
cent phosphorus pentoxide in a heavy unrefined mineral oil. 

»»V. N. Ipatieff. H. Pine* and V. I. Komarewtky. Ind. Eng. Ckrm., 1936. 28, 222; Brit. Chrm. 
/lbs. B, 1936. 309; /. Inst. Pet. Tech.. 1936, 22. 142A. 

B. W. Maliahev, J.A.C.S., 1935. 57. 883; Chem. Ahs.. 1935. 29, 4335; /. Inst. Pet. Tech.. 1935. 
21, 254A; Brit. Chem. Abs. A. 1935. 852. Cf. B. W. Mali»hcv. Briiinh P. 437,072. 1935, to Bataaftche 
Petroleum Maatachappfj; Brit. Chem. Abs. B. 1936, 91; J. Inst. Pet. Tech., 1936, 22, 23A; Chem. 
Abs . 19.16. M. 2204. French P. 782,194. 1935: Chem. Abs., 1935. 29. 6905. 

» B. W'. Maltshev. Ind. Eng. Chem., 1936. 28. 190; J. tnst. Pet. Tech.. 1936, 22, 155A. Canadian 
P, 357.206. 1936. to Shell Development Co.; Chem. Abs.. 1936. 30. 4001. See al»o. C'anadian P. 
355.081. 1935; Chem. Abs., 1936, 30, 1991, French P. 793.250. 1936. to I. C.. Farhenind. A.G.; 
Chem. Abs.. 1936. 30. 4514. 
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Table 125 .—Treatment of Gasoline with Phosphorus PetUoxide. 


Initial b.p., °C. 

Final b.p., . 

Color Saybolt. 

Air-jet gum (glass), mg./100 cc. 

Induction period (accelerated oxidation test) 

Air-jet gum after induction, mg./l(X) cc. 

Octane number (motor method). 

Bromine numl>er. 


Untreatefl Distillate Treated 

Distillate With 0.1% 


39 


40 


234 

225 

Yellow 

30 -f- 

— 

0.2 

30 min. 

4 hr. -f 

— 

4.4 

67 0 

73.0 

81 

54.0 


The effect of phosphoric anhydride on unsaturated compounds has also been 
observed by Truflault.^*^ He found that extraction of the oxide with cyclohexene 
(in a Soxhlet apparatus) gave 80 to 90 per cent of cyclohexylcyclohexene [b.p. 
(760 mm.) 238-239°C., n'ff 1.493, 0.904). With ethylene or propene and ben¬ 

zene it was possible to obtain the corresponding alkylated benzenes, but sub.stitution 
of these oletins by pentene or cyclohexene gave mostly dimers of the latter.-^ 
Application of Aluminum Chloride. In addition to its well-known use 
as a catalyst in the Friedel-Crafts reaction, aluminum chloride may be employed 
in the alkylation of aromatics by olefins, particularly for the preparation of mono- 
alkyl*-^^ and monocyclohexyl benzenes.Deposited on a siliceous carrier, the 
metallic chloride has served as a contact agent for the formation of alkyl benzenes 
in gasolines to improve the antiknock qualities of the latter.-^ When mixed olefins 
are the alkylating agents it is suggested that interaction between aromatics and 
the higher unsaturated hydrocarbons be carried out in the presence of sulphuric 
acid, after which any residual ethylene can then lx* combined with the cyclic com¬ 
pounds by the aid of aluminum chloride.-* 

Another method which has been proposed comprises partially chlorinating a 
parafiin. eliminating hydrogen chloride from the chloro compound by heating with 
ferric chloride and condensing the resulting olefin with an aromatic compound.^* 
Nitrogen-containing cyclic substances, e g., carbazole, are said to be alkylated at 
50° to 2(X)°C .in the presence of aluminum or ferric chloride to mono- or polyalkyl 
derivatives of an oily or resinous character.^^ 

Materials for addition to lubricating oils have been prepared by treating poly¬ 
nuclear aromatics with olefins (using 20 per cent or more of aluminum chloride) 
at 50° to 250°C. The product is then hydrogenated to give a mixture of com¬ 
pounds which is reported to induce fluorescence when dissolved in hydrocarbon 
oils.’** According to Shafifer and Fasce,*^- anthracene is added to the extract from 

» R. Trutfault, Compt. rend,, 1935, 200, 406; Ckem, Abs., 1935, 29, 2927; Brit. Chem. Abs. A, 

1935, 480 

-♦ K. TrufTault, Compt. rend., 1936, 202, 1286; Chem. Abs., 1936. 30, 4154; Brit. Chem. Abs. A, 

1936, 832. 

(j. Davidson. I’. S. P. 1,953.702, Apr. 3. 1934, to Carbide and Carbon Chemicals Corp.; 
Chem. Abs., 1934, 28, 3742; Brit. Chem. Abs. B, 1935. 140. 

•• L. F. Martin and G. H. Coleman, U. S, P. 1,969.984, to Dow Chemical Co.; Chem. Abs.. 
1934, 28, 6156; Brit. Chem. Abs. B, 1935, 716. 

^ (i. EgluiT. U. S. P. 2,009.108, July 23. 1935. to Universal Oil Products Co.; Brit. Chem Abs. 
B, 1936, 728; Chem. Abs.. 1935, 29, 6041. See also. U. S. P. 2.010.948 and 2.010,949. Aug. 13. 1935; 
Chem. Abs.. 1935. 29, 6606; J. /nst. Pet. Tech., 1935, 21, 382A. 

^V. Ipatieff and A. \’, Groaae. U. S. P. 1.994.249. Mar. 12, 1935, to Universal Oil Protlucis Co.; 
Chem. Abs.. 1935. 29. 2974; Brit. Chem. Abs. B. 1936. 921; J. Inst. Pet. Tech.. 1936. 22. 53A. 

•* C. A. Thomat, U. S. P. 1,995,827, March 26, 1935, to Sharpies Solvent Corp,, Brit. Chem. Abs. 
B. 1936. 443; Chem Abs.. 1935. 29, 3349. 

" R. Michel, U. S. P. 1.972,232, Sept. 4. 1934. to I. G. Karbenind. A. G.; Chem. Abs., 1934, 28. 

6444. 

»» British P. 409.696. 1934, to I. G. Farbenind. A. G.; Brit. Chem. Abs. B. 1934. 664; J. Inst. Pet. 
Tech.. 1934, 20. 427A; Chem. Abs., 1934, 28, 6295. French P. 762.002. 1934; Chem. Abs.. 1934. 28. 
4590. See alno. H. Hartmann and H. Rabe. U. S. P. 2.071,521, Feb. 23. 1937, to 1. G. Farbenind. 
A.G. 

w S. A. Shaffer and E. V. Fasce. U. S. P. 1.988,753, Ian. 22. 1935. to Standard Oil Development 
Co.; y. Inst. Pet. Tech., 1935, 2L 139A; Chem. Abs., 1935, 29, 1622. Canadian P. 341.708. 1934; 
Chem. Abs., 1934. 28, 5225. 
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the treatnieijit of petroleum distillates with liquid sulphur dioxide and the mixture 
heated with aluminum chloride at 100® to 200°F. for several hours. Hydrolysis 
is then effected at 180®F. by agitation with aqueous hydrochloric acid. The slurry 
is filtered and the filtrate washed with water. The product is then dried and 
distilled to yield a material which is said to give a green fluorescence to lubricating 
oils and to improve the cast and pour point as well. 

Cyclopropane is very similar in its reactions to an unsaturated hydrocarbon, and 
Grosse and Ipatieff^*''* have found that it underg(K*s the same type ot reaction with 
aromatics as do olefins, namely, the formation of an alkylated derivative. The 
product, however, instead of being a branched-chain substance is the n-alkyl deriva¬ 
tive formed in the following manner: 

CH, 

/ \ AlCh 

H,c 5-CH, + C.He -> C.H4-CH,CH,CH3 

HCi (h. p., 156®C.) 

Interaction may proceed to complete alkylation, and the hexapropyll>enzenc (m.p., 
1()3®C.; b.p.. 3i5°C.) has actually been isolated. 

Although aluminum chloride is probably the most generally used metallic 
chloride, nevertheless Grosse and Ipatieff-***' call attention to the application of 
other catalysts of this type. These include beryllium chloride, the tetrachlorides 
of titanium, zirconium and hafnium, and the pentachlorides of columbium and 
tantalum. Of these the titanium salt was the least effective. 

Boron Trifluoride as Catalyst. This compound has l)een used as a cata¬ 
lyst for polymerization and other reactions of olefins-*** and in general is similar 
to aluminum chloride in its effect. For example, it is said to l)e possible to obtain 
interniediates for dyes or for the manufacture of wetting agents by treating an 
olefin and an aromatic bydrcKarbon with the substances obtained by interaction of 
boron trifluoride with water, an alcohol or an acid.-*” Slanina, Sowa and Nieuw- 
land-*** have reported that boron trifluoride accelerated the alkylation of l)enzene by 
propene. I'lie greatest extent of reaction was obtained using either phenol or sul¬ 
phuric acid with the halide. Other secondary catalysts (or promoters) were not 
so effective, but l)ecame increasingly so as their acidity increased. Thus, trichloro¬ 
acetic acid was somewhat more active when used with boron trifluoride than was 
acetic acid. The important difference which was observed l>etween the boron and 
aluminum halides was, whereas the latter gives a m-dialkyl compound, the former 
gives a />-dialkyl derivative. 

Using sulphuric acid and boron trifluoride, Nieuwland and his co-workers suc¬ 
ceeded in preparing isopropyl- and isobutylbenzenes, />-cymcne (from toluene), 
and an isopropylnaphthalene of undetermined structure (b.p., 260-270°C.). It 
was found that ethylene did not work very well in these reactions. Ipatieff, Cor¬ 
son and Pines-'*^ found that sulphuric acid catalyzes the alkylation in the same 
manner as it does when admixed with boron trifluoride. However, Ipatieff and 
Grosse"** reported later that boron trifluoride alone was also efficacious. For cx- 

* A. V. Grosse and V. N. Ipatieff, Paper presented at American Chemical Society Meeting, Or¬ 
ganic Division. Pittsburgh. Sent.. 19.16, 

«• A. V. Grosse and V. N. Ipatieff, /. Org. Chrm., 1937, I, 559. 

“ See Chapters 26 and 28. Also. Carleton Ellis, '*The Chemistry of Petroleum Derivatives,” The 
Chemical Catalog Co.. New York, IM4. 

» French P. 799.016. 1936. to I. G. Farbenind. A.-G.; Chem. Abi., 1936, SO. 7730. British P. 
453.422. 1935; Brit. Chem. Abs. B. 1936, 1142; /. Inst. Pet. Tech.. 1936. 22. 516A; Chem. Abe., 1937, 
31. 1040. 

••S. J. Slanina. F. T. Sowa and I. A. Nieuwland. J.A.C.S., 1935. S7, 1547; Brit. Chem. Abs. A. 
1935, 1358; Chem. Abe.. 1935. 20. 7296; /. Inst. Pet. Tech., 1935. 21. 407A. 

N. Ipatieff. B. B. Corson and H. Pinea, J.A.CS.. 1936, 58. 919; Brit. Chem. Abe. A. 1936, 
975; Chem. Abs.. 1936. SO. 5191. 

••V. N. Inatleff and A. V. Grosse. J.A.C.S., 1936. 58. 2339; Chem. Abs., 1937, SI. J79; /. Inst. 
Pet. Tech.. 1937. 28. 22A. 
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ample, 250 cc. of benzene, 18.5 g. of the trifluoride and 2 g. of water were treated 
with ethylene at 20 atmospheres pressure for 8 hours at 20® to 25C®. More 
than 25 per cent of the aromatic was converted into monoethylbenzene (mainly), 
diethylbenzene and higher alkylated bodies. The effect of the acid-halide cata¬ 
lyst was studied further by Wunderly, Sowa and Nieuwland.*® Experiments 
were conducted in the apparatus shown in Fig. 139, using 2 moles of benzene and 
adding propene at a carefully controlled rate. The temperature was 4®C.(±1®) 
and the time of contact 2 or 4 hours. In all instances, 80 g. of sulphuric acid were 


Fk.. 139. 

.Apparatus Employed for Olcfin- 
Benzenc Condensations. (H. L. 
Wunderly, F. J. Sowa and J. A. 
Nieuwland) 


C oMrtt'.ty Jour mil oi .^nu-nrau Chemical 
S octet \ 



UM*<1 (a> catalyst) and in >onH‘ case'^ 10 g. of boron trifluoridc were added. Fhc 
rcsult.s arc gi\en in Table 126. 

Tahi.k Mb.—Effect of Boron Trifluoride on Olefin-Bentent Reaction. 


Isopropylbenzene Obtained 

Grams of Grams of Time in Grams 


HtSOi 

BF, 

Hours 

Mono- 

Di- 

Tri- 

80.0 

0 0 

2 

62 9 

22.8 

7.7 

80.0 

10 0 

2 

91.1 

32.7 

5.2 

80 0 

0 0 

4 

97 1 

56 2 

20.3 

80 0 

10 0 

4 

97 1 

82.4 

22 9 


To determine the course of the reaction, benzene was refluxed with purified 
diisopropyl sulphate. At the end of an hour no layer had separatetl. and this was 
considered evidence that no interaction had occurred. Addition of a small propor¬ 
tion of sulphuric acid, however, caused violent combination to take place and the 

•*H. L. Wunderly. F. J. .*^oHa and J. A. Nieuwland, J.A.C.S.. 19.16. 58. 1007; J. hut. /Vf. Tech., 
1V.I6, 22. .I94A; Brit. Chem. .tbs. A, 19.16. 975; Chem. .tbs., 19J6, 30. 5191. 
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separation of a large layer. Brochet**^ suggested the mechanism (using a-hexenc) 
to be represented by: 

CH, 

CH,(CH,),CH=CH,-f H,S04 —> CH,(CH,)aCH-~ 0 ->S 03 H 

CH 3 (CH,),CH(CH,)—O—SO,H + C.He CH,{CH,),CH(CH 3 )C.H, -f H,S04 

Wunderly, Sowa and Nieuwland disagreed with the last step. They believed that 
if this were the case, it should be possible to prepare //*propyl benzene if benzene 
were treated with ii-propyl acid sulphate and di>//-propyl sulphate, using boron 
trifluoride as a catalyst. The products obtained in this way were not, however, 
w-propyl, but isopropyl benzenes and the proposed mechanism was therefore 
given as: 

CHjCHjCHjO-SOaH- >- (C 3 H.) + H,S ()4 

(HiS04) 

(C,H4)4-CiH. ->- (CHjjjCH-CsH, 

where (CaH^) represents an intermediate activated olefm .stage which reaas 
readily with benzene. 

CoNDKXSATION OF OlEFINS WITH PAkAFFI.NS 

Thermal decomposition of paraflins in the pre.sence of catalysts to give a lower 
paraffin and an olefin has received considerable attention (see Chapters 2. 3, 4). 
but it has generally been considered that the reverse reaction would not occur very 
readily. Ipatieff and Grosse"*^ have reported that paraffins, naphthenes, aromatics 
and olefins interact with surprising ease amongst themselves in the presence of 
halides of aluminum, boron, l>eryllium, titanium, zirconium, hafnium, thorium, 
columbium and tantalum. That change between paraffins and olefins takes place 
according to the general equation: 

Catalyst 

GmHjni+a 4" GnHjn " ^ fn) 

or, as a sjjecific example: 

CH, 

! Catalyht 

CH,- C - H -f H 3 C--CH, - - >- (CH.i.CCTIjCM, 

i 

CH, 

However, combination proceeds as readily and smoothly as these e<|uations suggest 
in only very few ca.scs under very carefully controlled conditions. In most in- 
.stances, complicating side-reactions occur. For example, the paraffin 
formed initially may react with another molecule of ethylene to give a paraffin 
which may continue to give higher homologues. In certain cases the 
paraffin may be split by the action of the catalyst to yield an olefin and another 
paraffin molecule. The former could then unite with a paraffin molecule to furnish 
a new aliphatic hydrocarbon.^^ This latter reaction is effected rather readily by 
aluminum chloride. Boron fluoride, on the other hand, was found to be a catalyst 
for the alkylation reaction, although it had no effect on paraflins and did cause 
polymerization of olefins. It was necessary, though, to have present .some finely 
divided metal, such as nickel, and either water or anhydrous hydrogen fluoride. 

^A. Brochet. Compt. rend.. 1893. 117, 115; Chem. Zentr.. 1893, 2. 429; J.C.S., 1893. 64 (H. 635. 

«V. N. Ipatieff and A. V. Gros»e, J.A.CS., 1935. S7. 1616; Chem. Abs.. 19.15, 29, 7270; Brit. 
Chem. Abs. A, 1935. 1.148; J. Inst. Pet. Tech., 1935. 21. 406A. See al%o. V. Ipatieff and A, V. 
Groaae. V. S. P. 2.057,432. Oct. 13. 1936. to Universal Oil Products Co.; Chem. Abs., 1936, 30. 8598. 

^ Tliit reaction is called **auto dettructive alkylation.'* Sec Chapter 6. 
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Interactions of ethylene with isobutane, isopentane and 2,2,4-triniethylpentane 
and of isobutene and isobutane were effected in a high-pressure rotating autoclave 
of 80() cc. capacity (Fig. 140). The prorluct in each run appeared to consist essen¬ 
tially of the expected paraffins of 2, 4, 6 or 8 more carbon atoms. Analysis was 
carried out by means of a Podbielniak column.^^ The gaseous reactants were 
weighed in small duraluminum autoclaves. Ethylene was introduced under a pres¬ 
sure of 20 kg. per sq. cm., and as this decreased because of the unsaturated hydro¬ 
carbon entering into combination with the other reactants, more was added. The 
results obtained in the experiments in which ethylene and isobutane were used are 
given in Table 127. 


Table 127 .—Condensation of Ethylene and Isobutane, 


Experiment*. 

1 

2 

3 

4 

5 

6 

Isobutane charged (g.). 

160 

90 

90 

90 

90 

220 

Isobutane reacted (g.) . . . 

24 

88 

88 

89 

88 

180 

Ethylene charged (g.). 

81 

130 

115 

no 

90 

104 

Ethylene reacted (g.). 

Boron fluoride used (g.).... 

61 

130 

115 

109 

85 

104 

2 

8 

8 

14 

14 

30 

Nickel used (g.). 

5.0 

5 0 

5.0 

10.0 

10.0 

5.0 

Water used (g.). 

0.50 

2 0 

2.0 

4.0 

4.0 

25 g. HF 

Time of reaction (hours).. . 

32 

28 

26 

21 

22 

40 

Temperature (®C,). 

Ratio of reacted CjH 4 to re¬ 

20-25 

20-30 

20-30 

20-25 

20-25 

20-25 

acted C 4 H 10 molecules.,. 
Refractive index of total 

5.9:1 

3.1:1 

2.7:1 

2.5:1 

2 . 0:1 

1 . 2:1 

product. 

43 /®F. end point gasoline in 
product % . 

1.4188 

1 4126 

1.4064 

1.3998 

1.3984 

1 3819 

37 

60 

82 

85 

90 

97 


* In Experiments 1-5 Pyrex glass liners, and in Experiment 6 a nickel liner, were used. 


It is apparent from these data (Exp. 4, 5 and 1) that an increase in the ratio 
of boron trifluoride to the available paraffin increases the rate of alkylation. The 
product depends upon the relative number of molecules of ethylene absorbed per 
molecule of butane. There is also formed a semi-solid mass composed of catalysts 
together with an organic complex which is apparently the real accelerator. It 
reacts readily w'ith water to give a layer of unsaturated hydrocarbons and a solu¬ 
tion containing nickel salts of hydroborofluoric acid. 

The liquid product was water-white and after washing and drying was shown 
to contain neither aromatics nor olefins. This indicated that reaction had taken 
place between the paraffin and olefin. 

Ipatieff. Komarewsky and Grosse^^ have pointed out that boron trifluoride also 
has a somewhat different reactivity from aluminum chloride in bringing about 
combination of cycloalkanes with olefins. As with alkanes, condensation is only 
effected at a tertiary carbon atom, and hence lK)ron trifluoride causes interaction 
of ethylene with either methylcyclopentane or methylcyclohexane. hut not with 
cyclopentane or cyclohexane. Union takes place at to 30®C. and at ethylene 
pressures l)etween 5 and 15 atmospheres. There appears to be some pohmerization 
of the olefin and splitting of the ring simultaneously with the alkylation. 

When aluminum and hydrogen chlorides were used as a catalyst, alkylation was 
effected fairly readily according to the general reaction: 

catAlsrst 

C»Ht» -f CdHib -^ (CinHtiii-l)(C||Htn>l) 

"See W. J. PoHWelnUk. Ind. Bnu, Ckcm., AmI. Ed,, 19.U. 5. 119. 

^ V. N. Ipatieff. V. I. Komarewsky and A. V', Grosse. J.A.C.S., 1935 57, 1722; Chrm, Abs., 
1935. tf. 7270; Brit, Chem. Abs, A. 1935. 1357; 7. Inst. Pet, Tech,, 1935. II. 407A. V, N. Ipatieff 
and A. V. Groare (with V. I. Komarewsky), J. Gen. Ck^, {U.S.S.R.), 1936, ^ 433; Brit, Ckem. 
Abs. A, 1936, 975. 
















Fig. 140,—Appgirattis Employed for Condensation of Olefins with Paraffins. (V. N. Ipatieff and A. V. Grosse) 

Courtesy Journal of American Chemical Society 
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Frey and Hepp^® report that the product secured from ethylene and propane, at 
4500 lb. pressure and about 510®C., is a liquid pentane of which approximately 
two-thirds is isopentane and one-third n-pentane. Simultaneously, however, some 
hexanes and heptanes were also formed. The yield of products depended upon the 
proportion of reactants, varying: from 7.2 per cent (result of reaction of a mixture 
of 4.7 per cent ethylene and 95.3 per cent propane) to 11.2 per cent (from olefin 
and paraffin, 8.9 and 91.1 per cent, respectively). Isobutane and the unsaturated 
hydrocarbon, at the temperature and pressure mentioned above, gave mainly 
2,2-dimethylbutane and 2-methylheptane, together with some heptanes and oc¬ 
tanes. It was also observed that the extent to which alkylation occurred was 
greater at high pressures (4500-4700 lbs.) than lower pressures (2500 lbs.) though 
the composition of the resulting liquids was but little affected. Frey and Hepp 
point out that the rate at which a tertiary hydrogen is replaced by an ethyl radical 
is greater than for a secondary hydrogen and much more rapid than for a primary 
hydrogen. 


(‘OXDFNSATION OF Ol.FFINS WITH NaPHTHENES 


'flic products from cyclohexane and ethylene would accordingly l>e mono- and 
higher ethylcyclohexanes. However, because of a rearrangement of ethylcyclo- 
hexancs, described l)y Grignard and Stratfor(H^' as occurring in the presence of 
aluminum chloride, w-dimethyl- and 1.2,4,5-tetramethylcyclohexane were actually 
obtained. These two substances were separated by dehydrogenation over a nickel- 
alumina catalyst and subsequent bromination. 2.4,5,6-Tetrabromo-l,3-dimethyl- 
benzene so prepared melted at 243°('. The tetramethyl derivative was isolated and 
identified as the dibromide of the corresponding aromatic compound. Alkylation 
was believed to take place as indicated below. 


H, 

H, 

C 

C 

/ \ 

/ \ 

H,C CH, 

H,C CHC,Hi 

1 1 + CH:r=CH, 

1 1 

Hit CH: 

H,C CH, 

\ / 

\ / 

c 

c 

H: 

H, 


H, 

C 


/ \ 


U,C 

! 

HsC 


CHCH, 

(!:h, 


\ / 


CHCH, 


CH, 

/ \ 

H,C CH, 

1 I + 2CH,--CH, 

H,C CH, 

\ r 

CH, 


CH, 

H,C CHC,H, 

I ! 

H,C CH, 

\ 

'CHC,H.s 


CHCH, 

H,C^ ^CHCH, 

I I 

H,C CHCH, 

^ CHCH, 





CHCH, 

/ \ 


H,C CHCH, 

I I 

jCHC CH, 

\ / 

CHCH, 


F. E. Frey and H. J. Hepp, Ind. E$tg. Chcm., 1936, 28, 1439; /. Inst. Pet. Ti'ch.. 19.w. 23. 0(>.\: 
Chem. Abs., 1937. 31, 1004. 

<«V. Grignard and R. Stratford. Compt. rend., 1924. 178. 2149: Chcm. Ab.^.. 1924, 18. 3110; 
J.SXJ., 1924, 43, 661 B. R. Stratford, Ann. combustibles liquides, 1929, 4. 93, 317; Chem. Abs., 1929, 
23, S564. 
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From the pasty reaction mass remaining after distillation of the volatile por¬ 
tion, it was possible to isolate a hydrocarbon (m.p. 147®C.) which was identified 
as hexaethylbenzene. This was assumed to be formed by intramolecular dehydro¬ 
genation of hexaethylcyclohexane. The hydrogen thus liberated was apparently 
taken up by ethylene since a small amount of ethane was found in the exit gases. 
This series of reactions may be represented by; 


CHa 

/ \ 

HaC CHa 

I 1 4- 6 CHa=CH 2 

HaC CHa 

\ / 

CHa 


C.(CaH,).H. 




H.Ca-/ 

+ 3Ha - ^ 3CaH« 


CaH* 


I +XA 1 C 1 , 

y 

C6(CaH06XAlCl3 

The molecular addition product of the benzene derivative and aluminum is known 
as a Gustavson complex.^^ 

The interaction which takes place between cyclopropane and an aromatic hydro¬ 
carbon has been mentioned previously in this chapter. Grosse and Ipatieff^® have 
also described an analogous combination between cyclopropane and isobutane in the 
presence of aluminum and hydrogen chlorides either at room temperature or at 
—30®C. At the lower temperature some cyclopropane remains unreacted. The 
product, however, consists largely of various heptanes. 

In Chapter 6 the action of aluminum chloride on paraffins and aromatics at high 
temperatures has been discussed. In this reaction, which is called destructive 
alkylation, there is cracking of the paraffin and alkylation of the aromatic hydro¬ 
carbon. Ipatieff, Komarew.sky and Pines^® have observed that a similar reaction 
occurs when benzene is heated with either n-hexane or 2,2,4-trimethylpentane in 
the presence of phosphoric acid as a catalyst. In the latter instance alkylation of 
the aromatic hydrocarbon by olefins formed from the paraffin by action of phos¬ 
phoric acid is believed to occur. 


CHa 

I 

CH,—C—CHa—CH- 
I I 

CHa CHa 

2CH,(CH2)4CHa -f 2C,H, 


-CH, + C.Ha 


H,P 04 
—>- 


H 

I 

CHa—C~CHa + C.H»C(CHa)a 


CHa 


H.PO4 

— ' CaHs 4- CaHa -f C 6 H|CH(CHa)a 4- CaHa- 




The results of experiments on alkylation as well as the effect of heating any one of 
the hydrocarbons either alone or with phosphoric acid are given in Table 128. 

Cf. (I. CiURtavBon. Compt. rend.. I90.t. 136, \0(,S; J.C.S.. 190.1, (1) 84, 470. /, prakt. Ckem 

1903, (2) 68, 209; 190,1. (1> 84, 470, 

^ A. V. (>os8e and V. N. Ipntieff. Or^.mic Diviaion, American Chemical Society Mcetina Pittt- 
burgh. Sept. 7*10. 19.16, 

*»V. N. Ipatieff. V. 1. Koniarewsky and H. Pines. J.A.C.S., 1936, 58, 918; Brit. Chem Abi A. 
1936, 976; J. Inst. Pet. Tech., 19.16. 22. .19,SA; Chem. Ahs., 1936, 30. .^91, 
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Table 128. — The Destructive Alkylation of Hydrocarbons. 


Experiment*. 1 2 3 4 5 6 7 8 9 

Paraffin (grams). 52.0 48.0 50.0 60.0 60.0 30.0 30.0 — — 

Benzene ferams). 51.5 47.5 50.0 — — — — 50.0 50.0 

1(X) Per cent phosphoric acid 

(grams). 15.0 21.0 — 17.0 — 10.0 — 15.0 ~ 

Reaction time (hours). 6 10 6 6 6 6 6 6 6 

Final pressure, atm., at 21 ®C. 18 19 4 5 4.5 3.0 3.0 0 0 

Gases on N-free basis in cc.. 7000 6200 1270 2500 2200 1400 1000 100 100 

Per Cent Composition of Gases 

H,. 8.1 28.0 10.0 33.5 35.0 22.5 21.7 

CH4. 24.0 — — 21.0 20.0 — — 

C,He. — 54 0 — — — — — 

C,Hg. 4.7 18.0 — — — ~ Not 

♦-C4HB. — — 24.0 — — — analyzed 

ff-C4Hio. _____ 12.6 13.0 - 

t-C4H,o. 63.2 — 65.0 33.5 32.0 

Paraffin. — — — — — 75 0'‘ 74.0** 

Olefins. — — — — — 2.53.0 


Liquid product from HaPC>4 . 85.0 80 0 92 0 44 0 47.0 26 5 27 .0 48 .0 48.0 

• In Experiments 2. 6 and 7 the paraffin was n-hexane. in 1, 3, 4 and 5 it was 2.2.4-trimethyli>entane. in 
8 and 9 no paraffin was used. The capacity of the autcxrlave in which the reaction was carried out was 850 cc. 
The temperature was 450®C. 

*» Average molecular weight for paraffin was 30. 

« Average molecular weight for paraffin was 34. 

In Experiments 1 and 2 the liquid product contained frr-butyl- and isopropyl- ben¬ 
zene, respectively; in the others it was largely the original hydrocarbon. The 
results given above show that there is a destructive alkylation which takes place in 
the presence of phosphoric acid, but not at all in the absence of a catalyst. There 
is apparently only slight cracking of the paraffin induced by the acid, since the 
gaseous products do not dififer greatly whether the hydrocarbon is heated alone or 
with the catalyst. 

Another catalyst which has been used to effect the condensation of ethylene with 
a naphthenic hydrocarbon oil is molybdenum oxide."‘‘^ The product may be em¬ 
ployed as a motor fuel. 

CONUK.N'SATIO.N OF Ol.KFI.NS WITH PHHNOLS 


The condensation of alkenes with phenols is similar in some respects to that 
with aromatic hydrocarbons. Reaction is catalyzed by anhydrous metallic halides, 
sulphuric acid, phosphoric acid and certain activated clays or bleaching earths. 
Sowa, Hinton and Nieuwland’’^ sugge.sted that interaction, with propene, for ex¬ 
ample, takes place in the following manner: 

H 


HsC- C-CH3 

I 


OH 


O 


OH 



-f 0 3H11 — ^ 


CH3 



-CH 

CHj 


M. P. Anplrby, C. Cockram. British P. 415.792. 1934. to Imperial Chemical Industries. Ltd.; 
J. Inst. Pft. Tech.. 1934. 20. 581 A; Chem. Abs.. 1935. 29. 918; Brit. Chem. Abs. B. 1934. 952. 
French P. 768.166, 1934. to Imperial Chemical Industries. Ltd.; Chem. Abs., 1935. 29, 580. 

F. J. Sowa. H. I). Hinton and J. A. Nieuwland. 7..4.C..V.. 1932. 54. 3694; Brit. Chem. Abs. A, 
1932. UiSi Chem. Abs., 1932, 26. 5294. 
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The rearrangement (indicated above) of the intermediate compound was studied 
more extensively by the same workerand was confirmed for several phenyl and 
cresyl ethers. It is comparable to the shifting of the acyl group of a phenyl ester to 
form a hydroxy phenyl ketone which occurs on treating the ester with aluminum 
chloride below 7S^CS*^ 

One of the most important catalytic agents for the alkylation of phenols is sul¬ 
phuric acid. Thus, Rvans and Kdlund”*^ observed that a tertiary olefin will react 
with phenol at 25°C. in the presence of sulphuric acid. A germicidal product has 
been prepared by the condensation of a phenol and a cracked gasoline fraction in 
the presence of strong sulphuric acid.”’*' Tlie product consists essentially of mixed 
alkyl phenols in which the side-chains have more than 4 carbon atoms. Compounds 
.synthesized in this manner have been suggested also as antioxidants, particularly 
for the prevention of gum-formation in gasoline, for the stabilization of lubricating 
and transformer oils and as anti-aging agents for rubber.^® Methods for preparing 
/rr-amyl phenoR^ have been suggested by Lee and Clark"* and by rhomas’*” in 
which phenol is treated with a solution of isopentene in sulphuric acid. Such a 
procedure is also af)plicable with an aliphatic or cyclic olefin in W per cent or 
stronger acid. The alkylated product is isolated by diluting the reaction mixture 
with water. If sulphonation of the phenol has taken place it is neces.sary to effect 
hydrolysis of the sulpho group by boiling with dilute acid or distillation with super¬ 
heated steam.“^‘ />-/rr-Amyl |)henol is advocated as a plasticizing agent for laccjuers 
containing ethyl cellulose and a compatible phenol-formaldehyde resin.‘’*‘“ 

Niederh*’* reported the alkylation of polyphenols or their nionoethers with di¬ 
isobutylene in the presence of sulphuric acid, d'be reactants may l)e dissolved in 
acetic acid. The compounds thus secured are 1.1,3,3-tetramethvlbutyl derivatives 
of the hydroxy-compound employed as one of the reacting substances. Although 
diisobutylene is a mixture of two i.someric trimethylpentenes, only one product is 
obtained.*"- Interaction, therefore, may be represented as indicated below. 

J. Sowa, H. 1). Hinton and J. A. Nieiiwland. J.A.C.S.. \9^^, 55. .U02. .‘>077; Brit. Chrm. Abs. 
A. 1045; Chem. Abs.. 19.?5, 27. 4783. 

'■".Sec K. \V. Rosenmund and W. Schnnrr. Aitii.. 1928. 460, .56; Chem. Abs, 1928, 22. 1.579; Brit. 
Chem. Abs. A. 1928, 1010. 

^ T. Evan*» anil K, R. E<llund, I’. .S. P. 2,051.473, Au^, 18. 19.16. to Shell Development ('o.; 
Chem. Abs.. 1936, 30, 6/61. Canadian P. 353.688, 1935; Chrm. Abs., 1936. 30. 2202 

H. E. Buc and K. Schuler, V. S P, 2,045.749. June 30. 1936. to Standard Oil Development ('o.; 
Chem. Abs., 1936. 30, 5777. 

w*D. R. Stevens and W. A. Gruse, U. S. P. 2,061,111, Nov. 17. 1936, to (iulf Oil Corj).; Chem. 
Abs., 1937, 31, 845. Cf. 1>. R. Stevens and W, A. (iruse. V. S. P. 2,017.610, Sept. 15. 1935. to Gulf 
Refining Co.; Brit. Chem. Abs. B, 1936. 1080; Chem. Abs., 1935, 29, 8313. Cf. C. P. Wilson. Jr.. 
V. S. P. 2,069,294, Feb. 3, 1937; Chem. Abs.. 1937, 31. 1998. W. M. Malisotf and F. Hess. 
I*. S. P. 2.061.533. Nov. 24. 1936; Chem. Abs.. 1937, 31. 842. J. P. Smoot.s. U. S. P. 2,070.978. 
Feb. 16. 1937. to Standard Oil Co. of Ohio. 

^ Set E. Klarmann, C. .S, P. 1.953.413. April 3, 1934, to f^ehn and Fink, Inc.; Chem. Abs., 1934. 
28. 3842; Brit. Chem. Abs. B. 1935, 174. 

^■^ W. M. T.ee and L. H. Clark, U. S. P. 2,050,188, Aug. 4, 1936, to Sharpies Solvents Corp.; 
Chem. Abs.. 1936. 30. 6761. 

'■*’C. A. Thomas, British P, 420,636, 1934, to Sharpies Solvent Corp.; Chem. Abs., 1935, 29, 3351* 
J. Inst. Pet. Tech.. 1935. 21, 101 A. 

H. E, Bnc. U. S, P, 1.954,985, April 17. 1934. to Standard Oil Devclo]>ment Co.; Chem. Abs., 

1934, 28. 3741. British P. .398.218, 1933; Chem. Abs.. 1934, 28. 1358; Brit. Chem. Abs B, 1933, 
9.56. French P. 737.556. 19.32; Chem. Abs.. 19.3.3. 27. 731. See aDo H. E. Buc and R. Schuler. 
C. S. P. 1,948,287, Feb. 20, 1934, to Standard Oil Development Co.; Brit. Chem. Abs. B. 1934 1095* 
Chem. Abs., 1934, 28, 2852 

«»• R. T. Ubben, U. S. P. 2,075,376, Mar. 30. 1937, to E. I. du Pont dc Nemours A Co.; Chem. 
Abs., 1937, 31. 3718. 

«J. B. Niederl, U. S. P. 2,008.032. July 16. 1935. to Rohm ft Haas Co.; Chem. Abs., 1935. 29, 
5994. British P. 409.111, 1934; Chem. Abs., 1934, 28, 6158; Brit. Chem. Abs. B, 1934, 535. Ger¬ 
man P. 616,786. 1935; Chem. Abs., 1936, 30, 735. British P. 431.487, 1934; Brit. Chem. Abs. B. 

1935, 841; Chem. Abs., 1935. 29, 8239. .See also. J. D. Robinson and W. F. Hester. U. S. P.' 
2,008,337, July 16, 1935, to Rohm ft Haas Co.; Chem. Abs., 1935, 29, 5996; Brit. Chem. Abs. B. 

1936, 1143. 

«W. F. Hester. U. S. P. 2,008,017, July 16, 1935, to Rdhm ft Haas Co.; Chem. Abs 1935 29 
5862; Brit. Chem. Abs. B, 1936, 1143. ' ' * 
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Triisobutylene may be substituted for the dimer.In this instance, however, since 
the former material contains many isomers, of which five have been isolated, it is 
better to separate it into several fractions and react these individually with phenolic 
bodies. The polymeric isobutene derivatives so prepared are said to be applicable 
as antiseptic, fungicidal or bactericidal agents, as intermediates in the manufacture 
of dyes or as artificial tanning or wetting-out compounds.^ Bruson and Covert®^ 
suggest that these substances be hydrogenated to the corresponding hydroxy cyclo¬ 
paraffins. The latter, because of their low boiling points and vapor pressures, are 
recommended as plasticizers for coating and molding compositions and as lubri¬ 
cants for textile fibers or fine mechanisms, e.g., watches. They may also be oxidized 
with nitric acid to /rr-alkyl adipic acids. 

Ipatieff®® proposed that combination between phenols or polyphenols and olefins 
(such as ethylene or propene) be carried out employing phosphoric acid as the 
contact agent. Chichibabin®^ observed that the methyl ether of a cresol, such as 
^-methoxy toluene, will react with isobutene in the presence of either phosphoric 
or sulphuric acid. On the other hand, Vonderwahl®® has suggested the prepara¬ 
tion of 4-/rr-butyl-3-methyl-phenyl methyl ether by reacting w-tolyl methyl ether 
with isobutene using anhydrous aluminum, zinc, ferric or antimonv chloride as the 
catalyst. Another halide which has been employed in the alkylation of phenols is 
boron trifluoride. For example, heating tar phenol, ethylene, boron fluoride and 
hydrogen chloride in an autoclave is said to form the phenol ethyl ether.®® 

Various other substances such as alumina, aluminum phosphate, mixed alumi¬ 
num and magnesium silicates, and kieselguhr as well as zinc chloride have been 
suggested as catalysts for the preparation of isopropylcresols from propene and the 
methyl phenol.*^® The reaction may be carried out in liquid or vapor phase. In 
this way it was found possible to make thymol (3-hydroxy-4-isopropyltoluene) and 
its isomers, including 4-hydroxy-2-isopropyltoluene (m.p. 37®C.) and 3-hydroxy- 
2-isopropyltoluene (m.p. 69°C.)-. Siliceous catalysts, such as fuller’s earth or clay, 
have been employed by Britton and Perkins^^ to effect the condensation of a phenol 
and cyclohexene at 1()0° to 350°C.. and I atmosphere pressure, to cyclohexylphenol. 


W. F. Hester, U. S. P. 2.060.57.?. Nov. 10, 1936, to Rohm & Haas Co.; Chem. Abs., 1937. 31, 

507. 

HaloKenatecl or sulphonated derivatives of diisobutylene and phenols are suggested for the same 
puriKJ.ses; British P. 452.33.5. 1936, to Monsanto Chemical Co.; Chem. Abs.. 1937. 31. 485. 

H. A. Bruson and 1.. \V. Covert. U. S. P. 2,026.668. Jan. 7. 1936, to Rohm & Haas Co.: Chem. 
Abs.. 1936. 30. 1065. 

•®V. N. Ipatieff. U. S. P. 2,046,900, July 7, 1936. to Universal Oil Products Co.; Chem. Abs., 
1936, 30. 5592. 

"’A. E. Chichihabin, U. S. P. 1,933.775. Nov. 7, 1933. to Schering-Kahibaum .\.-U.; Chem. Abs.. 

1934, 28, 487. See also A. K. Chichihabin. Comfit, rend., 1934, 198. 1239; Brit. Chem. Abs. A, 1934, 

646; Chem. Abs., 1934. 28. 3722. 

E. Vonderwahl, U, S. P. 1,927,053. Sept. 19, 1933, to fiivaudan-Delawanna. Inc.; Brit. Chem. 
Abs. B, 1934. 751; Chem. Abs., 1933, 27, 5752. 

«*L. Hofmann and C. Wulff. German P. 604.867. 1934; Chem. Abs.. 1935. 29. 814. 

K. Schollkopf, German P. 586,150. 1933, to Rheinische Kampfer-Fabrik G.m.b.H.; Chem. Abs., 
1934. 28. 483. 

E. C. Britton and R. P. Perkins. U. S. P. 1.917.823. July 11, 1933. to Dow Chemical Co.; Bri#. 

Chem. Abs. B, 1934. 394; Chem. Abs.. 1933. 27, 4541. 
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In an analogous manner, Schoeller and Jordan^- reacted a phenol and propene at 
135 to 200® C. 

Alkylation of phenyl ethers has been accomplished by Dubinin^-^ using 5 per 
cent of aluminum chloride dissolved in the ether as a catalyst. For example, iso¬ 
butene and />-niethoxytoluene furnished l-methyl-4-methoxy-3-/c’/'-butylbenzene. 


OCH, 



CHa 


(CHahC—CH., 


OCHa 

I 

\/ 

CH, 


Ihe quantity of product obtained corresponded to a 71 per cent yield. The ter- 
butyl derivative of o-methoxytoluene was also synthesized in like manner, the yield 
in this instance amounting to 58 per cent. The product from 1.3-dimethoxyl)enzene 
(b.p. 120-122®C. at 11 mm.) was also made in a 71 per cent yield and was shown 
to be probably 4-/er-butyl-1.3-dimethoxybenzene, together with some 4,6-di-tr;'- 
butyl-1,3-dimethoxybenzene. 

The interaction of 3-methylpentene with phenolic substances leads, according to 
Koenigs and Carl,^'* to the formation of alkylated derivatives. For example, 4-/rr- 
amyl-2-methyl-6-isopropylphenol was obtained from thymol and isoamylene. A 
similar reaction could be carried out using styrene (phenylethylene) and a phenol, 
the product being, in this case, a hydrated stilbene. 

An extension of this condensation applies to the addition of alcohols'’' or gly¬ 
cols^® to olefins with the formation of /cr-alkyl ethers. The reaction is catalyzed by 
sulphuric, phosphoric or aromatic sulphonic acids, metallic chlorides, for example, 
those of zinc, aluminum, or iron, or non-metallic halides, e.g., boron trifiuoride or 
phosphorus oxychloride. Other substances which exert an accelerating effect are 
charcoal, kaolin, silica gel or kieselguhr. As an example,”^^ methyl sulphuric acid 
(from the corresponding alcohol and acid and containing 55 per cent free acid) 
was treated for 2 hours at 95 to 100®C. wdth a butane-butene fraction (95 |)er cent 
olefin) of cracking gas. The mixture was cooled and allowed to stratify. The 


Iablk 129. Synthetic 

Alkyl Groups 

R 

R. 

Methyl 

(€r-Butyl 

Ethyl 

/er-Butyl 

Isopropyl 

ter-Buty\ 

«-Butyl 

Butyl 

Isobutyl 

/<jr-Butyl 

5ec-Butyl 

ter-Buty\ 

Isoamyl 

/er-Butyl 

Methyl 

/fr-Amyl 

Ethyl 

ter-Amy\ 

Isopropyl 

ter-Amy\ 

Methyl 

ter‘Hexyl 


Ethers of Type KORu 


Boiling 


Point, '’C. 


55 

0.7405 

7.^ 

0.7404 

87-88 

0.742 

123-124 

0.7615 

114 

0.7516 

114-115 

0 7604 

138-140 

0.7662 

86-87 

0 7703 

101-102 

0.7657 

114-115 

_ 

113 

0.7815 


*’■ 2.054,270, Sept. 15, 1VJ6. to Schering Kahibaum A.-G.; 

Lncm, Aos., IVjD, 30, 7583. 

1370 ^ Dubinin, Compt. rend. acad. set. U.R.S.S. [N.S.], 1935, 3. 26.1; Chem. Abs., 1936, SO, 


3889; J.C.S., 1892, 62, 446; Chem, Zentr., 1892, 


W. Koenigs and R. W. Carl, Bcr., 1891, 24. 

1, 287. 

tnd. Eng. Chem., 1936, 28, 1186; Brtt. Chem. Abs A 1936 
r'} ' 31, 1934, to Shell Development Co.; Chem. Abs. 1934 28* 5831- 

Brit. Chem Abs. B. 1935, 619. Canadian V. 352,81 i, 1935; Chem. Abs., 1935. 29 8001 ’ 

^ See Ch^ter 22. 

”T. W. Evans and E. F. Bullard, U. S. P. 2,067,385, Jan. 12, 1937, to Shell Development Co, 
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upper layer was then distilled, in the presence of alkali, to recover methyl-.yrr-hutyl 
ether (boiling at 61 °C.). The lower layer was diluted with methyl alcohol and 
subjected to the action of huteiie. 

A softening agent for cellulose esters may be obtained by heating isopropanol 
with isobutene and concentrated sulphuric acidJ^*' When interaction is carried out 
at 95®C., isopropyl-/cr-butyl ether is formed. Similar compounds, applicable for the 
same use, may be secured by treatment of other alcohols with olefins, provided the 
latter are capable of yielding tertiary alcohols when hydrated. 

A number of ethers synthesized from olefins and alcohols are listed in Table 129. 

Condensation of Olefins with Acids 


Direct union of olefins and carboxylic acids to give esters has been previously 
di.scussed.^* However, those reactions involving hydroxy aromatic acids are con¬ 
sidered here since in many respects they resemble interaction between unsaturated 
hydrocarbons and phenols. C'roxall, Sowa and Nieuwland^^ studied alkylation of 
salicylic acid with propene in the presence of boron trifluoride. The products were 
3-mono- and 3,5-di-isopropyl-2-hydroxy-benzoic acids, their isopropyl e.sters and 
isopropyl salicylate. Combination was considered to take place with the formation 
of isopropyl salicylate, which underwent rearrangement followed by esterification 
and further reactions. 


OH OH 

CO,H + CH,-CH=CH, ^ |/^C0,CH(CH,)5 

{b.p. (18 mm.) IZO-IZZ^C.) 
OH 

->- (CH,),HC-j/^CO,H + CH,CH=CH, — 

(m.p. 7ZX'.) 


OH 


(CH,),HC- 


-CO,CH(CH,), -> 


(b.p. (18 mm.) J-t7-l4<f°C.) 


OH 

(CH,)2HC—/%-COsH 



CH(CH,), 


(m.p. IIS.Z’^C.) 


(CH,)jHC 


OH 

CO.CH(CH,), 
CH(CH,), 

{b.p. {IS mm.) J0J-J65°C.) 


Propene (under a pressure of 8 to 10 cm. of mercury) was conducted irUo a sus¬ 
pension of 35 g. of salicylic acid in 210 g. of heptane with which 4 g. of boron 
trifluoride had been incorporated. A few grams more of boron fluoride were added 
during the reaction. After three days 1.25 moles of propene had been absorbed. 
The reaction was then stopped and the products mentioned above isolated. No 
alkoxylated derivatives were observed which was thought to be due to the greater 


^"•German P. 629,601. 1936, to Bataafsche Petroleum Maatschappij; Chem. Abs., 1936, 30. 6195. 
See ( ‘hnpttr 12. 

J. Croxall. F. J. Sowa and J. A. Nicuwland, J.A.C.S., 1934, 56, 2054; Chem. Abs., 1935, 29. 
148; Jirif. Chem. Abs. A, 1934. 1349. 




608 


CHEMISTRY OF PETROLEUM DERIVATIVES 




MISCELLANEOUS REACTIONS OF OLEFINS 


609 


tendency of boron trifluoride to condense with the carboxy or carbalkoxy group than 
the phenolic group. The postulated mechanism of rearrangement was supported 
by isomerization of isopropyl salicylate under the experimental conditions employed. 

In addition to the reaction of propene with o-hydroxybenzoic acid, those with 
m- and />-hydroxybenzoic acids have also been investigated.®® In the latter in¬ 
stances, isopropyl ethers of hydroxybenzoic and hydroxyisopropylbenzoic acid and 
their esters were isolated. It was suggested that the formation of 3-isopropoxy- 
benzoic acid and isopropyl w-hydroxy benzoate occurred simultaneously, whereas 
4-isopropoxybenzoic acid was formed to the exclusion of isopropyl />-hydroxy ben¬ 
zoate. Interactions occurring when wt-hydroxybenzoic acid was used are indicated 
on page 608. 

The mechanism of the intermediate step was not completely established, for both 
isopropyl w-hydroxy benzoate and 3-isopropoxybenzoic acid rearranged to give 
the same product (3-hydroxy-4-isopropylbenzoic acid; m.p. 138-140°C.) under the 
experimental conditions. 

Reaction between />-hydroxybenzoic acid and propene may be represented by 
the equations given on page 610. 

The exact sequence of steps is uncertain, because of three possible courses for 
the reaction, viz., rearrangement of either isopropyl group or direct alkylation of 
the ring. It was considered that migration of the oxyisopropyl group was most 
probable since /)-isopropoxybenzoic acid rearranges for the most part to 4-hydroxy- 
3-isopropylbenzoic acid. 

Condensation of Alkenes with Acid Halides 

Addition of acid chlorides to unsaturated hydrocarbons is a fairly general reac¬ 
tion which has prompted study by many investigators.®^ The reaction occurs, for 
example, with chlorosulphonic acid which unites with aryl ethylenes, e.g., styrene, 
safrole, coumarone and indene, to give chlorosulphonic acids in which the chlorine 
may be replaced by other groups, such as hydroxyl.®- Phosgene, which may be 
considered either as the chloride of chloroformic acid or the dichloride of carbonic 
acid, is said to combine with ethylene in some solvents. V'arshavskii and Doro- 
ganyevskaya®^ have shown that no 2-chloropropionyl chloride is formed in the 
presence of aluminum chloride when either toluene or carbon tetrachloride is the 
liquid medium. In the former, however, reaction tended toward that of the conven¬ 
tional Friedel-Crafts type. On the other hand, with carbon tetrachloride as a sol¬ 
vent the product apparently consisted of polymers formed by the action of aluminum 
chloride on the olefin. These results were corroborated by Klebanskii and Che- 
vuichalova,®** who observed, furthermore, that chlorobenzene was also unsatisfactory 
as a solvent. The optimum conditions were found to be cooling and stirring of a 
solution of 0.5 g. aluminum chloride per mole of carbon disulphide in which phos¬ 
gene and ethylene reacted. The main product was believed to be 2-chloropropionyl 
chloride, although this substance could not be isolated directly. The reaction mix¬ 
ture was decomposed by addition of absolute alcohol, and the esters of chloro- 

••W. J. Croxall, F. J. Sowa and J. A. Nieuwland, J.A.CS,, 1935, 57, 1549; Brit. Chem. Abs. A. 
1935, 1358; Chem. Abs., 1935, 29, 7296. 

“ See Carleton Ellis, “The Chemistry of Petroleum Derivatives,” The Chemical Catalog Co., Inc., 
New York, 19S4. 

“French P. 780,027, 1935, to I. G. Farbenind. A.G.; Chem. Abs., 1935, 29, 5864. 

“ S. L. Varshavskii and E. A. Doroganyevskaya, Gars. chim. ital., 1934, 64, 53; Brit. Chem. Abs 
A, 1934, 508; Chem. Abs., 1934, 28, 5043. 

“A. L. Klebanskii and K. K. Chevuichalova, J. Gen. Chem. (U.S.S.R.). 1935, 5, 535; Chem. Abs., 
1935, 29, 6879, Compt. rend. ocad. sci. U.R.S.S., 1935. 2, 42; Brit. Chem. Abs. A, 1935, 845; 
Chem. Abs., 1935. 29, 5814. 
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propionic acid then separated from polymerized ethylene. No better results were 
obtained when zinc chloride was used in place of aluminum chloride. 

Reid^*'^ also interacts phosgene, in the presence of aluminum chloride, with 
propene to give a p-chlovo acid chloride. Esters are then formed by the addition 
of an alcohol such as ethanol, propanol, ethanediol or propantriol. By removal of 
hydrogen chloride from the latter, esters of methacrylic acid are obtained. 

CH, Cl CH,C1 

II \ \ 

CH + C==0 —V CHCOCl 

I / / 

CHa Cl CH, 


CH,C1 


\ 


CHi 


CH, 


/ 


CHCOOCtH, — 


\ 


CH, 


/ 


CCOOQH, 


Combination of chlorides of aliphatic organic acids with ethylenic compounds 
should lead to the synthesis of 2-chloroketones. Frolich and Wiezevich^® have 
made chloroethyl methyl ketone from ethylene and acetyl chloride by heating them 
to a temperature of at least 1(K)°C. under pressure in the presence of charcoal. 
Stevens^^ has studied the action of acetyl iodide on unsaturated hydrocarbons. He 
observed that the 2-iodoketones formed were very reactive and lost hydrogen 
iodide readily. For example, cyclohexene and acetyl iodide gave iodohexahydro- 
acetophenone which then yielded tetrahydroacetophenone and cyclohexyl iodide.®® 


O 


C,H,o4-CH,-C--I 


CHI O 

/ \ II 

H,C CH~CCH, 

I I 

H.C CH, 

\ / 

CH, 


CHI CH () 

/ \ / \ r 

H,C CH, H,C C—C—CH, 

— I I -f ! I 

H,C CH, H,C CH, 

\ / \ / 

CH, CH, 

When thiophene was treated with the acid iodide some acetothienone^** was isolated 
from the reaction product. Its formation can he indicated by: 


HC- 

II 

HC 


-CH 




CH 


+ CHjCOI 


HC- 


-CHI 

i, 


HC CHCOCH, 

\ / 
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HC- 

II 

HC 




-CH 


COCH, 


In addition large quantities of iodine and tarry material were obtained. These are 
probably due to loss of iodine from a diiodo derivative and polymerization of the 

“E. E. Reid, U. S. P. 2,028.012, Jan. 14. 1936, to E, I. du Pont dc Nemours & Co.; Chem. Abs., 
1936, 30, 1387. 

*• P. K. Frolich and P, J. VViexevich, I’. S. P. 2.006,198, June 25, 1935, to Standard Oil Develop¬ 
ment Co.; Chem. Abt., 1935, 29, 5457; Brit. Chem. Abs. B, 1936, 824. 

»”P. G, Stevens, J.A.C.S., 1934, 56, 450; Chcm. Abs., 1934, 28, 1661; Brit. Chcm. Abs. A. 1934, 
391. 

Cf. the results of E. L. Gustus and P. G. Stevens {f.A.C.S., 1933, 55, 378; Clirm. Abs.. 1933, 
27, 956) who report that alinhatic ethers react with acetyl iodide to g^ive an addition compound which 
in turn decomp<»es to an alkyl iodide and alkyl acetate. 

This compound may be prepared also from thiophene and acetyl chloride. G. Stadnikof! and 
W. Rodowsky, Bcr., 1928. 61, 268; Chcm. Abs.. 1928, 22. 1774; Brit. Chcm. Abs. B, 1928, 427. 
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resulting diketone. Divinyl ether and furan also reacted vigorously with acetyl 
iodide. 


HC-CHI 

III -f CH,COI 

HC CHCOCH, 



CH,COH 


IHC- 


\ / 
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CHI 
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CHCOCH, 


— y 


HC=CH 
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CHjCOHC CHCOCH, 
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The condensation of acetyl chlorides with cyclohexene, cyclopentene, cyclo¬ 
hexene carboxylic acid, ethylene, propene, butene-1 and butene-2, and hept-3-en-2- 
one has been studied by Nenitzescu and Gavat.®^ It was found that in the presence 
of aluminum chloride the reaction led to the formation of a chloroketone in which 
the chlorine atom had migrated to a remote carbon atom of the condensation prod¬ 
uct. However, the wandering would not go so far as a terminal methyl group. 
Thus, cyclohexene gave 4-chlorohexahydroacetophenone, and propene and acetyl 
chloride, followed by treatment with benzene, gave 2-phenylpentanone-4. 


CH,CH=CH2 4- CH,COCl 


A.C1, CH,CHCICH2^ 


CO 


CH 




C*H. 


(C\H,)(CH,)CHCH2s^ 
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CHjCHjCH 
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CHiClUCHCl 

.jf -fCHaCOCl 
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CHjCHtCH, 
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CICH CH2CHCOCH3 


CeHkCH CHjCHCOCH; 


The reactions were carried out using carbon disulphide as a liquid medium. For 
example, 30 liters of butene-1 (gas) were slowly introduced into a solution of 133 
g. aluminum chloride and 78 g. acetyl chloride in 150 cc. carbon disulphide main¬ 
tained at —14®C. After two layers had separated, the upper was removed and 
added to 300 cc. of benzene and 30 g. aluminum chloride. The mixture was re¬ 
fluxed at 40®C. for 4 hours and the product fidentified as 5-phenylhexanone-2, 
b.p. 122-12S®C. at 9 mm.) separated by distillation. The yield was 19 g. The 
results obtained in these experiments showed that the migration of the chlorine 
atom was fairly general. With alkenes having more than 4 carbon atoms in a 
chain, there was so much polymerization under the experimental conditions that 
the resulting ketones could not be isolated. Those of higher molecular weights 
(such as 6-phenylheptanone-2) were made by condemnation of the corresponding 
alk-3-en-2-ones (from an aldehyde and acetone) with benzene. Rearrangement of 
the phenyl group was shown to take place by synthesizing S-phenylhexanoic acid 
and passing this (with acetic acid) over thorium oxide at 400®C. The resulting 
ketone (6-phenylhcptanone-2) was identical with that previously mentioned. 

••C. D. Nenitzescu and I. Gavat, Ann., 1935, 519, 260; Chtm. Abi., 1935, 29, 7279; Brii. Chttn. 
Ahs. A, 1935, 136S. 
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Bergs®^ interacted cyclohexene and phenylacetyl chloride in carbon disulphide 
solution in the presence of stannic chloride. After treatment of the product with 
diethyl aniline he obtained 1-phenylacetylcyclohexene-l. Nenitzescu and Ciora- 
nescu®® found that when cyclohexene was the solvent and maintained at low tem¬ 
peratures union between an olefin and an acid chloride proceeded normally to give 
a chloroketone. However, on raising the temperature, the chlorine atom was 
eliminated. This was attributed to interaction with hydrogen liberated by intra¬ 
condensation of solvent molecules, e.g., cyclohexane, to furnish dicyclohexane and 
hydrogen. As an illustration of this mode of procedure, 68 g. of cyclopentene and 
78 g. of acetyl chloride were dissolved in 200 cc. of cyclohexane, and to the solu¬ 
tion, maintained at — 15°C., were slowly added 266 g. of aluminum chloride. The 
temperature was then increased to 70®C. and kept there until the evolution of 
hydrogen chloride ceased. The product in this instance was not methyl-chloro- 
cyclopentyl ketone but methyl cyclopentyl ketone. 

Somewhat related to an acid halide, at least insofar as the lability of the halogen 
atom is concerned, are a-haloethers such as chlorodimethyl ether. Scott®*"* o)»- 
served that these a-halogenated ethers condense with olefinic substances to give 
y-halocthers. Reaction is catalyzed by readily hydrolyzable metal halides and may 
be carried out under increased pressure. For example, chloromethyl ether and 
propene condense under 150 lbs. per sq. in. at 50 to 70°C. in the presence of bismuth 
chloride to give methyl 3-chlorobutyl and methyl 5-chloro-3-methyIhexyl ethers, 
the latter as a secondary product. 


CH, 

! 

CH 4-Cl 

(^H, CH,~0—CH, 


CH, 

I 

CHCl 




H,—CH,OCH, 


c»H, 


CH,CHC1CH,CHCH,CH20CH, 

<!:h, 

Nenitzescu and Przemetzki®** found that cyclohexene and chloromethyl ether 
condense in a medium of carbon disulphide, in the presence of zinc chloride, to 
give 4-chloro-l-methoxymethyl cyclohexene. The 2-chloro derivative was probably 
formed as an intermediate. This shift of the chlorine atom is in accordance with 
the theory of migration previously advanced in connection with the addition of acid 
chlorides to olefin, that is, that the chlorine atom migrates to a remote carbon atom 
of the condensation product, though not so far as to a terminal methyl group. 

CH,CH,CH Aici, CH,CH,CHC1 CICHCH, CH, 

I j| -hCHiCIOCH, -> I I I I 

CH,CH,CH CH,CH,CHCH,OCH, CH,CH,CHCH,OCH, 


The structure of the methylmethoxy compound was further substantiated by treat¬ 
ing it with benzene to secure 4-phenyl-l-methylmethoxy cyclohexane and dehy¬ 
drogenating the latter to the corresponding aromatic which in turn was oxidized 
to ^-phenylbenzoic acid. 

A somewhat analogous reaction to that of olefins and chloroethers is the union 
of unsaturated hydrocarbons and chlorinated esters. For example, methyl acetate 
is halogenated and the resulting compound then condensed with ethylene, using 

” H. Bergt, C. Wittfeld and E. Wildt, Brr.. 19.14. 67. 238; Brit. Chem. Abs. A. 1934. 409. 

•• C. D. Nenitccscu and E. Ctoranescu. Bcr.. 1936. 69, 1820; Chem. Abs., 1936. SO, 6712; Brit. 
Ckem. Abs. A, 1936. 1379. 

••N. D. Scott. U. S. P. 2.024.749. Dec. 17. 1935, to E. T. du Pont de Nemours & Co,; ZtfUr., 
1936, 1, 4074: Cktm. Abs.. 1936, 30, 1067. British P. 423.520, 1935; Chem. Abs., 1935. 29. 4374; 
Brit. Chem. Abs. B. 1935. 297. 

•*C. D. NcntUctcu and V. Praemetaki, Brr., 1936, 69, 2706; Chem. Abs., 1937, 11, 2175. 
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aluminum chloride or boron trifluoride as catalyst, to yield the corresponding 
halogenated ester,®® Dehalogenation of compounds of the latter type may be ac¬ 
complished by treatment with hydrogen at 150 to 300® C. and pressures of 100 lbs. 
per sq. in. or higher. 

Condensation of Olefins with Ammonia and Amines 

Interaction between an olefin and ammonia (or a primary or secondary amine) 
to give an amine has not received very great attention.®** According to Sun®^ 
activation energy calculations indicate that combination will not occur readily and 
that a primary amine will decompose into a secondary amine rather than into 
hydrazine and ethylene. Gasoline fractions containing amino bodies may be se¬ 
cured by having ammonia present during cracking operations®* or by treating the 
cracked vapors with chlorine and this nitrogen compound under pressure and at 
temperatures of 150® to 315°C.®® In place of olefins, substances giving rise to 
them may be employed in the preparation of secondary amines.'®® For example, an 
arylamine (e.g., aniline, o- or /)-toluidine) and cyclohexanol are conducted, under 
pressure and at temperatures of 200® to 270°C., over a non-metallic catalyst. Hy¬ 
drated silicates, or the oxides of thorium, aluminum or tungsten may be employed. 
Hickinbottom has investigated the addition of arylamines to alkenes'®' and sty¬ 
rene.'®- There was a tendency in either case for the reaction to give two types 
of product; (1) a secondary alkyl, or substituted, phcnylamine, and (2) a primary 
substituted arylamine. Thus, from aniline and styrene at 200 to 240°C., using 
aniline hydrochloride as a catalyst, were obtained a-anilino-a-pbenyletbane as well 
as 0 - and /»-amino-aJYni.-diphenylethane. 


CeHiNH 

CHCHa (a-aniline-of-phcnylethanc) 



(<7- or p-ammn-asym. 
diphenylethane) 


Reaction between styrene and the homologues of aniline leads to analogous results. 
Thus, />-toluidine gave rise to 2-(r-phenyl ethyl)-4-methyl-aniline, and 2,4-di¬ 
methyl aniline furnished 2,4-dimethyl-6-(T-phenyl ethyl)-aniline. Combination be¬ 
tween olefins and aniline (in the presence of aniline hydrobromide) followed a 

«D. J. I.odcr. U. S. P. 1.999.976, Apr. 30. 1935. to E. I. du Pont dc Nemours & Co.; Chem. Abs., 
1935, 29, 4023; Brit. Chem. Abs. B. 1936. 448. 

Carleton Ellis, “The Chemistry of Petroleum Derivatives.” The Chemical Catalog Co.. Inc., New 
York. 1934. 

•’Cheng-E. Sun. J. Chinese Chem. Soc., 1935, 3, 1; Chem. Abs., 1935, 29, 4280; Brit. Chem. Abs. 
A, 1935, 849. 

•• G. EglofT and R. E. Schaad, i'. S. P. 1.973,474. Set»t. 1 1, 1934, to Cniversal Oil Products Co.; 

Chem. Abs.. 1934. 28, 6997; Brit. Chem. Abs. B. 1935, 759. 

^J. C. Morrell and G. Egloflf. S. P. 2.040.395, -May 12, 1936, to Universal Oil Products Co.; 

Chem. Abs., 1936. 30. 4659. 

»«* British P. 414.574. 1934. to I. G. Farl>enind. A.-G.; Chem. Ahs.. 1935, 29. 474; Brit. Chem. 
Abs. B, 1934. 873. French P. 765,450. 1934; Chem. Abs., 1934, 28, 6724. See also British P. 
406.700, 1934. to I. G. Farbenind. A.-G.; Brtt. Chem. Abs. B. 1934. 443; Chem. Abs., 1934, 28. 4745. 
French P. 747.905. 1933; Chem. Abs., 1933, 27. 5083. Also British P. 421.596. 1935; Chem. Abs.. 

1935, 29. 3687; Brit. Chem. Abs. B. 1935, 218. P. Herold and K. Smeykal, German P. 631.737, 

1936. to I. G, Farbenind. A.-G.: Chem. Abs., 1937, 31, 1428. 

]. Hickinbottom. J. Chem. Soc., 1935, 1279; Chem. Abs., 1935. 29, 7951; Brit. Chem. Abs. 
A, 1935, 1488. 

J. Hickinbottom. J. Chem. Soe., 1934, 319; Chem. Abs., 1934, 28, 3388; Brit. Chem. Abs. A, 

1934, 644. 
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somewhat similar course. For example, 6 g. of 2-methylbutene-2, 30 g. of aniline 
and 3 g. of aniline hydrobromide were heated in sealed tubes at 230 to 250®C. for 
6.5 hours. The product was 3.7 g. />-amino-/cr-amylbenzene. 0.57 g. N-/cr-amyl- 
aniline and 2.05 g. diphenylamine. The latter was probably formed directly from 
the aniline. 




NH, 


QHs 

I 

HaC—C—CH, 


H,C—C—CH, 

I 

NH 


■fCHa—CH=C(CH3)2 -> 


NH, 


The formation of an alkyl aniline is favored by lowering the proportion of aniline 
hydrobromide.Experiments were carried out using 3-methyl- and 3-ethyl- 
pentene-2 and octene. It was found that the structure of the olefin played an im¬ 
portant part in determining whether amino- or ring-alkylation occurred. Although 
isoamvlene gave a preponderance of the products of the latter type, the reverse was 
true of octene (from dehydration of jcr-octanol). 

In addition to the investigations of Hickinbottom, the work reported by Pinck 
and Hilbert'^"* on the addition of ammonia and ethylamine to the unsaturated bond 
of dibiphenylene ethylene deserves mention. It was observed that heating 1 g. of 
the hydrocarbon and 15 cc. of liquid ammonia in a sealed tube at 65®C. for 3 
weeks gave 0.5 g. of an unidentified substance (m.p. 300®C.) and 0.4 g. of 9-imino- 
fluorene. In place of ammonia, methyl-, ethyl and benzylamine were also employed. 
The main product when ethylamine was one of the reactants was 1-ethylamino- 
diphenylene ethane. Dissociation of* the latter was brought about by heating 2 g. 
of the substance with 20 c.c. of absolute ethanol for 10 days at 1(X)®C. In addition 
to fluorene and 9-ethyliminofluorene, some fluorenone was formed, probably due to 
hydrolysis of the imino derivative. 



K()r a (li^cii^sion nf the rearranKC»tt<^nt alkyl anilinen and their hydrobroniidcs, set W. J. 
Mickinl>ottum. /. Chvm. Soc., 1934, 1700; firit. Chem. Abs. A, l^.tS. 70; Ckem. Abt., 1935, 29, 748. 
•®*L. A. Pinck and (*.. E. Hilbert. J.A.CS., 1935. 57, 2398; C'/irm. Abs.. 1936, 30. 1779. 



Chapter 25 

Miscellaneous Reactions of Olefins (II) 


The preceding chapter was devoted to a discussion of the miscellaneous re¬ 
actions of olefins with a number of organic reagents, involving principally con¬ 
densations with paraffins (the so-called alkylation process), aromatics, phenols, 
acid chlorides, amines and ammonia. The present chapter will deal with the action 
of various inorganic substances, such as the oxides and halides of sulphur and 
nitrogen, carbon monoxide, and metallic salts and of aldehydes on the simpler 
unsaturated hydrocarbons. 

Although most of the reactions involved are of interest only from the stand¬ 
point of general properties, several also have attained technical importance, or may 
hold potential commercial possibilities. One instance of the former is the use of 
mercuric acetate and thiocyanogen in analytical procedures.^ The latter type may 
be represented by the production of acids by the union of carbon monoxide and 
steam with olefins, or the production of synthetic resins (by condensation of un¬ 
saturates with aldehydes) as will be discussed in due course in this chapter. 

Reaction of Sulphur Dioxide and Sulphites with Olefins 


Sulphur dioxide and its various derivatives, i.e., sulphurous acid and its salts, 
combine with olefins under many conditions.^ Contrary to the results obtained by 
the action of sulphuric acid (which leads to the formation of sulphates)® the 
products formed from sulphurous acid and suli)hites are usually sulphonic acids, 
or condensed sulphones. One of the earliest reports of the reaction of an olefinic 
substance and sulphur dioxide was made by Solonina.** He found that allyl ethers 
reacted in benzene solution to give sulphur-containing compounds which he repre¬ 
sented by the formula: 

CHr~CH—CHr~OR 



Subsequently, the reaction of sulphur dioxide and unsaturated hydrocarbons 
was investigated by various workers. Thus from this reagent and cyclohexene, 
Frederick, Cogan and Marvel® have isolated a polymolecular sulphone with a 
molecular weight of about 6000, which they represented by the probable formula: 


* See Chapter 50 of thit text. Al»o. Chapter 25 and 50 of Carlcton Elli*. “The Chemistry of 
Petroletim Derivatives.” The Chemical Catalog Co.. Inc.. New York. 1934. For hydrogenation of 
olefins, consult Carleton Ellis. “Hydrogenation of Organic SubsUnces.” D. Van Nostrand Co.. New 
York, 1930. 

*For example, the formation of disulpho-propionic and butyric acid has been investigated by H. J. 
Backer and A. E. Beute. Rec. irav. ckim., 1935, 54, 601, 621; Chem. Abs., 1936. 30, 37/6. 3777; Rrft. 
Oum, Abs. A, 1935, 1106, 1107. 

* See Chapters 14 and 16. 

<V. Solonina, /. Ruts. Pkyt.-Chem. Soc., 1898, 30, 826; 1899, 76, 681; Chem. Zenir., 

1899, 1, 248. 

*D. S. Frederick, H. D. Cogan, and C. S. Marvel, J.A.C.S., 1934, 56, 1815; Chem. Abs., 1934. M. 
6118; /. Inst, Pei. Tech., 1934, 20, 522A; Brit. Chem. Abs. A, 1934, 1095. 
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This substance was a white amorphous solid which softened and decomposed above 
200®C. Although quite soluble in chloroform and tetrachloroethane, it was only 
slightly soluble in most other solvents. Heating to 250®C. with 90 per cent potas¬ 
sium hydroxide solution caused decomposition, largely to cyclohexene and octa- 
hydrobiphenyl. 

A somewhat similar transformation, which is catalyzed by peroxides, has been 
reported by Staudinger and Ritzenthaler.® They found that ethylene and propene 
combine with sulphur dioxide to form high molecular weight compounds. In the 
case of ethylene, only ether peroxides served as catalysts, whereas in the other in¬ 
stances, various other higher oxides (for example, ozone and benzoic peroxide) 
were effective accelerators. The product from propene was believed to be very 
highly polymeric (molecular weight of 390,000 in one case) because of viscosity 
measurements of its solution in sulphuric and nitric acid. For ethylene, the struc¬ 
ture might be represented either as sulphones: 

.CH,-~CH,SO,—CH,- CHs—SO,. 


or as sulphinic esters: 

.CH,-<:H,--0—SO--CH,—CH,--O~S0. 

However, the stability of the substance toward oxidation and bromination supports 
the former structure. Treatment with barium hydroxide resulted in mixtures of 
barium sulphinates and (from polyethylene- and propene-sulphone, respectively), 
the compounds: 


CH,—CH, 
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CH—CH, 
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These results have been substantiated by other independent investigations. Hunt 
and MarveH obtained a much lower value for the molecular weight of polypropene- 
sulphone (about 2000), but later work by Ryden and Marvel® using trichloro- 
acetyl derivatives and anilides and analyzing for chlorine gave a molecular weight 
between 100,000 and 200,000. The researches of Hunt and Marvel largely con¬ 
firmed the structure proposed by Staudinger and Ritzenthaler. The former work- 


• H. Staudinger and B. Ritrcnthaler. Bcr., 1935, 68, 455; Chcm. Abs., 1935, 29, 3976; Brit, Chtm. 
Abs. A, 1935. 604. See also, Carleton Ellis, “The Chemistry of Synthetic Resins,” Retnhold Publish¬ 
ing Corp.. New York, 1935. 

»M. Hunt and C. S. Marvel, J.A.C.S., 1935, 57, 1691; Chem. Abs,, 1935, 29. 7276; Brit. Chtm, 
Abt. A, 1935, 1349. 

•L. L. Ryden and C. S. Marvel, J.A.C.S., 1935. 57. 2311; Brit. Chtm, Abs. A. 1936, 186; Chtm. 
Abs.. 1936. 30. 75. 
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crs tried cleaving the polypropene sulphonc by boiling with 10 per cent sodium 
hydroxide, and obtained two products. The first was a red resinous substance 
which was identified as the resin formed by boiling acetaldehyde with alkali. This 
indicated that 2 out of every 6 atoms of carbon in the polysulphone were converted 
to acetaldehyde on hydrolysis. The second product was shown by synthesis to be the 
sodium salt of 2-methyl sulphonyl-l-methylethane-l-sulphonic acid. The formation 
of these products was explained by the equation: 


CH, 

CH,—(!:H—SO, 
Na 


CH, CH, 

I I 

—CH—Cir,—SO,—CH,—CH—SO, 
OH Na 


CH, 

-(!:H—CH,—SO, 


OH 


CH, CH, O CH, 

HO—(^H—CH,—S(3,—CH,—CH—SO,Na —CH,CH -f CH,—SO,CH,—([:H—SO,Na 

The structure assigned by Hunt and Marvel to the product of mild hydrolysis of 
the polysulphone was somewhat different from the arrangement proposed earlier®* 
in that both methyl groups were on the carbon atoms attached to the same sulphone 
group. 

CH, 
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CH—CH, 

/ \ 

0,S SO, 

\ / 

CH—CH, 
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CH, 

The combination of sulphur dioxide with methylpropene, pentene-1, and -2, 
nonene-1, 3-cyclohexylpropene and 3-methylcyclohexene results in the formation of 
polysulphones, according to Ryden and Marvel.® However, many other olefinic 
compounds, both hydrocarbons and more complex substances, failed to react under 
the experimental conditions.^® 

Fitch^^ has proposed to make a resinous material by treating a mixture of 
olefins, (from which unsymmetrical, di-substituted ethylenes have been removed) 
with sulphur dioxide in the presence of diluents. 

Vinyl sulphones and so^Iium, potassium or calcium bisulphites react in aqueous 
or alcoholic solution at 100°C. to give )3-sulphoethylsulphones R—SO2— 

CH2CH2—SO3H. />-Tolyl and 2-naphthyl-^-sulphoethylsulphone and m-phenylene 
di()9-sulphoethyI)disulphone have been prepared in this manner. 


Reactions of Sulphur Chlorides with Olefins 


Under different conditions, the products of the reaction between sulphur chlo¬ 
rides and unsaturated hydrocarbons may vary considerably in properties. For 
example, by treating ethylene with sulphur chloride at 50 to 60®C., and then heat- 

** H. Staudinger and B. Ritzcnthaler, !oc. cU. 

• L, L. Ryden and C. S. Marvel, loc. cit. O. G. Pipik, (Agcr. Neft. Khot., IMS, (4), 61; Fottign 
Petroleum Tech., 1935, 3, 375, 417; Ckem. Abs., 1936, 30, 2375) hat also studied the reaction of sul¬ 
phur dioxide on pentencs. 

*• The reactions of diolefins with sulphur dioxide will be discussed in Chapter 27. 

»L. H. Fitch, Jr., U. .S. P. 2,045,592, June .10, 1936, to Phillips Petroleum Co.; Chem. Abi., 
1936, 30. 5683. 

** British P. 450,559, 1936, to I. G. Farf>enind. A.-G.; Chem. Abs., 1937, 31, 114; Brit. Chem. Abs. 
B. 19.36. 972. See also British P. 446,992 and 450.760. 1936; Chem. Abs., 1936, 30, 6851; 1937, 31. 
114; Brit. Chem. Abs. B. 1936, 972. French P. 797,606, 1936; Chem. Abs., 1936, 30, 8244. 
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ing the product with sodium polysulphide (NaoS^), it is possible to prepare a 
resistant resin-like material.As is well known,mixing ethylene with sulphur 
monochloride at temperatures up to about 70®C. results in the formation of 2,2^- 
dichlorodiethyl sulphide, or mustard gas (yperite), which first served in chemical 
warfare during the World War. In connection with this use, mention may be 
made of the methods employed in detecting this substance in the air.'*^ A reaction 
between mustard gas and bleaching powder, which was described by Stampe and 
Schroter,^® leads to the formation of white crystals of unestablished identity. The 
air to be tested, and air which has been passed over or through bleaching powder, 
are led into a container. If dichlorodiethyl sulphide is present, white crystals are 
deposited on the walls of the reaction vessel. Another method which has been 
suggested^® consists of passing the gas through a solution containing either 0.1 per 
cent auric chloride or 0.05 per cent palladous chloride. Mustard gas, if present, 
causes a yellow colloidal turbidity, and when there in high concentrations, gives 
reddish-yellow oily droplets. This test is said not to be affected by other chemical 
warfare agents. 

Reactions between Inorganic Nitrogen Derivatives and Olefins 


The addition of nitrosyl chloride to unsaturates is somewhat analogous to the 
reactions occurring with other acid chlorides, as mentioned in Chapter 24. The 
resultants in this case are nitrosochlorides, formed according to the scheme: 
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The transformation may be effected by treating a solution of the olefinic substance 
with ethyl nitrite and hydrogen chloride in an anhydrous medium at low tempera¬ 
tures (0®C.). In this way, Cohen and Cook^^ succeeded in synthesizing 2(2'- 
phenyl)-ethyI-cyclohex-2-en-l-one from l-(2'-phenyl)-ethylcyclohexene-l wdth the 
intermediate formation of the nitrosochloride, and ketone oxime. The formation 
of the oxime was effected by boiling the nitrosochloride in pyridine. 

Draw and Head^® have employed a similar reaction in the production of iso¬ 
butene diamine (l,2-diamino-2-methylpropane) from isobutene. The oxime form 
of the nitrosochloride was obtained as a white solid (m.p., 104°C.) : 


CH, CH, CH, 

\ C.H. 1 NO, \ \ 

0=CH,-f. -CClCHr~NO —>• CClCH=NOH 

/ +HC1 / / 

CH, CH, CH, 


The chlorine was replaced by treatment with alcoholic ammonia, and the oxime 
reduced to an amino group with sodium amalgam and alcohol in acid solution. 

D. F. Twii* and A. E. T. Neale, British P. 430,773, 1935, to Dunlop Rubber Co., Ltd.; Chem. 
Abs., 1935, 29. 8407; /. Inst. Pet. Tech., 1935, 21, 344A; Brit. Chem. Abs. B. 1935, 775. See 
Chapter 20 of this text. Also, Carleton Ellis, “The Chemistry of Synthetic Resins,” Reinhold Pub- 
litbing Corp., New York. 1935. 

Carleton Ellis, “The Chemistry of Petroleum Derivatives,” The Chemical Catalog Co., Inc„ 
New York, 1M4, 576. 

^e G. A. Schroter, Anpew. Chem., 1936, 49. 164; Chem. Abs., 1936, 30, 3116. See also Ger¬ 
man P. 625,094, 1936, to Dragerwerk Heinrich und Bernhard Dragcr; Chem. Abs.. 1936. 30, 2884. 

^4 G. Stampe and G. A. Schroter. Draeger^Hefte, 1934 (173). 2612; Chem. Abs., 1935, 29. 449. 
»*M. Obermiller, Anpew. Chem., 1936, 49. 162; Chem. Abs., 1936, 30. 3115; Brit. Chem. Abs. A, 
1936, 453. 

»»A. Cohen and J, W. Cook, J.C.S., 1935, 1570; Chem. Abs., 1936, 30, 1033; Brit. Chem. Abs. A. 
1936, 75. 

MH. D. K. Draw and F. S. H. Head, /.C.S., 1934, 49; Chem. Abs., 1934, 28, 1987; Bnt. Chem. 
Abs. A. 1934, 283. 
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The reactions which take place between olefins and the oxides of nitrogen pro¬ 
duce several different types of compounds. The introduction of nitrogen trioxide 
(the anhydride of nitrous acid) leads to the formation of a nitrosite. Thus Dem*- 
yanov'® has prepared propene nitrosite by the simultaneous passage of propene 
and nitrogen trioxide into ether: 


CH -f N,0, 


CH, 

<!:hno 


CH.ONO 
propene nitrosite’ 


The nitrosites are usually bluisli liquids which polymerize to give colorless bis- 
nitrosites. By analogous procedures, the nitrosites of butene-1,-® 2-methylpropene2^ 
and 2-methylbutene-222 have been prepared. If an excess of oxide is used there is 
said to be danger of the formation of a nitrosate. Gaponenkosynthesized the 
nitrosites of certain of the terpenes, such as /^-phellandrene, by the action of acetic 
acid on sodium nitrite in the presence of a solution of the hydrocarbon in a light 
petroleum ether and ethyl ether solvent.^^ 


CHj H C~ 


C=CH2 


H H 
^’pheUandrene 

Nitrosates may be prepared by the action of nitrogen tetroxide or peroxide on 
an olefin. The product obtained is the dimeric bisnitrosate, and its formation may 
be represented by the equation: 


+ N,0, 

/ \ 


-i~N< 


—C—()—NO, 


—dimeric form 


Nitrosates are said to be formed by other reactions. Semenov,for example, 
«obtained a compound of the composition C2H4 N0O4 from ethylene and nitrogen 
tetroxide. However, Dem’yanov reported a substance with different physical 
properties and the formula C2H4 N^Og.-® Pentene combines with nitrogen tetrox- 

“N. V. Dem’yanov, /. Russ. Phys. Chcm. Soc., 1901, 33, 275; Chem. Zentr., 1901. 2, 333; J.C.S.. 
1901, 80 (1). 493. 

»N. Y. Dera’yanov, Ber., 1907, 40, 245; 1907, 93 (1). 174; Chem. Zentr., 1907, 1. 628. 

** K. Sidorenko, J. Russ. Phys.-Chem. Soc., 1906, 38, 955; Chem. Zentr., 1907, 1, 399; J.C.S., 
1907. 92 (1), 270. 

«J. Schmidt, Bet., 1902, 35, 2323, 2336, 3737; J.C.S., 1902, 82 (1), 581, 582; 1903. 84 (1), 3; 
Chem. Zenit., 1902, 2, 431, 433. See also A. Uautzsch. Ber.. 1902. 35. 2914, 4120; J.C.S., 1902, 
82 (1), 734; 1903, 84 (1). 61; Chem. Zentr., 1902, 2, 1105; 1903, 1. 278. 

•T. K. Gaponenkov. /. Gen. Chem. (U.S.S.R.,), 1935, 5, 1485; Brit. Chem. Abs. A, 1936, 729; 
Chem. Abs., 1936, 30. 3587. 

••See also R. Dolou, Bull. insi. pin., 1934, 129; Chem. Abs., 1934, 28. 7255; Brit. Chem. Abs. 
A, 1934, 1106. 

•Semenov, /ahresber., 1804, 480. 

•N. y. Dem’yanov, Ann. Inst Agron. Moscoxv, 4 (4), 155; Chem. Zentr., 1899, 1, 1()|64; J.C.S., 
1899, 70 (1), 845. 
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idc to give a nitrosate which decomposes on heating to 100®C A similar prod¬ 
uct is prepared from trimethylethylene^® either by nitrogen tetroxide or by 
concentrated nitric acid and amyl nitrite in glacial acetic acid solution. 

Passage of the nitrogen oxides generated by arsenious oxide and nitric acid 
into an ethereal solution of stilbene resulted in the formation of the pseudonitro- 
site^® (bisnitrosonitro compound) : 

(NO), 

>- I I 

stilbene pseudonitrosite (m.p,, J32°C.) 

According to Dem’yanov^® the interaction of tetramethylethylene and nitrogen 
tetroxide gives rise to a nitrosate and a nitro-nitrate: 

(CH.),C-C(CH,), (CH,),C-C(CH,), 

NO i)NO, NO, ONO, 

nitrosate nitro-nitrate 



On the other hand, Schmidt^^ reported that the products formed by this reaction 
were a dinitrite and a dinitrotetramethylethane: 

(CH,),C-C(CH,), 

I ! 


NO, NO, 
dinitrotetramethyl 
ethane 


He reported the formation of diphenyl dinitroethane from stilbene.®^ 

There is also some controversy as to the products obtained from the action of 
nitrogen pentoxide on unsaturates. Thus, Dem'yanov^^ observed the formation of 
(C 4 HgN 203)2 from butene-2, and of glycol dinitrate (b.p. 114-116®C.) from ethyl¬ 
ene. The latter result has been found to occur when the ethylene has not been 
rigorously dried.®* Dem’yanov found furthermore that, whereas trimethylethylene 
reacted with nitrogen pentoxide to give a nitrosite, tetramethylethylene formed a 

(CH,),C-CHCH, 

Ino, no 

”Stt O. Wallach, Ann., 1887, 241, 288; J.C.S., 1888, 54, 37. Guthrie, Ann., 1860, 116, 248; 1861. 
119, 84. J. Schmidt, Ber., 1903, 36, 1765; Chem, Zentr., 1903, 2, 100. A Schaarschmidt and H. 
Hofmeier, Ber., 1925, 58, 1047; CMem. Abs.. 1925. 19, 2634; J.C.S., 1925, 128 (1), 877. 

■F. W. Klingstedt, Ber., 1925, 58, 2363; Brit. Chem. Abs. A, 1926, 44; Chem. Abs., 1926, 20, 
1049. See also J. Schmidt, Ber., 1902, 35, 2336; J.C.S., 1902, 82 (1), 582; Chem. Zentr., 1902, 2, 
433. 

»H. Wieland and E. Blumich, Ann., 1921, 424, 75; Chem. Abs., 1921, 15, 2857; J.C.S., 1921, 
120 (1), 552. See also P. Karrer. “Lehrbuch der Organischen Chemie,” Georg Thieme, Leipaig, 1933, 
58. L. Monto and F. Bucci, Gaee. ckim. ital., 1933, 63, 708; Chem. Zentr., 1934, 1, 1483; Chem. Abs., 
1934, 28, 2686. 

• N. Y. Dem’yanov, loc. cit. 

« J. Schmidt, Ber., 1903, 36, 1775; J.C.S., 1903, 84 (1), 597; Chem. Zentr., 1903. 2. 102. 

«J. Schmidt, Ber., 1901, 34, 619, 623, 3536; J.C.S., 1901, 80 (1). 266; 1902, 82 (1), 21; Chem. 
Zentr., 1901, 1, 834: 1901, 2, 1309. See also H. Wieland and £. Blumich, Ann., 1921, 424, 100; 
Chem. Abs., 1921, IS, 2858; J.C.S., 1921, 1.. U), 554. 

^ N. Y. Dem’yanov, toe. cit. 

•*L. B. Haloes and H. Adkins, J.A.C.S., 1925. 47, 1419; Chem. Abs., 1925, 19, 1855; f.C.S., 1925. 
128 ( 1 ). 801 . 


(CH,),C- 


C(CH,), 

NO 


)NO 

tetramethylethylene 
glycol dinitrate 
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mixture of the nitro-nitrate and dinitrate: 

(CH,),C-C(CH,), (CH,),C-C(CH,), 



nitro-nitrate dinitrate 

The action of nitric acid, fuming nitric acid and nitrating acid (nitric and sul¬ 
phuric acids) on ethylene gives different results. Kekule®® stated that cold, mixed 
sulphuric-nitric acid produced ethylene glycol nitrate nitrite (ONOCH2CH^- 
ONOo). On the other hand, Akestorides*^^ held that ethylene was oxidized by 
fuming nitric acid to give oxalic acid and carbon monoxide. Haitinger^^ reported 
that the direct nitration of 2-methylpropene gave small amounts of the 2-methyl- 

1- nitropropene-l and some butene dinitrite(CH 3)2C(ONO)—CH2(ONO). 
There was, however, considerable oxidation leading to the formation of carbon 
dioxide, aliphatic acids and acetone. 

Woodbury®* has found that the direct nitration of an olefin with 2 to 4 carbon 
atoms by mixed nitric and sulphuric acid gives a highly explosive material. The 
nitrated substance is said to consist of a mixture of ethylene glycol dinitrate and 

2- nitroethyl nitrate. A typical example of an explosive mixture is: 


2-Nitroethyl nitrate. 6 per cent 

Ethylene glycol dinitrate. 12 ” ” 

Trinitroglycerol. 22 ” ” 

Sodium nitrate.46 ” ” 

Wood meal. 13 ” ” 

Chalk. 1 ” ” 


The advantages of the incorporation of this nitrated ethylene are said to be lower 
cost (since cracking gases are employed as raw material) and lowering of the 
freezing point of dynamite prepared from it.^* 

The mechanism of the reaction of nitric acid and an olefin has been studied by 
Michael and Carlson^^ and by Wieland and co-workers.^2 yhe latter believed that 
combination took place by introduction of HO and NO2 groups to form a nitro- 
hydrine: 

—C(OH)—C(NO,)~- 


The hydroxyl group was then esterified to form a-nitroethyl-nitrate. On the other 
hand, according to Michael and Carlson, nitration of ethylenic compounds is not 
caused by nitric acid, but by oxides of nitrogen present in the reaction mixture. 
They state, moreover, that nitration by mixed nitric and sulphuric acids probably 
occurs by the addition: 

»A. Kekule, Ber., 1869. 2. 329. Cf. L. Haitinger, Monatsh., 1881, 2. 286; J.C.S., 1881, 40, 
IIH; Chem. Zentr., lUl. 403. 

••F. Akestoride*, J. prakt. Chem., 1877, 15 (2), 62; J.CS., 1877, 32, 287; Chem. Zentr.. 1877, 146. 
L. Haitinger, toe. cit. 

•Ethylene and propene dinitritet (b.p. 96*98*C. and 108*110*C., respectively) have been described 
by G. Bertoni, Gore. chim. ital., 1885, 15. 361; J.C.S., 1886, 50. 217. Ann. Chim. Farm., 1886, 1. 
273; Chem. Zentr.. 1887, 35; J.C.S.. 1887, 52. 458. 

»C. A. Woodbury, U. S. P. 1.485,003. Feb. 26. 1924. to E. I. du Pont de Nemours & Co.; J.S.C.f.. 
1924, 43, 4953; Chem. Abe.. 1924, 18, 1391. 

• Sec also the application of glycol dinitrate for this purpose. Chapter 22. 

«'A. Michael and G. H. Carlson, J.A.C.5.. 1935, 57, 1268; Brit. Chem. Abs. A. 1935, 1103; Chem. 
Abe., 1935, 29, 5811. Also N. Y. Dem'yanov and V. V. Williams. Butt. acad. sci. U.R.S.S., 1951, 
1123; Chem. Abe.. 1932, 20, 3238. 

• H. Wieland and E. Sakellarios, Ber., 1920, 53, 201; J.C.S., 1920, 118 (1), 280; Chem. Abs., 1920, 
14, 2636. H. Wieland and F. Rahn, Ber., 1921, 54. 1770; J.C.S.. 1921, 120 (1). 782; Chem. Abs., 
1922, 16. 903. 
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Y 

II 

c 

/\ 


+ 


HOSOjONO, 


-~C—OSO,H 

Y 


-NO, 


with the subsequent replacement of the —SO 3 H group by the more active nitro 
group. In contrast to the results of Wieland and Rahn,^® Michael and Carlson 
show that at —20®C. the addition of trimethylethylene to an excess of “absolute 
nitric acid" in carbon tetrachloride gave largely the ester formed by the reaction. 


CH, CHa 

Y 


il 

CH 

I 

CH, 


+ HONO, 


CH, 


>- 


CH,—C-ONOj 

I 

CH, 

in. 


On standing at room temperature for 3 or 4 days, the /er-amyl nitrate produced in 
the above manner decomposed into high boiling substances. Dimethylaniline gave 
rise to isoamylene and the amine nitrate. Saponification of the latter by warm 
aqueous alkali produced isoamylene and 2 -methylbutanol- 2 . 


Reaction of Olefins with Aldehydes 


These condensations were first investigated in 1889 by Ladenburg,^^ who reported 
the combination of 2 -methylpyridine and formaldehyde which resulted in the forma¬ 
tion of a compound which he called “a-picolyalkine," i.e., 2 -( 2 '-pyridyl)-ethanol. 


H 

I 

C 


HC 




\ 

C: 

I 

H 


C-CH2CH2OH 



An analogous procedure using acetaldehyde gave the corresponding derivative of 
isopropanol. Subsequently, Lipp^® found that an aqueous solution of methyltetra- 
hydropicoline and formalin condensed to yield a base, according to the reaction: 


H, 


C 

/ \ 

H,C CH 

I II -fH,CO 

H,C CCH, 

\ / 

N 




H, 

I 

C 

Y \ 

H,C CH 

I II 

H,C CCH,CH,OH 

\ Y 

N 


(*:h. 


Ladenburg,^® however, stated that the product could be hydrogenated and dehy¬ 
drated to give a bicyclic compound, and he assigned a somewhat different formula: 

H. Wteland and F. Rahn, he. eit. 

**A, Udenbura, Ber, 1889. 22, 2583; Ckem. Zentr., 1889. 2. 987; J.C.S., 1890, 5S, 67. Cf. Ber., 
1891, 24, 1619; Chem. Zentr., 1891. 2. 174; J.C.S.. 1891, 60, 1093. 

«A. Lipp, Ann., 1896, 294, 135; Chem. Zentr., 1897. I, 386; J.C.S., 1897, 72 (1), 229. 

Latknburg. Ber., 1898. 31. 286; Ckem. Zentr., 1898, 1, 743; J.C.S., 1898, 74 (1), 338: Amm., 
1897. 29S, 370; Chem. Zentr., 1897, 1, 1057; J.C.S., 1897, 72 (1), 432. 
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H, 

i 

H.C'^ ^CCHjOH 
H,<!; ii:cH, 

<!:h, 


H, 

i 

+ H. H,C^ '^CHCHjOH 
^ ^HCH, 

V 


in. 


H, 

-H,o H,c CH—CH, 

^ H,(!: iH—in, 

in. 


Union between formaldehyde and terpenes such as pinene, limonene and di- 
pentene, may be effected by heating under pressure for about 12 hours at tempera¬ 
tures of 170® to 19S®C.^^ Alcohol is employed as the solvent. The addition of 
formaldehyde apparently results in the formation of primary alcohols, as the reac¬ 
tion products readily give characteristic esters with either acetic anhydride or 
benzoyl chloride. 

Aliphatic or hydroaromatic olefins are said to condense with formaldehyde to 
form glycols.**® Thus, 45 liters of butene-2 may be absorbed in a solution containing 
66 g. trioxymethylene in 440 g. glacial acetic acid and 62 g. concentrated sulphuric 
acid. The temperature must be maintained below 40®C. The solution is diluted with 
500 cc. water and the diacetate of l,2-diniethylpropanediol-l,3 separates as a liquid. 
Rectification gives 300 g. of product (b.p., 100-108®C. at 188 mm.) from which 
the glycoH* (b.p., 112-118®C. at 25 mm.) may be prepared by saponification. 


CH, 

(!:h 

11^^ + H,CO + CH.COOH 

in. 


CH, O 


HC—O—CCH, 
Hi—CH,—OCCH, 

i II 

CH, O 


CH, 

ni—OH 

ni-CH,0H 


CH, 


Similarly, 2-hydroxycyclohexyl- and cyclohexenylcarbinol were obtained from cy¬ 
clohexene and 2-methyloctanediol-l,3 (b.p., 142® to 144®C. at 188 mm.) from 
octene-2. 

Prins®® observes that organic reactions occur between (1) saturated com¬ 
pounds, (2) saturated and unsaturated compounds, and (3) unsaturated compounds. 
He considers that the interaction of formaldehyde and an olefin is of the third type 
and postulates the rearrangement first to an oxygenated ring structure^ which 
reacts further to give three possible products: 

R—CH-CH(OH)R 


R~-CH==CH—R + H,CO 


R—CH—CH- 
Hjd^—^ 


/ 

-l-HK) 

/ 

+H.CO 


H,i- 


CHjOH 

R—CH-CHR—O 

I 

-O-CH, 

R-~C===CH—R 

I 

CHjOH 

«0. Krieiritx, Brr., 1899, 82, 57; Chrm. Zenit., 1899, 1, 491; 1899. 76 (1), 298. 

«French P. 717,712, 1930, to Sod6t6 des usinet, ebimiquet Rh6ne-Poulenc; Chem. Abs., 1932. 
26, 27S2. 

^ F. X. Schmalzhoffer iMonatth., 1900, 21, 678; J.C.S., 1900, 78 (1), 626; Chem. Zenit., 1900. 2. 
1009) f»rctMired thi, compound by reducing the aldd, HOCH(CHa)CH(CH,)—CHO, made by the con- 
denaation of acetaldehyde and propionaldebyde. 

•• H. J. Prim, Chem. IVeekhiad,. \919, 16, 1072, 1510; Chem. Abe., 1919, 18, 3155; 1920 14. 1119 
Chtm. Weekblad, 1917, 14. 932; 1918, 114 (1), 261. Ptoc. Acad. Sci. Amsterdam. 1919. 22; 

51; Chem, Abe., 1920. 14. 1662; J.C.S., 1920. 118 (1). 42. ' * 
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The presence of acetic acid may cause the formation of an acetate. Thus, 104 g. 
of styrene are added to a solution of 33 g. trioxymethylene and 32 g. concentrated 
sulphuric acid in 320 g. glacial acetic acid, the temperature being kept below 50® C. 
After several hours, the mixture is diluted with water and extracted. The oil re¬ 
covered in this way is distilled and saponified. The product consists of 2-phenyl- 
propanediol-1,3 and its methylene ether. However, from ^-propenylmethoxybenzene 
(anethole) only the methylene ether was obtained. 


CH,0 


H=CHCH, -h 2 H,CO 


CH,0-/ V-CH—CHCH, 


O-CHj 


There has been some projected commercial application of the reactions of alde¬ 
hydes and olefins in forming resins and in refining petroleum fractions. Day®^ 
treated furfuraldehyde and a cracked gasoline with concentrated sulphuric acid. 
The mixture was refluxed and on cooling, a black gelatinous mass separated after 
about 20 minutes. By mixing the mass with wood flour, it can be worked into 
molded products. Thus from the olefins obtained in the sulphur dioxide extraction 
of cracked gasoline, acetone-soluble resins may be synthesized which are reported 
utilizable as substitutes for shellac. Levine®^ has proposed refining cracked dis¬ 
tillates by vapor phase reaction with formaldehyde or acetaldehyde in the presence 
of hydrogen chloride and aluminum or zinc. On the other hand, Fulton®® has 
recommended the removal of undesirable constituents in the presence of acetic acid 
and a condensing agent. Oil-soluble resinous substances may be separated by 
distillation. An oil may be treated, for example, with a mixture of equal parts 
by weight of concentrated sulphuric acid, glacial acetic acid and formaldehyde, and 
then distilled. 


Reactions of Olefins and Carbon Monoxide 


The commercial applications of carbon monoxide are so numerous that it is 
impossible to treat them except cursorily in this volume. The carbon monoxide- 
hydrogen synthesis of hydrocarbons will be discussed in Chapter 52. At this point 
a short discussion will be given of the synthesis of acids by the interaction of carbon 
monoxide, olefins and steam : 


\ / 
o=c + 

/ \ 


CO -f H,0 


I 1 


OH 


A large number of catalysts have been suggested to promote this reaction. Thus, 
Carpenter®^ has proposed several promoters such as non-volatile inorganic acids 
(e.g., phosphoric) either alone or with a volatile halide such as hydrogen chloride, 
or the halides of alkali or alkaline earth metals or of copper, iron, cobalt, nickel, 

«R. B. Day, U. S. P. 1,933.715, and 1,933,716, Nov. 7, 1933, to Universal Oil Products Co.; 
Brii. Cktm, Abs. B, 1934, 805; Chrm. Abs., 1934, 28, 664. Sec also G. S. Petrov, Russian P. 32.725 
1933; Ckem. Abs., 1934. 28, 3581. 

"I. Levine, U. S. P. 1.974,311, Sept. 18, 1934, to Universal Oil Products Co.; Chem. Abs., 1934. 
28, 6993; /. fnst. Pet. Tech., 1934, 20, 582A. 

“ S. C. Fulton, U. S. P. 2,018,715, Oct. 29, 1935, to Sundard Oil Development Co.; Chem, Abs. 
1936, so. 279. U. S. P. 2,035,123, March 24, 1936; C*rf». Abs., 1936, SO, 3220. 

••G. B. Carpenter, U. S. P. 1.924.763, 1.924,766, 1,924,767. 1,924,768 and 1.924,769, Aug. 29. 
1933, to E. I. au Pont de Nemours St Co.; Brit. Chem. Abs. B, 1934, 534; Chem. Abs., 1933, 27. 
5340. U. S. P. 1.957.939, May 8. 1934; Chem. Abs., 1934, 28, 4071; Brit. Chem. Abs. B. 1935, 262 
U. S. P. 1,981,081. Nov. 20. 1934: Brit. Chem. Abs. B. 1935, 939. U. S. P. 2.008.348; July 16 
1935; Brit. Chem. Abs. B, 1936, 633; Chem. Abs., 1935, 29, 5863. U. S. P. 2.015,065. Sept. 24. 1935, 
Brit. Chem. Abs. B. 1936. 1081: Chem. Abs., 1935, 29. 7345. Canadian P. 339,933, 339,935, 339,937. 
1934; Chem. Abs., 1934. 28. 5082. 
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bismuth, manganese, lead, titanium, zinc or cadmium alone, or with hydrogen 
halides, and further, the combined acidic oxides of groups 3 to 6 of the periodic 
system (such as silicomolybdic acid). The acid salts of phosphorus, arsenic, 
tungsten, molybdenum, uranium, chromium, vanadium, boron, silicon, or zirconium, 
(for instance, calcium monophosphate) were also suggested. Woodhouse®® prefers 
to form the volatile inorganic acid (such as hydrochloric) in situ from chlorine 
in the presence of activated carbon. Among other catalysts recommended arc; 
boron phosphate,®® ammonium halides,®^ and alkali or alkaline earth fatty acid 
salts, alkoxides, carbonates or hydroxides.®® 

A process involving the liquid phase condensation of carbon monoxide and the 
unsaturated substances obtained in the cracking of petroleum oils has been advo¬ 
cated by Schalch.®® In this method, the reactions are carried out with finely 
divided nickel, or various metallic oxides, suspended in the liquid. 

Hardy®® reported the interaction of ethylene, propene and butene-2 with carbon 
monoxide and steam in the presence of phosphoric acid with the formation of 
propionic, isobutyric and trimethylacetic (i.e., pivalic) acids. This confirmed his 
belief that the reaction of alcohols, carbon monoxide and steam proceeded by the 
intermediate elimination of water.®' 

Condensation of Alkenes with Alkyl Hypochlorites 

The addition of alkoxy chlorides (alkyl hypochlorites) to double bonds is not 
generally understood, and there is some difference of opinion as to the products 
formed. Both methyl and ethyl hypochlorite have been prepared by Sandmeyer 
through treatment of an alkaline solution of the alcohol with chlorine.®^ No reac¬ 
tion was observed when carbon dioxide, ethylene, amylene, acetylene or diethyl 
fumarate was allowed to act on ethyl hypochlorite. Subsequently, Goldschmidt. 
Endres and Dirsch®® investigated the reaction of the latter substance. They re¬ 
ported that in most cases saturation of double bonds occurred as though hypo- 
chlorous acid were present. Thus amylene, cyclobexene and indene gave the corre¬ 
sponding chlorohydrimi. Similar results w'ere brought about by the reaction with 
acetylenes: phenylacetylene, for example, giving w,o>-dichloroacetophenone. In 
other instances, ethyl hypochlorite acted as chlorinating agent, but it apparently 
added to 1,4-dihydronaphthalene with the formation of an inseparable mixture 
which included the product of the addition of an ethoxy and chloro group 



J. C. Woodhous«, U. S. P. 1,924,762, Aug. 29. 193.1, to E. I. du Pont de Nemours Ht Co.; Chcm. 
Ahs„ 1933. 27, 5339; Brit. Chem. Abs. B, 1935, 534. 

W. E. Vail, U. S. P. 1,924,764, Aug. 29, 1933, to E. I. du Pont de Nemours & Co.; Chcm. Abs.. 
1933, 27. 5340; Brit. Chem. Abs. B, 1934, 534, 

*^A. T. Urson and W. E. Vail. U. S. P. 1,924,765. Aug. 29. 1933. to E. I. du Pont de Nemours 
& Co.: Chem. Abs., 1933, 27, 5340; Brit. Chem. Abs. B. 1934, 534. 

** W. E. Vail, U. S. P. 2,000,053, May 7, 1935, to E. I. du Pont de Nemours & Co.; Brit. Chem. 
Abs. B. 1936. 488; Chem. Abs., 1935, 29. 4023, 

••J. Schalch, U. S. P. 1.973,662, Sept. 11. 1934, to Van Schaack Bros. Chemical Works; Chem. 
Abs., 1934, 28. 6723; Brit. Chem. Abs. B, 1935. 761. 

«>D. V. N. Hardy. J.C.S., 1936, 364; Brit. Chem. Abs. A, 1936, 590; Chem. Abs., 1936, 30, 3771. 
•»See I). V. N. Hardy, J.CS., 1936, 358. 362; Chem. Abs., 1936. 30. 3776; Brit. Chcm. Abs. A. 
1936. 590. W. E. Vail. U. S. P. 1.979.717. Nov. 6. 1934. to E. I. du Pont de Nemours & Co.; Brit. 
Chcm. Abs. B, 1935. 893. Canadian P. 342.957. 1934, to Canadian Industries Ltd.; Chem. Abs., 1934, 
28. 6444. 

«T. Sandmeyer. Bcr., 1885. 18. 1767; J.C..S., 1885, 48, 1045. Bcr., 1886, 19, 857; J.C.S.. 
1886. 50. 607. 

** S. Cfoldschmidt, R. Endres and R. Dirsch. Bcr., 1925, 58. 572; Chcm. Abs., 1925, 19, 2031. 
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The union of hypochlorous esters with olefinic acids yields considerable quanti¬ 
ties of the chlorohydrins or their lactones, but only small amounts of the chloro- 
hydrin ethers. Thus, hex-3-enoic acid and ethyl hypochlorite in ether gave 93 per 
cent of isomeric 2-chlorohexolactone.**^ On the other hand, Jackson and Pasiut®® 
have obtained small proportions of l-chloro-2-alkoxy-2-phei^lpropionic acids (sub¬ 
stituted dihydrocinnamic acids) by the reaction of cinnamic acid in alcohol and 
chlorine. The alcohols used were ethyl and /cr-butyl, the conversion being slightly 
better with the latter. With methanol, Jackson*^* reported 55 per cent of the 
methyl ester of l-chloro-2-methoxy-2-phenyl propionic acid. Likewise, bromine 
could be substituted for chlorine. 






-CH-=CHC()()H 


2 rHX)H + cit 

2()-.»0°C. 


\-CH HCCl—COOCH, 




X 


OCH, 

(m.p., 54-5°C.) 


Likhosherstov and Alekseev^*^ have studied the action of alkyl hypochlorites on 
butene-2 (pseudo-butene) and reported the formation of ethers of 3-chloro- 
butan()l-2. The reactant was prepared by the method of Sandmeyer,^ and reacted 
with the olefin by dropwise addition to the latter at — 15°C. The alcohols corre¬ 
sponding to the hypochlorite were used as solvents. The process, termed chloro- 
alkoxylation, followed the e(|uati()n: 


CH,CH=CHCH, -f- CdL( )ri 


H H 

I I ale. KOH 

CIL—C-C—CHa -> CHaHC^C—CH, 

i I /I 

Cl o 


(m.p., 122-4®C.) 


/ I 

+ HiO OC,Hs 

/ 

H H 

CH,—C-i—CH, 

I I 

C) () 

! i 

H C,H. 


The sub.sequent reactions of the chloro-eiher to give an ether of enolic butanone-2, 
and hydration of the latter are also shown. The halogenated ethers are said to be 
colorless liquids with pleasant odor. They are distillable at atmospheric pressure, 
and are miscible with alcohol, ether and chloroform, but not with water.®^ 

Langedijk^** has also employed a mixture of ^cr-butyl hypochlorite and water 
in a gas-tight container as an absorl)ent for ethylene. From the reaction mixture, 
fcr-butyl alcohol and ethylene glycol were recovered, the latter in 75 per cent yield. 

•'*(1. F, nioomfrM ainl K. H. Farmer, J.C.S., 1932, 2062; Chem. Abs., 19,12. 26, 5065. 

E. L. Jackaon ami \.. Pasiut. J.A.C.S., ]927, 49, 2071; Chem. Abs., 1927, 21. 3051; Brit. CMcm. 
Abs. A. 1927, 969. 

•»E. L. Jackaon. J.A.C.S.. 1926. 48. 2166; them. Abs., 1926, 20. 299; Brit. Chem. Abs. A, 1926, 
1023. 

M. V. I.ikhosheratov ami 1.. V. Alekseev, .f. Ceii. Chem. {('..SS.R.). 1934. 4. 1279; Chem. Abs., 

1935, 29, 3306. See alao. .M. V. I.ikho.sherstov. .X Petrov ami S. V. Alekseev. J. Chem. Ind. 
iMosctw), 1935, 12. 607 ; C/»rm. Abs.. 1935. 29. 7946; Brit. Chem. B, 1935. 1084. 

•T. Sandmeyer. Ber., 1885. 18. 17o7; J.C..S'., 1885. 48. 1045. Her.. 1886. 19. 857; J.C.S., 1886, 
50. 607. 

•T, fi. Harford (I’. S. P. 2.054.814. Sept. 22. 1936. to Arthur 1). I.ittle. Inc.; Chem. Abs, 

1936, 30, 7584) has prepared esters of alkene chlorohydrins hy treatment of an olefin such as butene i 
with frr-butyl hy|H>chlarite and acetic acid, 

S. L. I^ngedijk, Canadian P. 356.305. 19.16, to Shell Development Co.; Chem. Abs., 1936. 30, 

2989. 
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Ethylene glycol hypochlorite has been said to react with ethylene or other olefins 
to produce a dichlorodialkylether.*^^ 

Compounds of Olefins with Inorganic Salts 

♦ 

Many olefins react with inorganic salts to form well-defined compounds of a 
complex nature which are usually represented by simple ratios of molecules of the 
compounds. Mercury salts, for example, appear to have an especial tendency to¬ 
ward this type of combination, and give a compound with the probable forpiula: 



I ! 

OH HgX 


This reaction is relatively specific for olefins, and has been used in their quantita¬ 
tive estimation.'^2 substances obtained by the action of mercuric acetate on 

cyclohexene, methylcyclohexene or octahydronaphthalene have also been suggested 
as disinfectants for grain."^^ 

The earliest example of the formation of an olefin complex was reported by 
Zeise in 1831.“^^ He obtained the compound K(PtCl8 C 2 H 4 ) H20 from the reduc¬ 
tion of platinic chloride with alcohol. The analogous derivatives of propene and 
pentene have been investigated^® as well as the corresponding potassium ethylene- 
tribromoplatinite K(PtBr 3 C 2 H 4 ). The compounds of unsaturated acids, alcohols 
and aldehydes have been prepared by Biilmann and his co-workers^® and by 
Pfeiffer and HoyerJ^ The reactions of Zeise's salt, i.e., potassium ethylene tri- 
chloroplatinite monohydrate, have been investigated by Anderson.’® P^thylene is 
liberated by the action of potassium cyanide or of pyridine on the salt, whereas 
with water at 90®C. or higher, the effect is partly the freeing of ethylene and 
partly the formation of acetaldehyde and platinum: 

K(PtCl, Q,H4) + H*0 KCl + 2 HCl 4-Pt-h CHjCHO 

.Although ethylene reacts readily, it was noted that styrene, indene, cyclohexene, 

I. 1-diphenylethylene and 1-phenyl-1-methylethylene were progressively more diffi¬ 
cult to interact to give complexes. Kharasch and Ashford’® have isolated co¬ 
ordination compounds of the type (L'»* PtX.j)-^ by combination of a platinic halide 
(PtCls) with an unsaturated compound (indicated above by Un). These investi¬ 
gators point out that although the most direct method for the preparation of these 
substances would be by direct union of olefins and platinous chloride (PtCl 2 ), yet 
because of the insolubility and inertness of the latter, attempts to apply this method 
are usually unsatisfactory. Their procedure consisted in suspending platininc 
chloride in glacial acetic acid,* adding the olefin and warming on a steam bath to 
effect solution and reaction. 

By passing ethylene into an ethereal solution containing a hydrogen chloride 
molybdic anhydride complex, glycol molybdate is said to result.®® 

French P. 773,140, 1934, to Carbide and Carbon Chemicals Corp.; Chem. Abs., 1935, 29, 1432. 

^ See Chapter 50 of this text and Chapters 25 and 50 of Carleton Ellis, “The Chemistry of Pe 
troleum Derivatives,** The Chemical Catalog Co.. Inc., New York, 1934. 

’•French P. 768,605, 1934, to Deutsche Hydrierwerke A.-G.; Chem. Abs., 1935, 29, 542. 

«Zeise, Pogg. Ann., 1831, 21, 497. 

’•K. Bimbatun, Ann., 1869, 145, 67. 

’•E. Biilmann and A. Hoff, Rec. trav. chim., 1916, 36. 289, 306; Chem. Zentr., 1917, 1, 562; 
Chem. Abs., 1917. 11, 3035, 3036; J.C.S., 1917, 112 (1), 123. 

” P. Pfeiffer and H. Hoyer, Z. anorg. aligem. Chem., 1933, 211, 241; Chem. Abs., 1933, 27, 5269; 
Brit. Chem. Abs. A, 1933, 581. 

"J. S. Anderson, J.C.S., 1934, 971; Chem. Abs., 1934, 28. 6148; Brit. Chem. Abs. A, 1934, 994. 

J. C.S.. 1936, 1042; Chem. Abs., 1936, 30, 6699; Brit. Chem. Abs. A, 1936, 1098. 

’•M. S. KharaKh and T. A. Ashford. J.A.C.S., 1936, 58, 1733; Chem. Abs., 1936, 30, 8060. 

“J. Bye. Com^. rend., 1936, 203, 321; Chem. Abs., 1936, 30, 6705. 
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MoO,-2HCl-2(C,Hft)20 + C,H4 


H,0~0 O 

(C*Hi)iO \ ^ 

- ^ Mo 

/ \ 

H,C-0 O 


The organonietallic product is a white hygroscopic powder, soluble in alcohols, 
but decomposed by water. It turns blue in the light. In this connection it is 
interesting to note that a somewhat similar reaction takes place if either cyclo¬ 
hexene or ethylene is treated with mercuric nitrate and iodine.®^ The product is 
thought to he an iodo alkyl nitrate; 

(C,H*)jO 

2CH*==CH2 + Hg(N()a)2 + 2 1, -Hgl, + 2 CHsICH^ONO, 

solution 


A reaction which is somewhat similar to those between olefins and various 
organic oxygen compounds occurs when aqueous solutions of alkali hydroxides and 
basic aluminum compounds are heated with olefins at 300° to 400°C. at superatmos- 
pheric pressures.^° In this manner, propene may be oxidized to give potassium 
acetate in a 30 per cent yield. 

CjHs + KOH + H,0 KOOCCH, + CH 4 + H, 

Similarly by heating 250 g. of water and 90 g. potassium hydroxide under 25.5 
atmospheres pressure of ethylene in a 2 liter autoclave, Hofsiisz has been able to 
obtain 71.5 g. of acetic acid.®^ 

By condensation of olefinic substances with unsaturated carbonyl compounds, 
such as maleic anhydride, it is said to be possible to prepare substituted poly- 
carboxylic acids.®^ Dreyfus®* has suggested that olefins such as ethylene may be 
condensed with cellulose and other carbohydrates by heating at 100° to 200°C. in 
the presence of a catalyst and under pressure. 


Other Reactions of Olefins 


The action of thiocyanogen on olefins is similar in many respects to that of the 
halogens. This principle has been employed in the analysis of fats and oils anal¬ 
ogous to the iodine method.®® The solution of thiocyanogen may be prepared by 
suspending pure, dry lead thiocyanate in anhydrous acetic acid and adding bromine, 
according to Krassilchik.®*^ Solutions below 0.1 A are said to be stable. A dis¬ 
advantage of this reagent, which has been used in the study of many oils and fats®® 
is the time necessary for equilibrium. Caldwell and Piontkowski®® have found 
that 1 to 2 hours sufficed for reaction of an oil with the Hanus iodine bromide 
solution, whereas 47 hours were required with the Kaufmann thiocyanogen re- 


“ L. Birckenbach and J. Goubcau, Bcr., 1934, 67, 1420; Chem. Abs,, 1935, 29, 125; Brit. Chtm. 
Abs. A, 1934. 995. 

E. C. Britton, H. S. Nutting and M. E. Huscher, U. S. P. 2.000.878, May 7, 1935. to Dow 
Chemical Co.; Chem. Abs., 1935, 29, 4026; Brit. Chem. Abs. B, 1936, 488. 

“ M. Hofaasz, U. S. P. 1;951,896, Mar. 20, 1934, to Shell Development Co,; Chem. Abs., 1934, 

2t, 3424. 

British P. 395,193, 1932, to Bataafache Petroleum Maatschappij; Brit. Chem. Abs. B, 1933, 856; 
Chem. Abs., 1934, 2S, 270. Dutch P. 32.029, 1934; Chem. Abs., 1934, 28, 3743. French P. 743.302. 
1933; Chem. Abs., 1933, 27, 3720. 

• H. Dreyfus, French P. 750,493, 1933; Chem.^bs., 1934, 28, 894. 

•• See Chapter 50. 

^ A. Krassilchik, Ann. combustibles liqnides., 1935, 10, 923; /. Inst. Pet. Tech., 1936, 22, 44A; 
Chem. Abs., 1936, 30, 1023; Brit. Chem. Abs. A, 1936, 598. 

•See. for example. N. N. Godbole and Sadgopal, Allgem. Ocl-n. Fett-Ztg., 1934, SI, 435; Chem. 
Abs^ 1935, 29, 4959; Brit. Chem. Abs., B, 1935, 68. 

•B. P. Caldwell and F. A. Piontkowski, J.A.C.S., 1934, 56, 2086; Chem. Abs., 1935, 29. 119- 
Brit, Chem. Abs. A, 1934, 1331. 
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agent. There is also some interference from alcoholic substances and from steric 
hindrance of the double bond. 

According to Lippmann, benzoyl peroxide and amylene (a mixture of isomeric 
hydrocarbons boiling at 35® to 40°C.) combine quite violently at 100®C. and 10 
atmospheres pressure.'**^ The reaction mixture was separated into benzoic acid, 
small quantities of benzoic anhydride, pentane, carbon dioxide and a light oil, of 
a pleasant ethereal odor. The latter was evidently a mixture of benzoates, as on 
saponification it yielded potassium benzoate and a clear yellow oil, of which about 
one-half consisted of an amyl ether (C 10 H 20 O, b.p., 198-203®C.). 

E. Lippmann, Monatsh., 1885, 5. 559; J.C.S., 1885, 48. 366. 



Chapter 26 


Polymerization of Monolefins and Diolefins. 
Synthetic Polymerization Products 


Numerous researches on the polymerization of olefins have been stimulated by 
the huge volumes of gaseous unsaturated hydrocari)ons obtained in the cracking 
industry. Formerly the.se substances were considered of little value and allowed 
to escape into the atmosphere, but later developments have led to their recovery 
and subsequent utilization, particularly conversion to alcohols' (both mono- and 
dihydric) or to hydrocarbons of higher molecular weights by polymerization. The 
latter is exemplified by the production of synthetic gasoline or lubricating oils and 
synthetic rubber. Egloff has shown that in 1935 alone there was available a po¬ 
tential supply of 9,(XK),000,000 gallons of polymer gasoline, which could have been 
recovered from cracking gas as the source of raw materials.- 

Strictly speaking, polymerization from this standpoint involves the combination 
of unsaturated molecules to form larger molecules. Paraffins do not yield polymers 
directly but they may be dehydrogenated or cracked to olefins.*^ Polymerization 
reactions are exothermic and occur at low' temperatures, while pyrolysis reactions 
are endothermic and require high temperatures, so that in general a two-stage 
treatment is re(|uired when paraffin hydrocarbons are used. As a result of their 
experiments, Sullivan, Ruthruff and KuentzeP have concluded that one-step proc¬ 
esses are inferior to the two-step for the.se hydrocarbons. However, Keith and 
Ward,'** in their work on the Unitary (one-stage) process, do not agree with this 
observation and state that the one-step process may be used advantageously with 
paraffins, under the proper conditions. These investigators also present evidence 
to show’ that direct reaction of saturated and unsaturated molecules may and does 
occur under these circumstances.'' 

From free energy calculations it can he shown that olefins are unstable below 

about 425°C. Below this temperature these hydrocarbons tend to polymerize, and 

isomerization of the higher members of the series to the corresponding naphthenes 

• Such priKcs'ics arr discussed in Chapters 1.1. M. 16 and 22. .Mso. Carleton Ellis, “The Chemistry 
of Petroleum Derivatives.” The ('hemical Catalojf Co.. Inc.. New York. 1934. 

•G. Eifloff. Nat. Pet. Nncs. 19.15, 27 (47). 25; Chcpn. Ahs., 19.16, 30, 2212; J. Inst. Pet. Tech., 
1936. 22. .52A. 

• In this connection it is of interest to note that A. I). Petrov (Khim. Tverdogo Tof*liva, 1934. 5. 
632; Brit. Chem. Abs. B, 19.10, 52; Chem. Abs., 19.15. 29. .150.1) has noted that under the influence 
of electrical discharges, paraffins, naphthenes and aromatics will undergo i>olymerization. See C^hap* 
ter 9. 

• F. W. Sullivan Jr., R. F. Ruthruff and W. E. Kuentzel, Ind. f.ng. Chem., 1935, 27. 1072; 
Chem. Abs., 19.15. 29. 7627; Brit. Chem. Abs. B, 1935, 979. 

«P. C. Keith. Jr. and J. T. Ward. Oi7 (Tas J., 1935, 34 (28), 36; Refiner. 1936. 14, 506; /. Inst. 

Pet. Tech.. 1936. 22. 155A; Chem. Abs., 1936. 30, 3211. 

•For reviews on polymerization see: G. Egloff, Nat. Pet. Neu'S, 1935. 27 (47), 25; Chem. Abs., 
1936. 30. 32l2; J. Inst. Pet. Tech., 1936, 22, 52A. W. W. Gary. World Petroleum, 1935, 6, 622; 
Chem, Abs., 1935, 29, 8306. M. Friedwald. Rev. Mrolif^re, 1935, 1531; Chem. Abs., 1936, 30, 2355. 
P. P. Shoruigin. Trans. Cl Mendeleev Congr. Theoret. Applied Chem. (1932), 1935, 2 (1), 762; 
Chem. Abs., 1936. 30, 2548. A. Dunstan, E. N. Hague and R. V. Wheeler, Chaleur & ind., 1934, 
IS (167), 402; Chem. Abs., 1934, 29. 6557; Ind. Eng. Chem.. 1934. 26, 307; Chem. Abs., 1934. 28, 
6557; Brit. Chem. Abs. B, 1934. 486. B. A. Kazanskii, Uspekhi Khim., 1934. 3, 116; Chem. Abs., 
1934. 28. 5400. See also Carleton Ellis. “The Chemistry of Petroleum Derivative.s,” The Chemical 
Catalog Co.. Inc., New York, 1934; and "The Chemistry of Synthetic Resins." Reinhold Puhlishing 
Corp.. New York. 1935. 
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is also possible."^ Cracking of olefin hydrocarbons to lower molecular weight hy¬ 
drocarbons generally takes place above 425®C. The products usually obtained may 
be classified as (1) olefin polymers and naphthenes, (2) higher olefins, paraffins, 
naphthenes and polynaphthenes and (3) aromatics (resulting from secondary re¬ 
actions). These three types result by treatment at progressively higher tempera¬ 
tures. 


Mechanics of Polymerization 


Polymerization is a composite process, and the development of a complex 
molecule must require a series of consecutive reactions.® The latter may be re¬ 
garded from two viewpoints, that is, either as a series of step-wise reactions or a 
chain mechanism.® In the first of these hypotheses, a substance is thought to poly¬ 
merize primarily to the dimer, which then reacts with another molecule to form 
the trimer, which in turn unites with another monomer to give the tetramer, and 
so on. On the fundamental assumption that the rates of the consecutive polymeriza¬ 
tion reactions are not greater than that of the dimerization, Chalmers shows that 
the dimer and other low polymers (such as trimer and tetramer) would be formed 
in the largest amounts. However, this is not the case, as higher polymers nor¬ 
mally predominate in the product. Furthermore, the reaction course of the mono¬ 
mer does not follow this proposed step-wise system. Chalmers, therefore, rejects 
this view and in its stead adopts a chain mechanism. The reaction chain is 
conceived as a primary activation of the monomer and a subsequent process of 
concatenation'® which is rendered possible by the presence of free terminal bonds 
in all of the intermediate stages. The linking of the monomeric bonds initially 
proceeds at a rate which is almost instantaneous compared with that of the acti¬ 
vation, but for very great chain lengths the speed becomes increasingly slow. 

Gee and Rideal" consider polymerization to be a chain reaction in which the 
chains are broken by the operation of a steric factor (due to the arrangement of 
the molecules in space). According to this view the growth of chains may be 
terminated in several ways, as for instance (1) spontaneous deactivation, (2) by 
collision with a molecule of a monomer and (3) by partial deactivation. The im¬ 
portance of steric hindrance has been shown by Gee'^ who found that the propor¬ 
tion of the olefin polymerized before the maximum reaction velocity is attained 
varies from zero, with a strong deactivation, to 0.33 with no deactivation and zero 
steric factor, and finally approaches a value of 0.5 for large steric factors. 

Dostal and Mark'® look upon the mechanism as proceeding in two definite 
steps, the first of which is the formation of nuclei by collision of two monomeric 
molecules. This reaction requires an energy of activation and may be either uni- 
or bi-molecular. The second stage, rapid compared with the first, involves the 
growth of chains which may occur and be modified in a variety of ways. Apply- 


A. R. Bowen and A. W. Nash. World Petroleum Congr., London. 1933, Proc. 2. 774; Chem. 
Abt., 1934, 2«, 3865; Brit. Chem. Abs. B. 1934, 744; /. Inst. Pet. Tech., 1934, 20. 94A. 

•Reviews on the mechanics of polymerization are given by: G. Egloff, Nat. Pet. News, 1935, 27 
(47), 65; J. Inst. Pet. Tech., 1936, 22, 51A; Chem. Abs., 1936, 30. 3212. M. Stoll. Trans. Faraday 
Soc., 1936, 32. 1031; Chem. Abs., 1936, 30, 6271. A. S. C. Lawrence, Science Progress, 1934, 29, 
244; Chem. Abs., 1934, 28, 7096. Carleton Ellis, “The Chemistry of Petroleum Derivativea/* The 
Chemical Catalog Co., Inc., New York, 1934. G. Egloff, “The Reactions of Pure Hydrocarbooa.*' 
Reinhotd Publishing Corp., New York, 1937. 

•W. Chalmers, J.A.C.S., 1934, 56, 912; Brit. Chem. Abs. A. 1934, 607; Chem. Abs., 1934, 28, 
3060. 


^ Concatenation refers to a union occurring in a chain like series. 

«G. Gee and E. K. Rideal, Trans. Faraday Soc., 1935, 31, 969; Chem. Abs., 1935, 29. 7162;* 
Brit. Chem. Abs. A, 1935. 1080. , w, * . 

«G. Gee. Trans. Faraday Soc., 1936, 32, 656; J. Inst. Pet. Tech., 1936, 22, 263A; Chem. Abs., 
1936, 30. 4380: Brit. Chem. Abs. A, 1936. 570. ' 

«H. Dostal and H. Mark. Z. pl^sik. Chem., 1935, 29B, 299; Trans. Faraday Soc., 1936, 32. 54; 
Chem. Abs., 1935, 29, 7162; Brit. Chem. Abs. A. 1936, 295. y av. 
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ing this theory to the polymerization of styrene gave results in agreement with 
experimental observations. 

A mechanism based upon the theories of free radicals and electronegativities 
has been proposed by Kline and Drake.^^ The two free radicals formed by the 
scission of a molecule are designated as positive and negative. Thus, (1) tri- 
methylethylene behaves as if it were activated as: 

— “f- 

(1) (CHi),C=CHCH, -> CHa + CH,C=CHCH, 

These two fragments then add to the double bond^® of a non-activated molecule to 
form 3,4,S,5-tetramethylhexene-2, 

~ + 4* — 

(2) CHr-CH,C=CHCH, + (CH,)aO=CHCH, 

CH,C(CHa)aCHCH,CCH,==CHCH 

or may combine with the isomer to form 3,5,5-triniethylheptene-2, 

““4" 4- — 

(3) CHr-CH,C==CHCH, 4- CHaCHaCCH,=CHa — 

CH,CHaC(CH,)aCH2CCH,=CHCH, 

Both of these substances have been isolated in the condensation products of tri- 
inethylethylene. The same mechanism has also been applied to isobutene poly¬ 
merization. From a consideration of the relative strengths of the carbon-hydrogen 
and carbon-carbon bonds, it may be expected that isobutene would have more of a 
tendency to split into negatively charged methyl and positively charged isopropenyl 
radicals than into positive hydrogen atoms and negative isobutenyl radicals. The 
products obtained in the polymerization can be accounted for on the basis that 
about 80 per cent of the molecules were activated in the first manner (giving rise 
to 2,4,4-trimethylpentene-l) and 20 per cent following the second (resulting in 
2,4,4-trimethylpentene-2). 

Catalysts. An application of thermodynamics to a reaction will indicate 
whether or not that reaction is thermodynamically possible at a certain tempera¬ 
ture and pressure, and what the maximum yield will be at equilibrium. However, 
due to the fact that time is not a thermodynamic variable, this science furnishes no 
means of foretelling how long a duration will be required for equilibrium to be 
established.'® In most polymerization reactions the velocity is extremely slow, 
so that equilibrium may be brought about only after several days. Since catalysts 
accelerate the speed of reaction and often bring about the transformations in an 
extremely short interval, the application of these agents to this field has become 
widespread.'^ 

It should be borne in mind, however, that catalysts cannot increase the maxi¬ 
mum thermodynamic yield; they merely speed up the rate of reaction to reach that 
condition in a shorter time. Catalysts may be selective, that is, exhibit definite 
preference for the acceleration of one reaction while not affecting, or perhaps even 
inhibiting, others in the same system. 

There are two possibilities as to the mechanism of catalysis, according to Gee 

‘•G. M. Kline and N. L. Drake. Bur. Standards J. Research. 1934, 13, 705; Chem. Abs., 1935. 
M, 1057; /. Inst. Pet. Tech., 1935, 21, 90A; Brit. Chem. Abs. A, 1935. 192, 

T^e potaricability of the ethylene bond has been discussed by G. Wittig {Ber., 1936, 60, 471; 
Chem. Abs., 1936. 30. 3290). 

»*G. S. Parks and S. S. Todd. Ind. Eng. Chem., 1936, 28. 418; Chem. Abs., 1936, 30. 3401; 
Brit. Chem. Abs. A. 1936, 701; J. Inst. Pet. Tech., 1936. 22. 253A. 

*^The uaefulneaa of catalysts in polymeriiation reactions has been discussed by A. £. DunsUn 
and D. A. Howes^/. Inst. Pet. Tech., 1936, 22, 347; Chem. Abs., 1936. 30. 6541; J. Inst. Pei. Tech., 
I9M, Sa, 35aA; trU. Chtm. Abt. B. 1936, 91 S. 
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and Rideal.^® The catalyst may initiate a chain center or it may form a reactive 
complex. The second view is considered the more probable one by these investi¬ 
gators, as it explains most experimental observations with reasonable exactitude. 
On the other hand the first is true only in a relatively small number of instances. 
In catalytic treatment the assumption that the velocity of a polymerization reaction 
and the size of the polymers produced diminish in the same ratio is shown to be 
not strictly accurate. Nevertheless, this is a good approximation in the early 
stages of reaction. 

Phosphoric acid is one of the most common accelerators used for catalytic 
polymerizations. Ipatieff and Pines'® explain the action of aqueous phosphoric 
acid as follows: (1) the formation of phosphate esters, (2) the decomposition of 
these esters to yield polymerides and naphthenes, (3) the dehydrogenation of 
naphthenes to aromatics and (4) the hydrogenation of olefins to paraffins by nascent 
hydrogen from the naphthenes. Using ethylene as the hydrocarbon, these reactions 
may be illustrated as: 


(1) 


QH4 4 - HaPfh 

-> 

(C,HsO)H 2 P ().3 


or 

2 C,H 4 -f lhP ()4 


(CjHiOaHPOj 


or 

3QH4 + H3PO4 

-~y 

(QHsOaPO 

(2) 


(C,H, 0 ),HP(), 


CMIh + H3PO4 


/ \ 

H2C CHj 



or (C,H,()),P() - 

> i 1 -f H,P04 

HaC CHa 

\ / 

CH, 

(3) 

CH, 

CH 

/ \ 

^ \ 


H,C CH, 

HC CH 


1 - ! + C.H, 

—^ CgHio-f 1 II 


H,C CH, 

HC CH 


\ / 

\ / 


CH, 

CH 


At temperatures below 200°C. the various phosphoric and phosphorous acids,*® 
oxyhalides and acid esters of phosphorus*' have all been recommended. It is often 
advantageous to use the phosphoric acid catalyst in a “solid” form in which sili¬ 
ceous adsorbents (e.g., kieselguhr or fuller's earth) are impregnated with the acid** 
or mixed with cadmium acid phosphate.*^ In aqueous solution, phosphoric acid 
may also be employed in conjunction with other acids, such as boric acid,*^ or 
with metallic salts,especially of silver and copper.*® Sulphuric acid may be 

MG. Gee and E. K. Rideal, Trans. Faraday Soc., 1936, 32, 666; 7. Inst. Pet. Tech., 1936, 22, 263A; 
Chem. Abs., 1936. 30. 4384; Brit. Chem. Abs. A. 1936, 570. 

»V. N. Ipatieff and H. Pines. !nd. Eng. Chem., 1935, 27. 1364; Chem. Abs., 1936. 30. 275; 
Brit. Chem. Abs. A, 1936, 51. 

•V. N. Ipatieff, U. S. P, 1,960,631, May 29, 1934, to Univcrnal Oil Prixluctg ('o.; Chem. Abs., 

1934, 28. 4587; Brit. Chem. Abs. B, 1935, 295; 7. Inst. Pet. Tech., 1934. 20. 458A. AI»o Canadian 
P. 353,253, 1935; Chem. Abs., 1935, 29, 8316. Ortho-, meta-, pyro- and hyi»opho*phoric acidt and 
ortho-, hypo- and pyro-phosphorous acidu are included. 

« French P. 790.945. 1935. to I. G. Farbenind. A.-G.; Chem. Abs.. 1936. 30. 2985. 

“V. N. Ipatieff, U. S. P. 1,993.512 and 1.993,513. May 5. 1935. 2.018.065 and 2,018.066. Oct. 22, 

1935, to Univeraal Oil Products Co.; Brit. Chem, Abs, B. 1936, 438; Chem. Abs., 1935, 29. 2546; 
7. Inst. Pei. Tech., 1935, 21, 219A; Chem. Abs., 1936, 30, 109. 281; Brit. Chem. Abs. B. 1936, 730. 
Thia it often referred to as the *‘U.O,P.” (Univeraal Oil Product*) catalyst. 

“A. E. Dunstan and D. A. Howea, 7. Inst. Pet. Tech., 1936, 22, 347; Chem. Abs., 1936, 10, 
6541; 7. Inst. Pet. Tech.. 1936. 22, 352A; Brit. Chem. Abs. B. 1936. 915. 

** H. Plauaon, German P. 600,002. 1934; Chem. Abs.. 1934. 28, 6443. 

•V. N. Ipatieff, U. S. P, 2,020,M9, Nov. 12, 1935, to Univeraal Oil Product* Co.; Chem. Abs., 

1936, 30, 484 ; 7. Inst. Pet. Tech.. 1936. 22, 23A. 

*• Britiah P. 447,973, 1936, to f. <i. Farl»enind. A.-(i.; Chem. Abs., 1936, 30, 7120; 7. Inst. Pet. 
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substituted-^ but at lower operating temperatures,-^ especially when tertiary olefins 
are involved.^® The latter acid has been suggested^^ for the conversion to liquid 
fuels of mixtures of olefins obtained by the dehydration of alcohols produced by the 
catalytic reduction of carbon monoxide under pressure (the so-called “Synthor' 
reaction 

In addition to the acids mentioned, various metallic halides have been reported 
as being effective for the polymerization. Egloff has .stated that pure, anhydrous 
aluminum chloride appears to be inactive, and that it is only in the presence of 



Courtesy Journal of Jnstttution of Petroleum Tcchnolot/ists 

Fic. 141. —Experimental Units for Catalytic Polymerization of Olefins. (A. E. Dunstan 

and D. A. Howes) 


minute traces of moisture (and therefore hydrochloric acid) that this substance 
acts catalytically.'"*- High-molecular-weight polymers may be obtained with boron 
trifluoride charged with hydrofluoric acid, ])hosphorus tri- or pentafluoride at 

Ttch., 1936. 22. 3S2A. British P. 4.S0.5<J2 .-iml IV36; /. Inst. /Vt. Tech., 1936. 22. 451.\; 

Brit. Chem. Abs. B. 1936. 971; Chew. Ahs.. 1936. 30. 109. 

«J. C. MorrdI and O. Egloff, Oil Cas 1934. 32 (45). 51; Chem. Abs., 1934, 28, 4579; J. 
Inst. Pet. Tech.. 1934. 20, 321A. 

V. N. Ii>atirff. V. S. P. 2.039.799. Max 5. 1936. to Tniversal Oil Products Co.; Chem. Abs.. 

1936. 30. 4175. 

•W. Engs and R. Moravpc. V. S. P. 2.007.159 an,l 2.007.160. July 9. 1935. to Shell Development 
Co.; Chem. Abs., 1935. 29. 5456; Brit. Chem. Abs. B, 1936. 632, 917. Also Canadian P. 340.308. 
1934; Chem. Abs.. 1934. 28. 3740. 

•“British P. 448.690. 1936. to I. (I. Farhenind. A.G.; Chem. Abs.. 1936. 30, 7837; Brit. Chem. 
Abs. B, 1936. 778; J. Inst. Pet. Tech.. 1936, 22. 401A. French P. 790.873. 1936; Chem. Abs., 1936. 
30, 3206. See also British P. 456.315. 1936. to Standard Alcohol Co.; J. lust. Pet. Tech., 1937, 
23, 20A. 

“ S«e Chapter 52. Also Carlrton Ellis, "HydroKenation of Organic Sxihstances." 1). Van Nostrand 
Co., Inc.. New York. 1930. 

••Cl. Egloff, Nat. Pet. News. 1935. 27 (47). 65; C7»cm. .4bs.. 1936. 30. 3212; /. Inst. Pet. Tech., 
1936, 22, 52A. A discusiion of reactions with aluminum chloride has been given in Chapter 6. 
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temperatures below —10®C. in the presence of an inert solvent®^ or with disubsti- 
tuted boron fluorides (dihydrated, dialcoholated or diacetylated).*^ The use of 
nickel, iron and titanium chlorides®® and fused zinc chloride at high temperatures®* 
has also been suggested. 

Clay mixed with diatomaceous earth,nickel oxide,®® or activated carbon®® 
is sometimes used. Carbon monoxide^® in the presence of nickel mixed with alu¬ 
minum oxide has been reported as being very active. Oxygen also exerts a cata¬ 
lytic effect,most likely due to the formation of an intermediate oxide which de¬ 
composes giving a bivalent radical of one or more carbon atoms. 


Ethylene 


Storch^® investigated the kinetics of the polymerization of ethylene at 377®C. 
and 1415 mm. pressure with heating times of 1 to 3 hours. Butene is the primary 
product and propene evidently a secondary one. Minute traces (0.02 per cent) of 
oxygen doubled the reaction rate, and because of the difficulty of entirely removing 
this element from ethylene, reproducible rates of polymerization could not be ob¬ 
tained. The addition of ethyl mercaptan (0.1 per cent concentration^ decreased the 
rate about tenfold. However, in the latter case the speeds were duplicable within 
about 5 per cent.^® Evidence obtained shows that the reaction is not a simple bi- 
molecular process. The energy of activation is given as 43,500 cal. Investiga¬ 
tions by Krauze, Nemtzov and Soskina^^ showed that at 315-380® C. with high 
ethylene concentrations, the reaction is practically homogeneous and of a bimolecu- 
lar nature. No catalytic action was imparted by iron, nickel, copper, chromiuAi, 
zinc oxide or activated carbon. Rapid polymerization is said to result at 300®C., 
however, if azomethane is introduced in small amounts.**® 

By contacting ethylene with boron trifluoride and a promoter such as nickel 
embedded on a carrier, good yields of butene may be obtained at 8 to 10®C. and 
50 atmospheres pressure at relatively short contact times. Longer periods of con¬ 
tact yielded almost exclusively liquid products.^® 

Polymerization of ethylene in the presence of phosphoric acid at 250-3(X)®C. and 
50 to 65 atmospheres pressure, according to Ipatieff and Pines, furnishes a mix¬ 
ture of paraffinic, olefinic, naphthenic and aromatic hydrocarbons. On the other 

"British P. 401,297, 1933, to I. G. Farbenind. A.-C.; Chem. Abs., 1934, 28, 2367; Brit. Chem. 
Abs. B, 1934. 136. 

"French P. 793,226, 1936, to I. G. Farbcnind. A.-G.; Chtm. Abs.. 1936. 30. 4514. British P. 
453,854, 1936: Brit. Chem. Abs. B. 1936. 1191; /. Inst. Pet. Tech., 1936. 22. 544A. 

»C. R. Wagner. U. S. P. 1,934.896, Nov. 14, 1933, to Pure Oil Co.; Chem. Abs., 1934, 28, 631; 
Brit. Chem. Abs. B, 1934, 790. 

"J. C. Morrell, U. S. P. 2.039,440 and 2,039.441, May 5. 1936, to Universal Oil Products Co.; 
Chem. Abs., 1936, 30. 4314; /. Inst. Pet. Tech., 1936, 22, 307A. 

" M- Halpem, W. B. Logan, R. E. Manley and W. Ullrich, Canadian P. 342.155, 1934, to 
Texaco Development Corp.; Chem. Abs.. 1934. 28. 5655. 

*E. J. Houdry. U. S. P. 2,035,478, Mar. 31, 1936; Chem. Abs., 1936, 30, 3622; British P. 
421,650, 1934, to Houdry Process Corp.; Brit. Chem. Abs. B, 1935, 215; /. Inst. Pet. Tech., 1935, 
21, 99A; W. F. Faragher and E. J. Houdry, Canadian P. 353,825, 1935, to Houdry Process Corp.; 
Chem. Abs., 1936, 30, 2747. 

" W. Herbert, U. S. P. 1.997.145, Apr. 9, 1935, to American Lurgi Corp.; Chem. Abs., 1935. 
29. 3499; /. Inst. Pet. Tech., 1936, 22, 53A. 

" P. K. Frolich, U. S. P. 2,002,534, May 28. 1935, to Standard Oil Development Co.; Brit. 
Chem. Abs. B, 1936, 583; Chem. Abs., 1935. 29. 4373. 

«G. Egloff, Nat. Pet. News, 1935, 27 (45), 65; Chem. Abs., 1936, 30. 3212; /. Inst. Pet. Tech., 
1936, 22, 52A. 

"H. H. Storcb. J.A.C.S., 1934, 56, 374; Chem. Abs., 1934, 28. 2252; Brit. Chem. Abs. A. 1934, 
369; J. Ikst. Pei. Tech., 1934, 20. 239A. 

"H. H. Storch, J.A.C.S., 1935, 57, 2598; Chem. Abs., 1936, 30, 2084; Brit. Chem. Abs. K 1936, 
164; /. Inst. Pei. Tech., 1936, 22. 87A. 

" M. V. Krauze, M. S. Nemtzov and E. A. Soskina. Compi. rend. acad. sci., U.R.S.S., 1934, 2. 
301; Chem. Abs., 1934, 28. 5320: Brii. Chem. Abs. A, 1934. 736. 

«0. K. Rice and D. V. Sickman. J.A.C.S., 1935, 57, 1384; Chem. Abs., 1935, 29, 5729; Brit. 
Chem. Abs. A, 1935. 1084. ... 

"M. Otto and L. Bub. U. S. P. 1,989,425, Jan. 29, 1935, to I. G. Farbenind. A.-C.; Chem, Abs., 
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hand, thermal treatment of the olefin under the same conditions gives no aromatics 
and only small percentages of paraffins.^"^ There is no evidence of cracking in the 
catalytic treatment. Table 130 lists the boiling ranges of the liquid products 
formed by the catalytic operation. From measurements of the indices of refrac¬ 
tion and densities, the concentration of paraffins was believed to be greatest in the 
lowest boiling fractions, while aromatics predominated in those boiling above 
225°C. Naphthenes were present in the fractions above llO^C. An interesting 
observation was that isobutane was formed to the extent of 2.5 per cent at 250°C. 
and 18.8 per cent at 330°C. (based on the weight of ethylene reacting). The 
presence of isobutane is attributed to isomerization of the 1- or 2-butene (formed 
during polymerization) to isobutene and subsequent hydrogenation of the latter. 
At slightly higher temperatures (v300-360°C. and 60 atmospheres pressure) with a 
“solid" phosphoric acid catalyst (H 3 PO 4 embedded on kieselguhr) the reaction is 
said to be 80 to 85 per cent complete, with about 90 per cent of the product being 
liquid.'*® The phosphoric acid catalyst was found to be equally effective when 
the contact material was used in the solid form or suspended in a liquid medium 
(the synthetic oil, Kogasin IP® was the dispersing agent). 

Table Boiling Ranges of Liquid Products Obtained by Polymerization of Ethylene with 

Phosphoric Acid at 50 to 65 Atmospheres Pressure. 


Polymerization Percentage of Total Liquid Product 


Temperature, °C. 

Below 110°C. 

110-225°C. 

225-300°C. 

Above 300°C 

250 

37 

26 

27 

10 

280 

31 

33 

23 

13 

300 

42 

20 

26 

12 

333 

46 

14 

29 

11 


Malishev'"® has investigated the polymerization of ethylene using a catalyst 
composed of equal parts of phosphoric anhydride and lampblack. Under 65 at¬ 
mospheres pressure, the rate of the reaction was quite slow at room temperature, 
but at 110°C., a rapid fall of pressure occurred. The reaction was completed at 
260°C. after a 2-hour period of heating. About 40 per cent of the ethylene was 
converted into a liquid boiling between 20° and 240°C. containing olefins, paraf¬ 
fins, aromatics and naphthenes. Malishev believed that phosphoric anhydride is a 
more active catalyst for polymerizations than is phosphoric acid, and is somewhat 
similar to aluminum chloride in its action. 

Fgloff and Schaad have shown that polymerization of ethylene takes place 
more readily in a static than in a dynamic system.‘*^^ Employing an autoclave at 50 
atmospheres pressure, a 63 to 73 per cent conversion to liquids was obtained at 
380°C. With a steel tube, however, a temperature of 420°C. was required for the 
same yield at 50 atmospheres pressure. Butadiene and paraffins up to nonane were 
found in the product. Aluminum oxide exerted very little catalytic action, but 
when a mixture of the oxides of nickel, aluminum and copper was employed as a 
catalyst at 330°C., an explosion resulted giving carbon, hydrogen and methane. 

Conversion of ethylene to liquid fuels by thermal treatment has been investi¬ 
gated by Sullivan, Ruthruff and Kucntzel.^*- In their experiments, carried out in 

N. Ipatieff and H. Pines. Jnd. Eng. Chem.. 1935. 27, 1364; Chem. Abs.. lO.U. 30. 275; /. 
!ntt. Pet. Tech.. 1936, 22. 18A; Brit. Chem. Abs. B. 1936, 51. J. Gen. Chem (U.S S.R.), 1936. 6. 
321; Chem. Abs., 1936, 30. 6321. .Vnf. Pet. News, 1936, 28 (9), 30; J. Inst. Pet. Tech., 1936, 
12. 201A. 

K. Peter* and K. Winier, Brennjitoff Chem., 1936. 17, 366; Brit. Chem. Abs. B, 1936. 1139. 

^ See Chanter 52 for a discussion of the nronerties of Koprasin II. 

»B. W. Malitliev, Petroleum Z., 1936, 32, (19), 1; Brit. Chem. Abs. B. 1936, 677; Chem. Abs., 


1936, 30. 7988. 

«r.. Egloff and R. E. Schaad, /. Inst. Pet. Tech., 1933, 19, 800; Brit. Chem. Abs. B, 1933, 1046; 
Chem. Abs., 1934, 28, 94. 

»F, W. Sullivan, Tr.. R. F. Ruthruff and E. E. KucnUcl, Ind. Eng. Chem.. 1935, 27, 1072; 
Chem, Abs., 1935, 29, 5^627; Brit. Chem. Abs. B, 1935, 929. 
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high pressure bombs at temperatures of 370 to 455®C., the interdependence of the 
three variables, temperature, pressure and time of contact, was very clearly shown. 
In this series of tests, during the initial heating period the ethylene was intro¬ 
duced into the bomb at a low rate of flow'. When the operating temperature was 
reached, the flow' w^as increased to a predetermined value, after which all condi¬ 
tions were maintained as constant as possible. At very high pressures, conversion 
to liquids increased very rapidly w ith increasing time of contact up to a maximum, 
after which cracking of the polymer occurred. In Table 131 are summarized the 
conditions for maximum polymer yield and the effect of pressure on the reaction. 


Table 131.— F.ffect of Pressure on the Th'^rmal Polymerizdtion of Ethylene. 



Tempera- 

Time of 

Liquid 

Gravity 

Gasoline 

Boiling 

Below 

Octane 

Pressure 

ture 

Contact 

Yield 

of Liquid 

390 °F. 

No. of 

lbs. ^sq. in. 

°F. 

Min. 

cr 

C 

°API 

(/ 

0 

Gasoline 

500. 

850 

8.1 

59 1 

49 0 

73.8 

78 

1000 ... 

850 

27.4 

70 0 

49 3 

69.5 

68 

2000 

850 

22.4 

80.8 

48 0 

62 5 

64 

3000 

700 

85.0 

75.0 

46 5 

40 2 

62 

3000 

750 

43 0 

74.8 

47 5 

47 3 

63 

3000 

800 

17.3 

74 3 

47.7 

55 0 

62 

3000. 

850 

9 6 

71 4 

50 1 

67.1 

63 


.‘\n investigation covering pressures of 34 to 90 atmosj>heres at temperatures of 
about 400°C. was conducted by Sniolenski and Kowalewski."^'* In their procedure, 
ethylene under pressure was very slowly heated up to the operating temperature 
(requiring about 5 hours). This precaution is quite important, l)ecause under 
these pressures if the ethylene is heated too rapidly an explosion will occur (re¬ 
sulting in the formation of methane and carbon). The polymerization w'as then 
carried out by maintaining the gas at 400°C. for 2 to 2.5 hours. This treatment 
resulted in an almost complete conversion to liquid products which ranged from 
hydrocarbons of the gasoline fraction to those of lubricating oils, depending upon 
the pressure employed. The yields of the various fractions are listed in Table 132. 
The portions boiling up to 250®C. were refined by treatment with sulj)huric acid 
and subsequently washed with water and .sodium hydroxide, removing 20 to 25 
per cent of unsaturated and aromatic hydrocarbons. The refined liquids contained 
mainly paraffins with slight amounts of naphthenes. Hydrogenation of the crude 
product under 90-100 atmospheres pressure diminished the yield from 92 to 75-80 
per cent of liquid product, which contained 15 to 20 per cent of unsaturates. 

Table 132 .—Liquid Products from Non-Catalytic Polymerization of Ethylene at 400^C. 

Pressure, atmospheres. 34 51 90 

Yield of crude liquid, % . 80 92 97 

Density, 20 °C. 0 764 0.775 0 792 


Fractions from Distillation of Crudes 
(Per Cent of Total Volume) 


Below 150'^C. 

. 45.6 

29.5 

19.5 

150-250 X. 

. 39.6 

42.5 

28.5 

275-300 °C. 

. 6 0 

6.6 

6.8 

Over . 

. 8 2 

21 0 

43.5 


The reduction in yield is attributed to rupture of long chains and the subse- 

M K. Smolen^i and S. Kowalewski. Br.ll. intern, acad. polonaise. Class* set. math, nat., 19I4A, 
315; Ckem. Abs., 1935. 29, 10,58; Brit. Chem. Abs. A, 1935, 191; Prwemysl. Chem., 1934, 18 (10*12), 
S47; J. Irtst, Pet. Tech., 1935, 21, 132A; K. Smolenski, Brennstoff-Chem., 1934, IS, 212. 
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quent hydrogenation of the fragments. Further experimentation showed that at 
420®C. and pressures of 67-210 atmospheres <lepolymerization takes place, with 
the cyclization of olefins to give naphthenes and dehydrogenation of these sub¬ 
stances to produce aromatics. Smolenski and Kowalewski point out that the chemi¬ 
cal character of polymerization products depends more on the temiierature than on 
the presence of a catalyst of the type of alumina. Liquid products may also be 
produced by passing ethylene over metal surfaces either coated or alloyed with tin, 
zinc, aluminum or chromium at 400 to 900^0.*'^'* 

By heating lower olefins to 400-700°C. for short contact times (less than 2 
seconds) in the presence of 0.5 to 1 per cent of oxygen in a reactor having a large 
volume-surface ratio, higher olefins are very readily produced. At 600°C. under 
these conditions, ethylene gives 59.3 per cent propene, 12.2 per cent butene and 
28.4 per cent pentene.'** No dissociation to carbon and hydrogen or excessive 
formation of methane or other paraffins is said to result at this temperature. Above 
650°C., however, the polymers undergo cracking, which reduces the yield. The 
maximum degree of polymerization is reported to occur in the range of 550° to 
650°C. using unpacked glass or metal tubes. The formation of carbon may be 
retarded by the addition of about 0.1 per cent of sulphur dioxide to the gas, wffiich 
is then passed over a copper catalyst at 450-750°The introduction of nascent 
hydrogen into the mixture of ethylene and sulphur dioxide prior to catalytic treat¬ 
ment has also been proposed to avoid the production of unsaturated liquid hydro¬ 
carbons.®^ 


PR0!>KNK 


The kinetics of the polymerization of propene at 330 to 4(X)°C. have been in¬ 
vestigated by Krauze, Nemtzov and Soskina.®^ The reaction progressed in a 
manner analogous to that of ethylene, and is apparently of the second order kineti- 
cally. The activation energy is calculated to be 37,400 cal., and the variation of 
the equilibrium constant with the temperature is given by: 


. . _ 8320 

- 10 2 .^ - - y- 


Liquid orthophosphoric acid is a very effective cataly.st for the polymerization 
of propene at temperatures as low as lv30°C. At moderate conditions (135 to 200°C. 
and 1 to 15 atmospheres pressure), this hydrocarbon is said to be capable of trans¬ 
formation into a liquid consisting almost entirely of iso-structure monolefins, such 
as hexenes, nonenes, dodecenes and pentadecenes. At higher temperatures and 
pressures and with longer contact times, naphthenes, aromatics and paraffins also 
result.®® At 330 to 370°C. and high pressure, the degree of unsaturation of the 
products is much greater in the catalytic than in the thermal treatment. The types 
of hydrocarbons formed are the same, except that in the latter ca.se, cycloparaf¬ 
fins and cyclodlefins predominate, while aromatics are absent. Table 133 gives 

F. Winkler and H. Hauher, (ierman P. 59.^.248. 1934. to I. G. F.irhenind. A.-G.: Chrm. Abs,. 

1934, 28, 3078. 

“ S. I.«nhcr, V. S. P. 2.00n,9o4. May 14, 193.S, to E, I. du Pont dc Nemours & Co.; Chem, Abj.. 

1935, 29. 4373; /. /nst. Pet. Tech.. 1936. 22. .S3A. Bnti«»h P. 432.4.10. 1935. to E. I. du Pont de 
Nemouri & Co.; Brit. Chem. Abs. B, 193.S. 893; Chem. Abs., 1936. 30. 484. 

“F. Eiacnstecken, German P. 588.158, 1933; Chem. Abs., 1934. 28. 1353. 

WF. Eiaenstecken. German P. 589,914. 1933; Chem. Abs.. 1934. 28. 2.163. 

M. V. Krauxe. M. S. Nemtxov and E. A. .Soskina. J. Gen. Chem. {C.S'.S.R.), 1935, 5, 343; 
Chem. Abs., 1935. 29. 6204; Brit. Chem. Abs. A. 1935. 1081; Compt. rend. acad. set. I .R.S.S.. 1934, 
8. 262: Chem. Ab.%., 1935. 29, 1 13; Brit. Chem. Abs. A. 19.14. 1179, 

•V. N. Ipatieff, Ind. Eng. Chem., 1935, 27. 1067; Brit. Chem. Abs. B. 1935. 1035; Chem. Ahi., 
1935, 29. 7935; /. Inst. Pet. Tech., 1935. 21. 408A. 
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the approximate percentage composition of the products obtained by the thermal 
and catalytic polymerization of propene.®^ 

Table 133 .—Polymerization Products of Propene at 330-370^C» and High Pressure, 


Comp<^sition 

Thermal 

Phosphoric / 
Catalyst 

Paraffins, 

8 

15 

Olefins, % .. . 

26 

63 

Cycloparaffins, J . . 

44 

10 

Cyclodlefins, %.... 

. 22 

6 

Aromatics, % .. . 

0 

6 


According to Sullivan, Ruthruff and Kucntzel**' propene does not yield as large 
a conversion to liquid fuels as ethylene under tlie same conditions of thermal 
polymerization. However, the specific gravity of the liquid, percentage boiling in 
the gasoline range and the octane number of this gasoline fraction are all much 
lugher than with the ethylene polymer. The optimum results are given in Table 
134. which also shows the effect of high pressure treatment. 

Table 134.— Effect of Pressure on the Thermal Polymerization of Propene. 


Gasoline 

Range 

Boiling 



'Pempera- 

I'ime of 

Liquid 

Gravity 

Below 

(Vtane 

Pressure 

ture 

Contact 

Yield 

of Liquid 

390®F. 

No. of 

lbs. sq. in. 

op 

Min. 

% 

°API 

/o 

Gasoline 

500. . 

850 

5.7 

16.3 

53.2 

80.3 

78 

1000 . . 

800 

22.6 

46.9 

53.6 

73.1 

87 

2000 

800 

16.9 

64.0 

53.4 

69.5 

75 

2000 . 

850 

10.6 

62.8 

49.8 

66.2 

80 

3000 ' 

750 

27 3 

62.6 

52.7 

59,5 

75 

3000 . 

800 

16.4 

61.0 

52.5 

63 4 

74 

,1000 . 

850 

8 7 

61.2 

50 3 

67.1 

74 


Braudes, (iruse ap.d Lowv^^- have stuflied low temperature polymerization of 
pro|x*ne using zinc chloride carried on pumice stone. The effect of this catalyst 
can bo sron from Table 135. 



Table 135 

—Polymerization of Propene. 




Time of 

Yield of 


Tempera- 

Pressure 

Contact 

Liquid 

V' 

/( 

Sp. Gr. 

ture, ®C. 

lb. sq. in. 

Min. 

Litjuid 


With Zinc Chloride Catalyst 


290-300 . 

1600 

90 

74.2 

0 7571 

200-208.. 

2050 

60 

43 5 

0.7491 

150-160.. 

3400 

360 

64 4 

0.7441 



Without Catalyst 



290-308 .. 

2475 

92 

4 3 

0.7665 

200-215... 

2150 

60 

0.3 

— 

150-160 . . .. 

3350 

360 

0 2 



Without the presence of the zinc chloride, practically no liquids were obtained, 
other conditions being approximately the same. Examination of the polymers 


•^V. N. Ipatieff and H. Pines Ind. Eng. Chem.. 1936, 28, 684; J. Inst. Pet. Tech., 1936,'22, 
306A; Chem. Ab$., 1936, 30, 8145. 

F, W. Sullivan. Jr., R. F. Ruthruff and W. E. Kuentzel, Ind. Eng. Chem., 1935, 27, 1072* 
Chem. Abs.. 1935. 29, 7627; Brit. Chem. Abs. B, 1935. 979. 

•“O. L. Brandes, W. A. Cruse and A. I.owy. tnd. Eng. Chem., 1936, 28, 554; /. Inst. Pet, Tech., 
1936, 22, 256A; Chem. Abs., 1936, 30, 4147; Brit. Chem. Abs. A, 1936, 819. 
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showed that the chief constituents were olefins and paraffins, together with some 
naphthenes in the higher fractions. Complete absence of aromatic hydrocarbons 
was noted, however. The hydrocarbons produced are listed according to their 
carbon content in Table 136. 

Table 136.— Liquid Products Obtained from the Pressure Treatment of Propene Using 

a Zinc Chloride Catalyst. 

Chief Constituents Present, Per Cent by Volume 


Operating 
Temp. ®C. 

c, 

c. 

c. 

c. 

c, 

C|o~ii 

Per Cent Distil¬ 
ling in Gasoline 
Range (to 200®C.) 

290-310. 

. 5.8 

10.1 

5.9 

12.9 

18.7 

27.3 

74.5 

200-210 . 

. 0.07 

7.0 

1.6 

2.0 

47.0 

32.0 

85.9 

150-160. 

. 0.3 

10.6 

1.2 

1.7 

55.9 

24.1 

92.0 


Oxygen in a concentration of 0.5 to 1.0 per cent favors the production of higher 
olefins from propene. The optimum conditions are given as 550® to 650®C., pres¬ 
sures up to 15 atmospheres and reaction times less than 2 seconds. At tempera¬ 
tures above 6S0®C., decomposition to carbon, hydrogen and paraffins is also noted, 
as in the case of ethylene. At 600°C. in the presence of 0.5 per cent oxygen, using 
a reactor having a large volume-surface relation, the following unsaturated hydro¬ 
carbons arc formed: 9.3 per cent butene, 27.4 per cent pentene, 32.3 per cent 
hexene, and 30.4 per cent higher olefins b.p. 74-100°C.®^ 

Butenes 

Polymerization reactions of 2-butene and isobutene are homogeneous and of the 
second order, according to Krauze, Nemtzov and Soskina. The velocity constants 
at 370°(\ are govertied by the equations 

logioi^ = 10.0 

and loj»if,A* = 12 3 

respectively (R is the gas constant and T is the absolute temperature). As a gen¬ 
eral rule, the velocity constant decreases rapidly with increase in molecular weight 
in the case of the normal olefins, while the existence of two chains attached to the 
double bond increases the rate, as in isobutene.'^"* 

The calculations of Parks and Todd on the free energy change for the forma¬ 
tion of diisobntylenc from isobutene following the reaction 

2C4HS (^as) V- (liquid) 

give aF° of —6.930 cal. at 298°K. (25°C.). This negative value for the free 
energy change means that the reaction may be cxj^ected to proceed spontaneously 
from left to right, since the e(|uilibrium con.stant is related to the change in free 
energy by the ecjuation: 

S r • -2.3/?riog A' 

It is of interest to note the approximate temperature limitations deduced by thermo¬ 
dynamics for this reaction. On the assumption that the free energy change may 
be expres.sed as a linear function of the absolute temperature (which is equivalent 

British P. 432,430. 1935, to E. I. du Pont dc Nemours a Co.; Brit. Ckem. Abs. B, 1935. 893; 
Chfm. Abs., 1936, SO. 484. ^ 

••MV Krause. M. S. Nemtsov and E. A. Soskina. Com/>t. rend. acad. sci., I .R.S.S., 1934. 3. 
262; Brit. Chrm. Abs. A, 1934, 1179; Ckem. Abs., 1935. 29. 113. 
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to taking the difference in the specific heats of the products and the reactants 
equal to zero), it can be shown that the above reaction is not possible at ordinary 
pressure above 402° K. (129°C.)-®® 

Ipatieff and Corson found that the rate of polymerization of the butenes using 
aqueous phosphoric acid as catalyst increased in the order 1-butene, 2-butene and 
isobutene. The liquid polymerization products are similar in physical and chemical 
properties, all being mixtures of liquid monolefins. Mild conditions (30°C.) favor 
the formation of only two simple polymers (dimer and trimer). At higher tem¬ 
peratures, as many as seven compounds were obtained from isobutene, however 
diisobutene and triisobutene were the predominant resultants.®® 

Jn addition to polymerization, phosphoric acid causes considerable isomerization 
with the butenes.®^ For this reason Ipatieff and Corson point out the fact that 
there may be doubt as to the reliability of the relative rates of polymerization that 
they reported. For instance, although the starting hydrocarbons were pure speci¬ 
mens, the material which was actually polymerized might have been a mixture of 
the isomeric butenes, the relative amounts of which would depend upon the experi¬ 
mental conditions. In the light of this, isobutene was observed to accelerate the 
polymerization of the «-butenes, while the latter affected the rate of polymerization 
of propene in the same manner. Sulphuric acid is particularly effective in selec¬ 
tively polymerizing isobutene to di- or to di- and triisobutylene from mixtures of 
olefins.®® 

Hydrocarbons of high molecular weight are produced from isobutene by the 
action of volatile metallic halides. Temperatures from —10° to about 50°C. are 
reported as effective when using beryllium chloride, zinc chloride, phosphorus 
pentafluoride, arsenic trifluoride, osmium octafluoride, boron trichloride, stannic 
chloride, titanium tetrachloride and antimony pentafluoride.®® By means of boron 
trifluoride, isobutene may be polymerized at —15°C. to compounds having a molec¬ 
ular weight of lO.fXK)-15,000. With a specially purified isobutene, treated with 
this promoter at —80°C., the molecular weight of the product may be increased to 
as high as 40,000."® In this connection it is interesting to note that treatment with 
aluminum chloride^^ at temperatures of —78° to 16°C. gives rise to olefins and 
cyclic products of molecular weights in the range of only 132 to 4800.'^- 

Various silicates, such as silica gel and fuller's earth, render maximum catalytic 
effect after being activated at a temperature between 300° and 325°C'.^’^ Accord¬ 
ing to Lebedev and Borgman^** the factors of contact time, temi)erature and methml 
of activation of the catalyst determine the yields and degree of complexity of the 
products. Activated floridin in contact with 2-butene at room temperatures for 1, 
2 and 4 months produced 45-50, 60 and 80-85 per cent polymerization, rcspec- 

• G. S. Parks and S. S. Tcxld, Ind. Eng. Chem., 1936, 28, 418; Chem Abs., 1936, 30, 3401; 
Brit. Chem. Abs. A, 1936, 701. 

••V. N. Ipatieff and B. B. Cof^on, Ind. Eng. Chem., 1935, 27, 1069; /. Inst. Pet. Tech.. 1935, 
21, 408A: Chem. Abs.. 1935, 29. 7935. 

•»V. N. Ipatieff, H. Pines and R. E. .Schaad, J.A.C.S., 1934. 56, 2696; J. Inst. Pet. Tech., 1935, 
21, 47A; Brit. Chem. Abs. A, 1935, 192. See also C. Matignon. H. Moureu and M. Dodc. Bull, 
soe. chim., 1935, (5) 2, 1169, 1181; Brit. Chem. Abs. A, 1935, 958; Chem. Abs., 1935. 29. 6567. 

•French P. 794,397, 1936, to International Hydrogenation Patents Co. Ltd.; Chem. Abs., 1936, 
30, 4510. See aljw G. A. Kramer. U. S. P. 1,953,618. Apr. 3, 1934, to Shell I)evelof>mcnt Co.; 
Chem. Abs., 1934, 28, 3740; Brit. Chem. Abs. B. 1935. 138. 

• Britiih P. 421,118, 1934. to I. G. Farbenind. A.-G.; Chem. Abs., 1935, 29, 3353; Brit. Chem. 
Abs. B. 1935, 182; /. Inst. Pet. Tech., 1935. 21. lOOA. 

•British P. 432,196, 1935, to I. G. Farbenind. A.-G.; Chem. Abs., 1936, 30, 109; Brit. Chem. 
Abs. B, 1935, 893. 

See Chapter 6 for a discussion of this catalyst. 

• H. 1. Waterman. J. Over and A. J, Tiilleners. Rec. trav. chim., 1934. 53. 699; Brit. Chem. 
Abs. A, 1934, 864; Chem. Abs., 1934. 28. 5397; /. Inst. Pet. Tech., 1934. 20, 454A. 

• Y. M. Slobodin, J. Applied Chem. {U..^..S.R.), 1935, 8. 35; Chem. Abs., 1935. 29. 6709; Foreign 
Petroleum Tech., 1935, 3, 427; /. Inst. Pet. Tech., 1936, 22, 97A; Brit. Chem. Abs. A, 1935, 942. 

• S. V. Lebedev and Yu. A. Borgman. /. Gen. Chem. iVS.S.R.), 1935, 5, 1589; Brit. Chem Abs. 
A. 1936, 702; Chem. Abs., 1936, 30, 2169. 
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The product consisted of 43 per cent of the dimer, 15-18 per cent of the 
trimer and the remainder higher polymers. 

Lebedev and Bor^nuin show that the molecular weight of the polymers in¬ 
creases uninterruptedly with falling temperature. At —65°C. floridin (activated 
at 200®C.) gives rise to compounds varying from 112 to 12,000 in molecular 
weight. The polymers of isobutene produced at —70®C. consisted of 3.4 per cent 
octene, 20.7 per cent dodecene (C 10 H 04 ), 15.3 per cent hexadecene (C 10 H 32 ), 10.8 
per cent tetracosene (C 24 H 4 „), 5.4 per cent octacosene and 44.4 per 

cent higher hydrocarbons.The action of alumina precipitated on silica gel 
yields similar nioiK)lefins from isobutene, substances up to the tetramer being 
detected. 


] Ik; I IKK Olkkins 


Pentenes. The normal pentenes have been shown by Waterman and co¬ 
workers to cyclicize very readily in the presence of aluminum chloride.'^^ Experi¬ 
ments with 2 -pentene using this catalyst at low temperatures ( 0 ° to —80°C.) yielded 
partly cyclic compounds, some having a molecular weight of 350 and containing 
only a mono ring formation.At 400°(\ with or without aluminum oxide, the 
cyclic character of the polymerization products is augmented.®^ Isopentenes, such 
as methylethvlethylene, trimethylethylene and isopropylethylene, using aluminum 
chloride at 85®C. and ZOO'^C. and alumina at 4{K)°C. yielded partly cyclic sub¬ 
stances. Dimers formed about 20 to 25 per cent of the product.®' 

Hexenes. The thermal polymerization of 2-hexene and 3-niethyl-2-pentene 
has been investigated by Nemtzov and Poletaev,®- who report that both reactions 
are of the second order kinetically. The rate of polymerization of the normal 
hexene is about twice that of the branched isomer, and is considerably lower than 
that of ethylene and ])ropcne condensations. The chief component of the reaction 
mixture in each instance is the dime’*, with little trimer and no higher polymers. 
.'\ccording to these investigators, 2 -hexene is more stable than isohexene, but 
olefins are much more easily decomposed by thermal treatment than the corre¬ 
sponding paraffins. The normal hexenes begin to polymerize above 350°C. in the 
presence of molybdenum sulphide. At 400°C. this reaction becomes quite marked, 
yielding principally higher boiling hydrocarbons. Considerable isomerization to 
2-hexene was noted. Only small amounts of 3-hexcne and no isohexene could be 
detected.®*' 

Laughlin, Nash and W hitmore have studied the equilibrium mixture of three 
of the isomeric hexenes. Tetramethylethylene. methylisopropylethylene and tcr- 
butylethylene, heated to 300°C.. were each passed over a catalyst of silica gel im¬ 
pregnated with phosphorus pentoxide. The product obtained from these treat¬ 
's. V. I.el>ctlev ami S. M. Orlov. 7. Ccn. Chcm. (V.SS.R.^, I*),!.';. 5. 1589; CUcm. /Ihs., 1936. 
30. 2169: Brit. Chem. Ahs. A, l'i.l6, 702. 

S. V. Lebedev and Yu. A. Borsman. loc. cit. 

H. I. Waterman, J. I. Leendert^e and A. T Kok. Rcc. trav. chim., 1934, 53, 1151; Chem. Abs., 

1935, 29. 2504; Brit. Chem. Abs. A. 1935. 192. 

^ .See Chanter 6. 

H. I. W’aterman and J. J. Leendertse, Trans. Farada\ Soe.. 1936, 32, 251; Chem. Abs., 1936, 
30. 2457; Brit. Chem. Ahs. A. 1936. 310. Fee. trar. chim., 1935, 54. 1 39; Chem. Ahs.. 1935. 29. 

2803; H. I. W'aterman. I. I Lecndrrtse and T de HuLter. 7. Inst. Pet. Tech.. 1935. 21, 952; Chem. 

Ahs., 1936, 30. 2735; Brit.'Chem. Ahs. A, 1936, 186; 7. Inst. Pet. Tech., 1936, 22. 18.\. 

^ H, 1. W'aterman, J. 1. Leendert<;e and W’. W’, Klazin^a. Fee. trav. ehim., 1935, 54, 79; Chem. 

Ahs., 1935. 29, 2503; 7. In.rt. Pet. Tech.. 1935. 21. 161A. 

H. 1. W^aterman. I. Leendertse and L P. Makkink. 7. Inst Pet. Teeh., 1936, 22, 333; Chem. 
Ahs.. 1936. 30. 5773; Brit'. Chem. Ahs. A. 1936. 9nt. 

M. S, N'cmtiruv and A. V. Polctacv, 7. Cen. Chem. i I’..S ..K.R.), 1936, 6, 892; Chem. Ahs, 

1936, 30. 6701. 

A. I). Petrm. A. P. Meshrhenaknv and I). N. Andreev, Ber., 1935, 68. 1; Chem. Ahs., 1935, 
29. 2145; Brit. Chem. Abs. A, 1935. 324. 
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nients was a mixture of three isomers, and in each instance had the composition 
61 per cent tetramethylethylene, 31 per cent Mtwyiw-niethylisopropylethylene and 3 
l>er cent /er-butylethylene. It is interesting to note that a mixture having the 
identical percentage composition results from the dehydration of methyl-/cr-butyI 
carbinol (pinacolyl alcohol) with the same catalyst at 300® 

Cyclohexene. Cyclohexene may be converted into cyclohexyl-cyclohexene 
to the extent of 80 to 90 per cent by boiling with phosphorus pentoxide in a Soxh- 
let extractor.*® Orthophosphoric acid also may be used, hut is not as effective as 
the anhydride, and metaphosphoric acid (HPO 3 ) is without action.** Using alu¬ 
minum chloride as a catalyst and liquid pentane as a diluent. Waterman. Leendertsc 
and ter Poorten*^ observed that hardly any polymerization of cyclohexene took 
place at —*78®C., and even at 40®C. the reaction was only slight, whereas with 
isobutene and isopropylethylene, reaction was quite violent at these temperatures. 
At 70®C., however, cyclohexene will polymerize quite readily giving high molecular 
weight cyclic products.** 

Other Olefins. Activated floridin at 150-270°C. causes considerable iso¬ 
merization of the tertiary butyl radical in the higher olefins. /^r-Butylethylene 
underwent 47.4 per cent change to tetramethylethylene, and MM.rym-methyl-/rr- 
hutylethylene yielded 54 per cent of trimethylethylethylene. Neither of the prod¬ 
ucts was affected by the floridin.**^ This catalyst may also exert a depolymerizing 
effect on higher olefins. At 50°C., triisobutylene begins to break down, and at 
180® to 190®C. the decomposition is complete, 99 per cent being dissociated to di- 
i.sobutylene and isobutene and the remainder to isobutane and octene. At the same 
time, part of the diisobutylene is repolymerized to form the tetramer and higher 
forms.** 

To a small extent, pinene vapor is polymerized to polyterpenes at 330°C, in the 
presence of copper, nickel, cobalt and iron. The principal reaction at this tempera¬ 
ture. however, is one of isomerization.*^ 


Poi.YMERI7.\TION OF OleFIN MIXTURES TO ArOMATICS. AND 
Low-Boiling Liquid Olefins 


Birch and Hague obtained yields of 5 per cent of styrene, 2 per cent of indene 
and some butadiene and cyclopentadiene by polymerization of the gaseous olefins 
resulting from the pyrolysis (at 850®C. and 20 lbs. per sq. in. pressure) of a still 
gas containing mainly methane, ethane, propane and butane. Styrene was believed 
to result from the union of ethylene and benzene, and subsequent dehydrogenation, 
as: 


C«H« -f- CjH 4 —^ C#H»C*H| —^ CtHjCjHi •+* Hi 
Indene may be formed by the combination of propene and benzene or toluene and 

•*K. C. Laughlin. C. W. Nash and F. C. Whitmore. J.A.CS., \9H. 56, 1395; Chem. Abs., 1934. 
28, 4372; Brit. Chem. Abs. A, 1934. 866. 

••R. Trullault, Cornet, rend., 1935, 200. 406; Chem. Abs., 1935. 29. 2927; Bnt. Chem. Abs. 
K 1935, 480. 

■•R. Truffault, Bull. soc. chim., 1936, (v) 3, 442; Brit. Chem. Abs. A. 1936, 598; Chem. Abs., 
1936, 30, 3806. 

« H. 1. Waterman. J. J. Leendertse and A. C. ter Poorten. Rec. trav. chim.. 1935, 54, 245; 
Chem. Abs., 1935, 29. 2803; Brit. Chem. Abs. A, 1935. 480. 

" H. 1. Waterman and J. J. Leendertse, Trans. Faraway Soc., 1936. 32. 251; Chem. Abs.. 1936. 
SO 2457. 

*»S. V. Lebedev and N. A. Kudryavtaev, /. Cen. Chem. (V.S.S.R.). 1935, 5, 1859; Chem. Abs.. 
1936, 30, 3402; Brit. Chem. Abs. A, 1936, 702. 

IS s, V. Leoedev and I. A. LivshitXt /. Gen. Chem. iU.S.S.R.), 1934. 4, 13; Chem. Abs., 1934. 
28, 5398; Brit. Chem. Abs. A, 1934, 864. , _ ^ 

•t P, habatler, A. Mailhe and G. Gaudion, Con^t, rend., 1919, 168, 926; J.C.S., 1919, 116 (13. 
336: Chem, Abs., 1919. 13, 1838. See also G. ^loff, M. Herrman, B. L. Levinaon and M. F. 
Dull, Chem. Rev., 1934. 14. 287; Chem. Abs., 1934, 28, 5426. 
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ethylene, followed by ring closure and elimination of hydrogen, similar to the above 
reaction, or by demethanation of dicyclopentadiene: 


H H 

C C 




Dehydrogenation or demethanation account for the formation of butadiene and 
cyclopentadiene.'*^ Dunstan, Hague and Howes reported high yields of liquids by 
polymerizing ethylene hydrocarbons obtained from the thermal decomposition of 
mixtures of the lower paraffins. Polymerization was carried out in an autoclave 
at 100 atmospheres pressure and 380® to 410®C. In addition to styrene, indene 
and the diolefins mentioned above, benzene, toluene, m- and />-xylene, naphthalene, 
anthracene, phenanthrene and chrysene were produced.®^ 

Low-boiling unsaturated liquids are formed by passing an “ethylene concen¬ 
trate*’ (a mixture of lower olefins) through a quartz tube charged with silica gel 
and heated to 550-580®C. at atmospheric pressure.®^ An increase in temperature 
causes a higher yield of benzene at the expense of the olefins. Under pressure 
and at 320® to 360®C., using zinc chloride as the catalyst, the products are quite 
different, consisting of paraffins, aromatics, naphthenes and olefins, although the 
latter do not exceed 30 per cent in this case. 

Both liquid products and acetylene may be recovered from waste gases such as 
those obtained in oil cracking, according to Morrell,®® who recommends a three- 
step process. First the gas mixture is pyrolyzed at 800-1200® C. at reduced pres¬ 
sure and contact times of less than 0.10 second, to form high yields of olefins. 
The second step involves polymerization of these unsaturates (principally the pro- 
pene and higher members of the series) to liquids by means of a phosphoric acid 
catalyst. The residual gases from this treatment (mostly ethylene) are now 
heated to about 1100®C., under reduced pressure, for about 0.10 second to produce 
acetylene. Morrell cites as an example a stabilizer gas containing 25 per cent 
methane, 23 per cent ethane, 18 per cent propane, 12 per cent butane and higher 
paraffins, 5 per cent hydrogen and 17 per cent olefins. 'I'his material was cracked 
at 900®C. and 50 mm. pressure for 0.01 .second, and the resulting olefins poly¬ 
merized at 400®F. and 100 lbs. per sq. in. pre.s.surc. The liquid obtained netted 3 
gallons of ga.soline per 1000 cu. ft. of input gas. The residual gas, heated to 
1400®C. at a pre.ssure of 50 mm. for 0.06 .second gave 450 1. of acetylene per 
1000 1. of the original stabilizer gas. 

Ipatieff and Nemtzov®^* found that polymerization of mixtures of the lower 
olefins, .such as ethylene and propene, was greatly influenced by the presence of 

•* S. F. Birch and E. N. Haffuc, /«d. /:«//• Chem., 19.14. 26, 1008; Chem. Ahs., 19J4, 26, 6982; 
Brit. Chem. Abs. B. 19.14. 1049. 

••A. E. Dunstan, E. N. Hague and D. A. Howe*, Chimic rt iuHustric, 19.15, 34, 27.1; /. Inst. 
Pei. Tech., 1936, 22, 18A; Brit. Chem. Abs. B. 19.15. 934. 

••I. X. Ivanov, /. Applied Chem. iU.S.!^.R.), 1933, 6, 10.1; Chem. Abs., 193,1, 27, 5714; Foreign 
Petroleum Tech., 1933, 1 (.1). 71; J. Inst. Pet. Tech., 1934. 20, 416A; Brit. Chem. Abs. B, 1933, 
612. 

•J. C. Morrell, U. S. P. 2.030,070. Feb. II, 1936, to I’niverbal Oil Products Co.; Chem. Abs,, 
1936, 30, 2362. 

••V. N. Ipatieff and M. S. Nemtaov, Khim. Tverdogo TopUva, 19.12, 3, 707; Chem. Abs., 1934, 
2t. 5644; Foreign Petroleum Tech., 1934, 2. 247; /. Inst. Pet. Tech., 1935, 31, 50A; Brit. Chem. Abs. 
B, 1935, 7. 
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hydrogen, since under these conditions a product resulted which boiled almost 
entirely below 200®C. Evidently, polymerization under these conditions is ac¬ 
companied by hydrogenation to the corresponding paraffins. As a matter of fact, 
mixtures of ethylene and a large excess of hydrogen treated in a similar manner 
were found to give no liquid products, showing that hydrogenation predominated 
over polymerization. Although the gas mixture underwent polymerization above 
350®C., it appears that saturation of the olefins occurs at much lower temperatures. 
Above 440®C. cracking begins to take place, as is shown by the deposition of car¬ 
bon on the walls of the reaction vessel. Activated carbon and alumina were in¬ 
effective as catalysts. The carbonaceous material promoted the condensation re¬ 
actions, however. The optimum conditions for the production of low-boiling liquid 
products are reported as a temperature slightly above 400°C. and a hydrogen pres¬ 
sure of 300 atmospheres. 

Styrene and Other Aryl Substituted Olefins 


Polystyrene, a highly polymerized form of styrene, may be produced by heating 
the latter with about 2.5 per cent of benzoyl peroxide. Yields of about 34 per cent 
have been obtained by Natelson, using this method.®^ Staudinger and Steinhofer®^ 
found by heating polystyrene for 6 hours at 310-350°C. and atmospheric pressure, 
it underwent depolymerization, giving 62.5 per cent styrene, 19.2 per cent distyrene, 
3.8 per cent tristyrene, no tetrastyrene and 9.6 per cent residue. At 290 to 320®C., 
under reduced pressure, and with a 12-hour heating period, the yield of styrene was 
reduced, amounting to only 38.4 per cent. The dimer was present in the same pro¬ 
portion as in the first case {19,2 per cent), however, the amounts of tristyrene, tetra¬ 
styrene and the residue were increased to 23.0, 3.8 and 11.4 per cent respectively. 
These investigators reported that the dimer consisted of l,3-diphenyl-3-butene and 
1,3-diphenyIpropane, while the trimer was composed of l,3,5-triphenyl-5-hexene and 
1,3,5-triphenylpentane. Polymerization of styrene is apparently a chain process, 
interrupted by a secondary change which occurs with increasing frequency as the 
rate of polymerization increases.®® 

From their studies of the properties, mechanism of formation and constitution 
of the polymers of styrene obtained using various catalysts, Risi and Gauvin'®^ 
have advanced a theory pertaining to the nature of the secondary change noted by 
Staudinger and Steinhofer. After standing for several days in the dark with 
antimony pentachloride in benzene solution, styrene formed a resinous mass which 
was separated into 2 polymers, one melting at 60°C. and having a molecular weight 
of 636 and the other with a molecular weight of 1335 and a melting point of 90® 
to 92®C. Both substances were saturated, as was showm by their inability to add 
bromine. Similar saturated polymers were also isolated from polystyrene pre¬ 
pared by the method of Staudinger and Steinhofer^®' (using sulphuric acid as 
catalyst) and from Fittig-Erdmann'®^ distyrene (1,3-diphenylbutene-l) when 
polymerized by means of stannic chloride. On the other hand, the distyrene of 
Stoermer'®** (2,4-diphenylbutene-2) w^as not affected by the latter catalyst, from 


•^S. Natelson. lud. E*ni. Chem.. 19.1.1, 25. 1.191; /. Inst. Pet. Tech., 19.15. 21. 29A; Brit. Chem, 
Abs, A. 1934. t>2. Benzoyl peroxide may be formed by dissolving oxygen in the liquid styrene and 
adding benzaldehyde. 

••H. Staudinger and A. Steinhofer, Ann., 1935, 5l7, 35; Chem. Ahs., 1935, 29, 4336; Brit. Chem. 
Abs. A, 193.5. 740. 

•• See Carleton Ellis, “The Chemistry of Synthetic Resins." Reinhold Publishing Corp.. New 
York, 1935. I. 232, for a discussion of the theories of polymerization of styrene. 

J. Risi and D. Gauvin, Com. /. Research. 1936, 14B, 255; Chem. Ahs., 1936, 30, 7549. 

M. Staudinger and A. Steinhofer, ioc. eit. ^ .r. 

»«R. Fittig and E. Erdmann, Ann., 1883. 216, 179; Chem. Zentr. 1883. 403; J.C.S., 1883, 44, 474. 
Stoermer and H. Kooti, Ber., 1928, 61. 2330; Brit. Chem. Abs. A. 1929, 55; Chem. Abs., 
1939, U, 1397. 
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which Risi and Gauvin suggest that this hydrocarbon is likewise completely sat¬ 
urated. These investigators also agree with Staudinger and Steinhofer in that the 
polymerization reactions are of the chain type and do not take place by stages. 
The secondary transformation which is believed to check the polymerization in¬ 
volves the cyclization of the intermediary unsaturated polystyrene into a saturated 
filamentary molecule terminated by a hydrindenic ring. This may be represented 
graphically for the dimerization by the reaction: 
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Higher polymers may also be explained according to this system: 
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In contrast with the ease of combination of styrene molecules, propenyl!)enzene 
derivatives polymerize with difficulty, and only in the presence of catalysts, 'fhe 
introduction of a terminal methyl group diminishes the tendency of the ethylenic 
linkage toward combination to form complex molecules. Polymerization of pro- 
penylbenzene follows a chain mechanism with the linkages occurring in the 1,3 
position (instead of the 1,2, as with other ethylenic compounds). This is probably 
due to the mobility of the hydrogen in the methyl group of the ally I radicals.^^ 

^ H. StatuUnfcr and E. Drebcr, Ann., 1935, 517, 73; Chem. Abi., 193$, 29, 4336; Brit. Chem. 
Abt. K 1935, 740. 
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Staudinger and Dreher polymerized propenylbenzene in toluene solution by means 
of boron trifluoride, the latter giving products having a molecular weight up to 
about 2000. Cracking of the polymer gave rise to diphenylbutadiene and propyl- 
benzene. 

Bergmann^®® found that 1-phenylbutadiene dimerizes to form 2-benzyl-l-styryl- 
3-cyclopentene. This result is explicable if the process is assumed to follow a 
course similar to that of the simple ethylenes^^ involving the formation of an open 
chain hydrocarbon by displacement of one hydrogen in the methylene group. Mi¬ 
gration of one of the double bonds leads to the formation of a conjugated system 
in which one of the hydrogen atoms becomes activated and migrates with the 
formation of a five-membered ring, as for instance: 


H H 

C C 

HC C—CH==CHCH==CH5 -f HC 


C—CH==CHCH==CH2 
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IMienylatcd olefins may Ik* cyclicized into the corresiX)nding tetralins or indanes 
by treating with 85-90 per cent sulphuric acid as a catalyst.^®^ However, poly¬ 
merization also occurs to a greater or less degree even with alcohols, which are de¬ 
hydrated to the corresponding olefins in the presence of this promoter. Thus, 20 
cc. of 1-phenylpentanol-l (butyl phenyl carbinol) was added slowly, with constant 
stirring, to 30 cc. of 90 per cent sulphuric acid at 9 to 10®C. The olefin formed, 
1 -phenylpentene-l, was completely polymerized to a substance boiling at 163- 
165®C. at 2 mm. pressure. Similarly, 1-phenyl-2-methylpentanol-2, 3-phenyl- 
propanol-1, 4-phenylbutanol-2, 4-phenyl-2-methylbutanol-2 and 4-phenylbutene-l 
underwent considerable condensation with this catalyst. 


Diolefins 

Allenes, Activated floridin causes a partial polymerization of hydrocarbons 
of the allene series. Methyl allene (1,2-butadiene) is polymerized to the extent 

>«» E. Bergmann, 1935, 1359; Ckem, Abs., 1936, 30, 88; Brit. Cium. Abs. A. 1935, 1497. 

F. C. Whitmore, Ind. Eng. Chem., 1934, 26, 94; Chem. Abs., 1934, 28. 1327; J. Inst. Pet. Tech., 

1934, 20 79A. 

R.* O. Rohlin. Jr,. D. Davidson and M. T. Bogert, J.A.C.S., 1935, 57, 151; 7. Inst. Pet. Tech., 

1935, 21. 90A; Ckem. Abs., 1935, 29. 1804. 
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of 22 per cent by passage over this catalyst at 245® C. and 25 per cent at 330®C. 
Dimers of methyl allene and also of bivinyl, the chief isomerization product,^®* 
could not be identified in the resulting polymers.^®® In the case of wti^y^H-dimethyl 
allene [CH 2 =C=C(€ 113 ) 2 ], however, the chief polymerization product was the 
dimer of isoprene. In fact, at temperatures above 334®C. using floridin activated 
at 325®C., the content of isoprene in the pyrolysis mixture remained unchanged, 
because the velocity of its formation is equal to that of its polymerization.^'® 

Butadiene. The kinetics and mechanism of the thermal polymerization of 
1,3-butadiene at 400-700®C. and atmospheric pressure were studied by Moor, 
Strigaleva and Shilyaeva.^'^ Results of experiments made in a copper coil and a 
vertical porcelain tube indicate that at 400®C. the primary thermal reaction is bi- 
molecular and may be represented by: 

2 C 4 H. —> CgH» 

By polymerizing at 450-700®C. products of both higher and lower boiling points 
than butadiene are obtained. The change of surface has apparently no effect, as 
the two methods produced substantially equal results. The energy of activation 
under these conditions is given as 28,000 cal. per mole, while the variation of the 
rate with temperature is given by the expression: 


logioir = 7.32 + 


6400 

f 


Rubanovskii use5 the glow discharge method to investigate the kinetics of 
butadiene pol>'merization."2 At O.OOl to 0.1 mm., the pressure in the discharge 
tube increases to what corresponds to the cracking of butadiene, whereas above 
0.1 mm. the pressure decreases because of the contraction in volume in the poly¬ 
merization of the hydrocarbon. During discharge, in a mixture of hydrogen and 
butadiene, the shock impact of the hydrogen atom also is believed to induce poly¬ 
merization. The chain character of the mechanism is indicated by the induction 
period (3 to 7 minutes^which is typical for this type of reaction). The accelera¬ 
tion of the rate of reaction by dilution with argon and oxygen, which hampers 
the diffusion and breaking of chains on the sides of the tube, further suggests the 
chain mechanism. In addition, the speed of polymerization is much greater in a 
larger tube. The kinetics of the process are not affected by the characteristics of 
the discharge nor by the material of the electrodes. 

The thermal polymerization of liquid butadiene at 110-200®C. has been re¬ 
ported by Lebedev and co-workers to be a homogeneous reaction, greatly cata¬ 
lyzed by the presence of oxygen. The energy of activation for the liquid phase 
treatment is 13,000 cal. On the other hand, in order to have the reaction proceed 
in the gaseous phase over the same temperature range, an energy of activation 
of 25,000 cal. is required."® 

Heating at 150®C. for 120 hours converts butadiene into a dimer, consisting 
mainly of 1-cthenyI-3-cyclohexene and a small amount of 1-ethenyl-l-cyclohexene. 
No open chain dimerides are formed, and there is no tendency to further poly- 


^ Sec Giapter 2. 

*^Y. M. Slobodin, /. Cen. Chem. (USS.R.), 19J5, 5, 48; Brit. Chem. Abs. A, 19.15. 957: Chtm. 
Abs., 1935, 29. 4732. 

“•Y. M. Slobodin, /. Gen. Chem. (USS.R.), 1934, 4. 778; Chem Abs., 1935. 29. 2145; Brit. 
Chem. Abs. A, 1935, 62. 

G. Moor, N. V. Strigaleva and L. V. Shilyaeva, 7. Cen. Chem. (L'.S.S.R.), 1935, 5, 818; 
Chem. Abs., 1936, SO, 365; Brit. Chem. Abs. A, 1936, 51. See alao (». G. Kohiyanakii and K. B. 
Ptotrovikii, Sintei Kauchnk, 1936, (3), 3; Chem. Abs.. 1936, 30. 5069. 

»“L. Rubanovskii, 7. Phys. Chem. (U.S.S.R.). 1933, 4, 431; Chem. Abs., 1934. 28. 2980. 

V. Lebedev, M. A. Kbokhlovkin, L. I. Kuibina and A. P. Begetova, Sintei. Kauchnk, 1936 
(1), 2; Chem. Abs., 1936, 30, 4078. 
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merization.^^^ Slobodin also reports the formation of l-ethenyl-3-cyclohexene by 
heating butadiene to 400®C. in the presence of a dehydrogenation catalyst. 

The dimer, l-ethenyl-3-cyclohexene, is said to be the chief resultant of the thermal 
polymerization of butadiene in the i)resence of nitrogen at temperatures of 250 to 
400®C. However, with long periods of contact, especially at high temperatures, 
hydrogen and methane were also formed, indicating decomposition of the poly¬ 
mers.^'® The addition of copper naphthenate or oleate in small percentages 
(0.001 to 0.41 per cent of copper) has been suggested to restrict the polymeriza¬ 
tion of butadiene to the dimer stage alone."" After lieating butadiene for 29 
days at 80°C. in the presence of 3.20 per cent of copper naphthenate (0.407 per 
cent copper), 45.87 per cent of dimer, but no higher polymers resulted. Metallic 
copper acts in a similar manner, but is less effective. Although an increase in the 
concentration of either copper or its salts increases the effectiveness for prevention 
of higher polymers, the dimerization reaction is stated to proceed independent of 
the concentration of the inhibitor."'' 

Diazoaminohenzene has been suggested as a catalyst for polymerizing butadiene 
in the Russian synthetic rubber industry.'*® The process is carried out at 100°C. 
under 18-20 atmospheres pressure with constant stirring. Another catalyst which 
may he used for tlie |)olymerization is metallic sodium. However, it has been 
pointed out that the technical butadiene obtained from petroleum does not undergo 
polymerization with sodium because of the destruction of this catalyst by the ad- 
mi.xed impurities.'-® The use of an alkali metal, such as sodium, in conjunction 
with an unsaturated ether (vinyl ethyl ether), is also recommended.'2' The 
polymerization of butadiene with sodium in an atmosphere of carbon dioxide has 
been investigatcfl by Koblyaiiskii and Rokityanskii.'-- who report that under these 
conditions, the rate of polymerization is greatly retarded and a different type of 
polymer formed. The reaction product is described as a white porous substance, 
insoluble in benzene, chloroform and ether, containing 88.67 per cent carbon and 
11.04 per cent hydrogen. It is stated to be autocatalytic to the polymerization 
reaction and also to oxidize (juite rapidly on exposure to air. Alkali organic com¬ 
pounds of the type of sodium triphenylmethyl and sodium diphenylmethyl also cata- 
1 yze polymeri zat ion.' - ' 

A method of removing butadiene from cracked gases has been suggested by 
Odell.'2”* The gas mixture (such as refinery gas) is preheated to 3()0-800®F., 
mixed with hot combustion gases and about 0.5 per cent o.xygen, 10 per cent steam 
and a small amount of sulphur dioxide and then passed over a bed of solid re- 

S V. Kchedev .Tnd .S, SerKietiko, Compt. rend. acad. sci., U.R.S.S., 1935, 3. 79; J. Gen. Chem. 

1935. 5, 1839; Brit. Chem. Abs. A, 1935, H80; 1936, 702; Chem. Abs., 1936, 30. 1023. 

2548. 

"•-Y. M. Slobodin, J. Gen. Chem. (U.S.S.R.), 1935, 5. 1415; Chem. Abs., 1936. 30, 2169. 

'*•1. A. Volzhinskii, M. K. ZheRis. L. B. Rubtna and M. S. Shcrcmct’cva, Sintet. Kauchuk, 
1936 (1). 8; Chem. Abs., 1936. 30. 6757. 

A. I. Savel’ev, O. G. Arbidan and A. V. Zlatogurskii, Stntet. Kauchuk, 1936 (4), 18; Chem. 
Abs., 1936, 30, 7385. 

The rate of polymerization of biitadienc is also lowered by the presence of various aliphatic 
and aromatic ketones and diketones, aldehydes and aliphatic and olefinic alcohols. See N. A. Chay* 
anov and Z. N. Nemtsova. Colloid J. (U.S.S.R.), 1936, 2. 487; Chem. Abs., 1937, 31. 3329. 

M. A. Ltir’c and V. A. Ignntyuk, Sintet. Kauchuk, 1932 (3), 12; Chem. Abs., 1933, 27, 6016; 
Brit. Chem. Abs. B. 1934. 232. 

N. Z. Andreev, A. N. Makashina and A. E. Mal’izeva, Kauchuk 1934 (3), 12; Chem. 

Abs., 1935. 29, 3976; Brit. Chem. Abs. B. l'^36. 535. See also Carleton Ellis. “The Chemistry of 
Synthetic Resins,” Reinhold PiiblishinR Corp.. New York. 1935. 

»*‘G. Ebert, F. A. Fries and P. Garh-ch. V. S. P. 2,008.491. July 16, 1935. to I. G. Farbenind. 
A.-G.; Chem. Abs., 1935. 29. 5855; .f. Inst. Bet. Tech., 1936. 22. 53A. 

G. G. Koblyan.skii and I. V. Rokityanskii. Sintet. Kauchuk, 1936 (6'), 2; Chem. Abs., 1936. 30, 

7385. 

“•K, Ziegler and L. Jakob, Ann.. 1934, 511, 45; Chem. Abs., 1934, 28, 5431; Brit. Chem. Abs. 
A, 1934, 864. 

«*W. W. Odell, U. S. P. 1.925.151. .Sept. 5. 1933; Brit. Chem. Abs. B. 1934. 663; Chem. Abs.. 
1933, 27, 5520. British P. 418,779. 1934; Chem. Abs., 1935. 29. 3143; Brit. Chem. Abs. B, 1935, 88. 
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fractory material. The contact mass ordinarily employed is fire brick, into which 
may be also incorporated substances of a promoting nature, such as aluminum 
phosphate, iron oxide or aluminum oxide. The polymerization of butadiene and 
other unstable diolefins is said to be complete in about 1 to 5 seconds at tempera¬ 
tures of 600-1400®F. and pressures of 50 to 175 lbs. per sq. in. with this treatment. 

Cyclopentadiene. The kinetics of the polymerization of cyclopentadienc 
have been investigated by Khambata and Wassermann^^s ^nd Kistiakowsky and 
Mears.'^® The results of Khambata and Wassermann show that the reaction 
when carried out in a benzene solution at 15 to 55®C. is bimolecular.^**^'^ Kistia¬ 
kowsky and Mears studied the dimerization using tetrahydronaphthalene as solvent 
and also found the transformation to be of the second order, with about the same 
absolute rate as that in benzene solution. However with pure liquid cyclopenta¬ 
diene, the latter authorities report that the order decreases, the reaction being 
nearly of the first order kinetically, with an activation energy of 17,300 cal.^*-*® In 
neither investigation was evidence obtained to indicate a chain mechanism for the 
dimerization. 

The constitution of the polymerization products of cyclopentadiene is of a very 
complex nature. Pirsch supported the Diels and Alder theorywhich postulates 
the formation of polymers of the isocamphene type. These conclusions were based 
on determinations of the molecular melting point depression of the various deriva¬ 
tives.^^ However, Alder and Stein^^i showed that the evidence of this nature 
was insufficient to prove the problems of structure and configuration. The latter 
investigators point out that the differences between the heats of hydrogenation of 
the various compounds could be due either to a strain in the molecule or to the 
particular structure of the bridged ring.'^- The later work of Alder and Stein'^* 
shows that the formation of these polymers consists of two reactions, first of the 
partial 1,4 addition of two conjugated unsaturated molecules and secondly of the 
addition of a conjugated system at the isolated double bond of the reaction pr(xluct 
of the first stage as shown in reactions (1) and (2), respectively, on page 653. 
Thus, every one of thejwlymers is capable of adding another molecule of cyclo¬ 
pentadiene, and the formation of a continuous series of homologues is limited only 
by physical properties, according to Alder and Stein. For instance, the solubility 
of the polymers begins to decrease so rapidly at the tetracyclopentadiene that the 
polymerization is practically finished with the heptacyclopentadiene. 

Barrett and Burrage^*"*^ have measured the change in vapor pressure of the 
system during the polymerization of cyclopentadiene. From the vapor pressure- 
composition curve of known mixtures of cyclopentadiene and its dimer, the course 
of the reaction could be followed. After 93 days, at 12°C.. the dimerization was 

** B. S. Khambata and A. WaM«nnann, Nature, 1936, 137, 496; Brit. Chem. Abs. A, 1936. 684; 
Chem, Abs., 1936, 30. 4078. 

B. Kistiakowsky and W. H. Mears, J.A.C.S., 1936. 58. 1060; Chem. Abs., 1936, 30, 5488; 
/. Inst. Pei. Tech., 1936. 22. 39SA; Brit. Chem. Abs. A. 1936, 939, 

‘^'A. Wassermann {Nature, 1936. 138, 369; Chem. Abs., 1936. 30, 7431) has reported that the 
reaction when carried out in paraffin solution is also bimolecular. 

‘•According to B. S. Khambata and A. Wassermann {Nature, 1936. 138, 368; Chrm. Abs., 
1936, 30j, 7431). the decomposition of dicyclopentadiene to give cyclopentadiene in unimulecular Iwth 
in paraffin solution and in the pure liquid state. 

‘•See Carleton Ellis, **The Chemistry of Petroleum Derivatives,” The Chemical Catalog Co., 
Inc.. New York, 1934, 651; also Carleton Ellis, ”The Chemistry of Synthetic Resins.” Reinhold 
Publishing Corp.. New York, 1985. 831. 

*•1. Pirsch, Ber., 1934, 67. 101; Chem. Abs., 1934, 28. 2335; Brit. Chem. Abs. A. 1934, 285. 

»» K. Alder and G. Stein, Ber., 1934. 67. 373; Chem. Abs., 1934, 28. 3061; Brit. Chem. Abs. 
A, 1934, 517. 

“■K. Alder and G. Stein. Ber., 1934, 67, 613; Chem. Abs., 1934, 28. 6114; Brit. Chem. Abs. 
A, 1934, 641. 

••K. Alder and G. Stein, Angew. Chem., 1934, 47. 837; Chem. Abs., 1935, 29. 2516; Brit. Chem. 
Abs. A, 1935. 203. 

G. V. Barrett and L. J. Burrage, J. Phys. Chem., 1933, 37, 1029; Chem, Abs., 1934, 28. 
958; /. Inei. Pet. Tech., 1934, 20, 22A. 
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9927 per cent. The transformation is apparently complete after one year. The 
refraction analysis method of Stobbe and Reuss^^* for determining the rate of 
polymerization (which is based on the simple dimerization process) has been 
proven to be in error by the work of Terent'ev and Solokhin.^^® Polymerization 
of the dimer to higher polymers causes increased values in the observed refractive 
indices. The disregard of the latter reactions causes considerable error in the 
degree of polymerization indicated by the refractometer observations. 


PoLYMKR Gasoline 

Because of the increasing demand for high octane gasoline and the simultane¬ 
ous recurring fear that crude oil supplies may become exhausted, much interest 
has been shown in the potential supply of motor fuel made possible by the poly¬ 
merization of olefins. The requirements for greater quantities of gasoline were at 
first largely filled by the cracking process. Eglofif^-^*^ has pointed out that in 1934, 
cracking (of gasoline and heavy oil) supplied 300 billion cu. ft. of gases, one-sixth 
of which were olefins that could be polymerized to over 1 billion gal. of gasoline 
having an octane numl>er of about 81. An additional 2 .billion gal. of motor fuel 
of the same quality could be obtained by dehydrogenation and subse(juent poly¬ 
merization of the deolefinized gas. Refinery gases (from the distillation of crude 
oils) represented another billion gal. of potential gasoline hafl the propone and 
butane been dehydrogenated and polymerized, while the natural gas and gasoline 
industries added another 5 billion gal. in the form of pro|)ane and butane. Thus, 
the total polymerized gasoline potentially available in the United States alone in 
1934 was over 9 billion gal. or about 50 per cent of the total gasoline consumed. 
The amount of crude oil required to produce the 1934 demand for gasoline would 
have been reduced to 60 per cent of its volume had this potential supply of polymer 
gasoline been utilized; or 360,000.CKX) barrels of crude oil could have been con¬ 
served in that year. 

In addition to its high antiknock rating, polymer gasoline has a high octane 
blending value.Comparison of these characteristics with those of benzol and 
isooctane are given in Table 137. 

Table 137 .—Octane Ratings and Blending Values of Polymer Gasoline. 

Octane Rating Blending^Value 


Polvmer gasoline 

81 

103-12.S 

Benz<^)l. 

97 

84-91 

Iscxx'tane . 

100 

94-99 


There are two general divisions for the processe*^ available for this type of 
polymerization,'*'’^* one purely thermal, and the other catalytic. The first method 

’*■'11. Stobbe and F. Rcu'i'i, Atm., 1912, 391, 1.>1; Cltcm. Abs., 1912, 6. 327.S; J.C.S.. 1912, 102 (1), 

«42. 

A. P, Terent’ev and U. A. Solokhin, Sltitrt. Kauchnk, 1933 (S), 9; Chem. Ah.x., 19,14, 28. 
3385; Brit. Chem. Abs. B. 1934, 823. 

Egloff. Nat. Pet. News, 1935, 27 (47), 25; Chem. Abs.. 1936. 30, 3212; J. lust. Pet. Tech., 
1936, 22, 52A. Discussion of the relative values of cracke<l and twlymcr Kusoiine has been Kivrn by: 
A. E. Dunstan, E. N. Hague and R, V. Wheeler, Ind. ling, them., 1934. 26, 307; J. Tnst. Pet. 
Tech., 1934, 20, 319A; Brit. Chem. Abs. B. 1934. 486. A. E. Dunstan. E. S. Hague and D. A. 
Howes, Chimie et industrie, 1935, 34, 273; Brit. Chem. Abs. B, 1935, 934. A. E. Dunstan, Trans. 
Faraday Soc., 1936, 32, 227; Chem. Abs., 1936, 30, 2548; Brit. Chem. Abs. B, 1936. 306. 

’•The octane blending number is a number expressing the antiknock rating of a fuel when mixe<l 

in fixed proportions with a standard reference fuel. .See Chapter 44 for a dincussion of this topic. 

’• Reviews on the various processes have been given by: V. N. Ipatieff. B. B. Corson and (i. 

Egloff, Ind. Eng, Chem., 1935, 27, 1077; Brit. Chem. Abs. B. 1935, 980. .M. B. Cooke. H. R. 

Swanson and C. R. Wagner. Refiner, 1935, 14, 497; Oil Gas J., 1935, 34 (26) 57; Nat. Pet. Nrtvs., 

1935. 27 (47). 33; Chem. Abs., 1936. 30, 1215, 2729; /. Inst. Pet. Tech.. 1936. 22, 51A. 97A. P. C. 

Keith, Jr. and J. T. Ward, Refiner, 1936, 14, 506; Proc. Am. Petroleum Inst., .Sect. Ill, 1935, 16. 
129; J. Inst. Pet. Teeh., 1936, 22, 155A; Chem. Abs.. 1936. 30, 3211. E. Ospin.i Racines. H^orld 
Petroleum, 1935, 6, 616; Chem. Abs., 1935, 29, 8306. R. Heinse, 6l u. Kohle, 1936, 12, 185; Brit. 
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utilizes still gases or natural gas and is essentially a two-step process, cracking the 
gas to olefins and subsequent polymerization of the latter by application of heat 
and pressure. The second procedure involves only polymerization of unsaturated 
hydrocarbons at relatively low temperatures and pressures in the presence of an 
accelerator, such as phosphoric acid. 

Thermal Processes for Production of Polymer Gasoline. In the 

thermal process, either of two sets of conditions is usually practiced, low tem¬ 
perature-high pressure or high temperature-low pressure treatment.Under the 
first set of conditions, below 80()°F. M25®C.) and 500 to 3000 lbs. per sq. in. (35 



Conrtisy Pure Oil Co 

Fi(.. 143.—Small ComnuTcial Polymerization Unit. 


to 200 atni(»pheres) i)re>siire, straight chain hydrocarbons dominate in the product. 
The latter conditions [above lOOO'^F. (540‘^C\) and pressures less than 200 lbs. 
per s(j. in. (about 15 atiiio'^plieres)J result in a licjuid which is almost entirely 
aromatic in character. 

'riiermal polymer gasoline may be produced in any one of three metliods. one-, 
two- or multi-stage, depending upon the composition of the feed gas. The one-stage 
process may be used with gases high in olefins, which can be polymerized directly, 
or simultaneous cracking and polymerization may take place, as in the so-called 
Unitary Process considered later in this chapter. In the case of gases with a high 
paraffin content, cracking is always necessary, so that a two-step method is em¬ 
ployed in general. The multi-stage process is u.^ed only with gases having a large 
concentration of propene and butenes along with lower ])araffins. The olefins are 
removed first by condensation, the remaining paraffins cracketl in a second opera¬ 
tion, and the resulting olefins are polymerized in a third step. 

Chem. .iht. B, 4.t.S. C. O. Willj^on, Oi7 Ou.f 1935. 33 (50>. 16, 44; J. lust Pet. Tech.. 

1935. 21, 3n7A; Chem. Abs.. 1935. 29. r>019. Petroleum Times, 1936, 35, 533; lust. Pet. Tech.. 

1936. 22. 306A. 

Dincussiotm of these rriKrsses .nrc Riven hy C. R. Warner. lud. En<j. Chem., 1935, 27, 933; 
Chtm. Abs.. 1935. 29. 6747; J. Inst. Pet. Teeh.. 1935, 21. 377.\; Brit. Chem. Abs. B, 1935. 887. 

Refiner, 1936, 15, 243; J. Inst. Pet. Teeh., 1936. 22, 352A. .M. B. Cooke. H. R. Swanson and C. R. 

Wagner. RcfiHtr, 1935, 14, 497; Chem. Abs., 1936. 30. 2729; Oil Gas J., 1935. 34 (26). 57; Nat. Pet. 

News, 1935, 27 (47), 33; J. Inst. Pet. Tech., 193o. 22, 51A. 97A; Chem. Abs., 1936, 30, 1215 

A. L. Foster, Nat. Pet. Netvs, 1936. 28 (.17), 43; J. lust. Pet. Tech., 1936, 22, 305A. 
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Single-Stage Polymerization. Gases rich in olefins, such as those from 
vapor-phase cracking of hydrocarbon oils, may be polymerized directly to liquid 
fuels. Either high pressure-low temperature or high temperature-low pressure 
treatment may be employed. The yield of distillate is somewhat greater in the 
former case when operating on the same charging stock.^^^ 

Using the high pressure method, a flow sheet of which is given in Fig. 144, the 
gases are compressed to 600-800 lbs. per sq. in. pressure and heated to 900-1000°F. 
in a pipe-coil heater.^**^ The gas is passed into a reaction chamber, ordinarily in 
the form of a coil which is cooled in order to absorb the exothermic heat of reac- 
tion^^^ and is then chilled by injection of either cold gas or oil. Reaction is 
checked at about 60-70 per cent conversion. The product is then fractionated and 
the distillate stabilized, giving a yield of gasoline of 3.25 to 4.5 gal. per 1000 cu. ft. 
The stock may al.so be charged in the liquid phase, which permits the elimina- 



L'uurtesy Pure OH Co. 

Fig. 144. — Flow Sheet for High Pressure-Low Temperature Polymerization. 


tion of low-molecular weight [jaraflins. The variation has several reporieil advan¬ 
tages, such as lower power costs due to removal of the inactive gases and a uni¬ 
form control of polymerization reactions. Some tar-formation is traceable to the 
presence of ethylene since this olefin gives rise to such bodies at the operating 
temperatures required with propene-butene mixtures. However, the gasoline yield 
is only slightly reduced by the tar formation. 

M. B. Cooke, H. R. Swanson and C. R. Watner, Nat. Pet. News, 1935, 27 (47), 33; J. Inst. 
Pet. Tech., 1936, 22. 51A, 97A; Chem. Abs., 1936. 30. 1215. 

Plummer recommends the use of a preheating zone with low-content olefin gases (W. B. 
Plummer. U. S. P. 1.947,306, Feb. 13, 1934, to Sundard Oil Co. of Ind.; Chem. Abs., 1934. 2«. 
2367; Brit. Chem. Abs. B, 1934, 1048). The use of pressures up to 3500 lbs. |>er so. in. is reported 
by M. P. Voucher, U. S. P. 1,976,469, Oct. 9, 1934, to Phillips Petroleum Co.; Chem. Abs., 1934. 
2i, 7517; Brit. Chem. Abs. B, 1935, 794. See also R. F. Ruthruff, Canadian P. 345.542. 1934. to 
.Standard Oil Co. of Ind.; Chem. Abs., 1935. 29. 2338. 

The problem of absorbing the exothermic heat of polymerization has been discussed by C. K. 
Wagner find. Eng. Chem., 1935. 27, 933; Chem. Abs., 1935, 29, 6747; J. Inst. Pet. Tech., 1935. 21. 
377A; Brit. Chem. Abs. B, 1935. 887. Proposals for the utilization of this heat, such as for pre¬ 
heating feeds, are given by R. Ruthruff (U. S. P. 2,038,086, Apr. 21, 1936, to Standard Oil Co. 
of Ind.; Chem. Abs., 1936. 30, 3834; J. Inst. Pet. Tech., 1936, 22. 264A). F. W. Sullivan. Jr.. 
U. S. P. 2.031.987, Feb. 25. 1936, to Sundard Oil Co. of Ind.; J. Inst. Pet. Tech., 1936, 22. 
263A: Chem. Abs., 1936. 30, 2743. W. B. Plummer. U. S. P. 1,991.353. Feb. 12. 1935, to Standard 
Oil Co. of Ind.; Chem. Abs., 1935, 29. 2348; Brit. Chem. Abs. B. 1936, 87. R. E. Wilson. Canadian 
P. 345,537. 1934 and W. B. Plummer. Canadian P. .345.538, 1934. Iwth to Standard Oil Co. of Ind.: 
Chem. Abs., 1935. 29, 2340. W, B. Plummer and V. Voorbees. U. S. P. 1,991,354, Feb. 12. 1935. 
to Standard Oil Co. of Ind.; Chem. Abs., 1935. 29, 2348; J. Inst. Pet. Tech., 1935. 21, 174A; Brit. 
Chem. Abs. B, 1936. 87. 
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Table 138 summarizes typical data obtained in one-step polymerization proc¬ 
esses under both high and low pressure treatment.^**^ 

Table 138. — Effect of Operating Conditions on Polymerization Using Various Feed Stocks, 


Residue from 
Gyro Vapor- 
Phase Crack¬ 
ing System 


Temperature, . 900-1000 

Pressure, Ibs./sq. in. ... 600-800 

Conversion, %. . . . 60-70 

Recycle ratio. 1.50 

Charging stock (including 
recycle) 

Sp.Gr. (air « 1) . . 1.06 

Unsaturates, mole ^ ^ 47,2 

Distillate made 

Gal./lOOO cu. ft. 4.4 

Percentage lx)iling up lo 

350**?. 84 

Gravity of EP gasoline, ®API 52.4 

Octane numlxT of gasoline, 

ASTM. 78-80 


Liquid 

Absorber 

Stabilizer 

Fuel 

Gas 

Gas 

900-1000 

1275 

1175 

600-800 

60 

55 

86.7 

37.4 

80 

1.75 

— 

— 

1.51 

0.79 

1.35 

49.4 

39.4 

79.6 

11.8 

1.75 

9.8 

75 

76 

68 

55.0 

— 

— 

76.0 

102 

86 


Polymerization may he effected in the presence of an inert liquid medium, such 
as paraffin oil. at 300-500°under 20 to 50 atmospheres pressure..Sullivan 
and Ruthruff*'*^'’ propose to employ a continuous system, using naphtha or gas oil 
as the solvent under 500 lbs. i)er sq. in. pressure and 650°F. Good yields of gaso¬ 
line having a gocxl antiknock rating are reported using this treatment. 

The removal of hydrogen and methane from the feed gas may be accomplished 
in several ways. Ruthruff, Roberts and Carpenter^^*^ suggest the concentration of 
dilute olefin gases by scrubbing with liquid butane (under pressure) below 100°F. 
The absorbed gases are released from the butane solution by heating to 125-350°F. 
under 350-500 lbs. per sq. in. pressure, and subjected to polymerization. The li¬ 
quid polymerization product may also be used for concentrating the feed gas. 
Plummer prefers to pass the liquid and gaseous products at a pressure of 5(X)-3000 
lbs. per sq. in. into a separator and introduce dilute olefinic gases through the 
liquid. The undissolved fixed gases are removed at the top of the separator and 
eliminated. The liquid and dissolved gases arc withdrawn, the pressure released, 
and the concentrated olefinic gases introduced directly into the heating zone.^^* 
'Die gas mixture may also he subjected to pressures of about lOffO lbs. per sq. in. 
to li(|uefy hydrocarbons higher than methane. The uncondensed gases are thereby 
eliminated.'’*'^ 


M. B. Cooke. H. R. Swanson and C. R. Wagner, he. cit. 

Hof»a«, r. S. P. 1.997.144. Apr. 9, 1935. to Shell Development Co.; Chem. Abs., 1935. 
29, .1350; J. Inst. Pet. Tech.. 1935, 21. 219A. 

F. W. Sullivan. Jr., and R, F. Ruthruff. Canadian P. 345,540, 1934, to Standard Oil Co. 
oi Ind.; Ckem. Abs., 1935, 29, 2340. See also G. Egloff. U. S. P. 1.988.112. Jan. 15. 1935, to 
Universal Oil Product.<» Co.; Chem. Abs., 1935, 29, 1620; Brit. Chem. Abs. B, 1935. 1077. M. P. 
.Vpplebey and C. Cockram, British P. 415,792. 1934, to Imperial Chemical Industries. Ltd.; Brit. 
Chem. Abs. B, 1934. 952; Chem. Abs.. 1935, 29, 918. 

•<»R. F. Ruthruff. T. K. Roberts and M. T. Carpenter. U. S. P. 2,035,409. Mar. 24, 1936. to 
.Standard Oil Co. of Iiul; Chem. Abs., 1936. SO. 3222; /. Inst. Pet. Tech., 1936. 22. 211 A. Canadian 
P. 356.810, 1936; Chem. Abs.. 1936, SO, 3223, F. W. Sullivan. Jr., and R. F. Ruthruff. Canadian 
P. 340,080. 1934; Chem. Abs.. 1934. 28. 3226 (both to Standard Oil Co.). See also C. R. Wagner 
and R. C. Osterstrom. British P. 451,788. 1936. to Pure Oil Co.; J. Inst. Pet. Tech., 1936. 22. 450A; 
Brit. Chem. Abs. B. 1936. 969; Chem. Abs.. 1937. SI. 533. Canadian P. 360.531, 1936; Chem. Abs.. 
1936. SO. 7836. French P. 786,207. 1935. to Pure Oil Co.; Chem. Abs., 1936, SO, 1222. 

>^W, B. Plummer. U. S. P. 1.940.227. Dec. 19. 1933. to Standard Oil Co. of Ind.; them. Abs., 
19.14, 28, 1522; Brit. Chem. Abs. B. 1934. 870; /. Inst. Pet. Tech., 1934, 20, 112A. Sec also K R 
Kinsterhiiscb, British P. 428.475. 1935; Chem. .4bs.. 1935. 29. 7063; Brit. Ckem. Abs. B. I93S, 759. 

***• R. E. Wilson, Canadian P. 34.S.541, 1934. to Standard Oil Co. of Ind.; Chem. Abs., 1935, 
29. 2,t U). 
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Plummer suggests the use of two complementary treatments. Rich olefins arc 
subjected to a relatively low temperature (370-510°C.) while lean gases are treated 
at higher temperatures (510-675®C.), in separate units, at pressures of 5(X) to 
3000 lbs. per sq. in. The liquid products are separated and from the first system a 
lean olefinic gas is obtained, while the second gives a gas rich in iinsaturates. 
These gases are then recycled to the respective high and low terni)erature sys¬ 
tems. 

The Unitary Process. One method of thermal polymerization, the so-called 
Unitary Process, has been studied by Keith and Ward.^^^ According to these 





JSoOk. 


Courtesy Oil and (ias Journal 

Fig. 145.—F’low Diagram of Unitary Process. (J. r. Ward) 


investigators, thermal polymerization and cracking occur simultaneously in this 
process, and under the proper conditions, the specific rates of reaction are con¬ 
trollable and direct conjugation of saturates with unsaturates can l)e brought 
about. 

The charging stocks may vary from natural or refinery gases to the complex 
mixtures found in stabilizer reflux or absorber oil distillates. Separation of the 
paraffinic and olefinic hydrocarbons is normally not required. The yield and na¬ 
ture of the product will vary according to the composition of the feed stock, a 
highly unsaturated gas (70 per cent) giving a liquid lower in specific gravity, 
lower in paraffins and higher in aromatics than a low olefin content feed gas (one 


»«>W. B. Plummer. U. S. P. 1,941,577, Ian. 2. 1934, to Standard Oil Co. of Ind.; Chem. Abs., 
1934, 28, 1714; /. Inst. Pet. Tech., 1934, 20, 192A; Canadian P. 341.5.U. 1934; Chem. Abs., 19.H, 
28, 4900, 


*** P. C. Keith, Jr. and J. T. Ward, Refiner. 1935. 14, 506; Prtfc. Am. Petroleum Inst,, Sect. Ill, 

1935, 16, 129; Chem. Abs.. 1936, 30, 3211. Nat. Pet. Nrtvs. 1935. 27 (47). 52; Chem. Abs.. 1930, 
30, 3212; /. Inst. Pet. Tech., 1936, 22, 155A. Chem. and Ind.. 1936, 532; Brit. Chem. Abs. B. 

1936, 915. J. T. Ward. Oil (ias J.. 1936, 35, 137. See also He finer, 1935, 14. 480; Oil Gas J., 
1935, 34 (20). 26; J. Inst. Pet. Tech., 1935. 21, 451A, 453A. 
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containing only 15 to 35 per cent unsaturates). A yield of 14 gal. of liquid with 
a blending value^^^ of 80 to 120 is said to be obtained per 1000 cu. ft. of natural 
or refinery gas. The operating conditions are temperatures of 480 to 580°C. (900- 
1075®F.) and 800 to 2200 lbs. pressure. A fiow sheet of this process is given in 
Fig. 145. 

The data on four typical pilot-plant operations are given in Table 139. 


Table Simultaneous Cracking and Polymerization {Unitary Process) 

Using Recycling Operation. 


F^ressure, Ib.s./sq. in. 

8(X) 

1200 

1200 

1200 

Temperature, °F. 

1000 

1000 

1100 

1030 

Net Yield, Vj by weight. 

67.9 

69.0 

69.6 

64.5 

Weight, of saturates in feed (net) 

57.0 

54.0 

60.7 

59.9 

Weight, of unsaturates in feed (net) 

43 0 

46.0 

39.3 

40.1 

Net yield as of unsaturates in fresh 

feed. 

1 S 8 

150 

177 

161 

Gallons of liquid per KXX) cu. ft. net 

gaseous feed . 

Gross feed, volume ^7 

12.78 

13.10 

14.40 

13.5 

C.fl4 . 

3 4 

1.9 

2.4 

2.0 

. 

12.2 

6.8 

9.6 

6.5 

Cs\U . 

29 6 

30.5 

21.3 

21.0 

CsVU . 

46.3 

49.8 

38.8 

29.6 

C 4 IU . 

4 3 

4.8 

11.0 

13.6 

C,H,„ . 

4.2 

6.2 

16.9 

17.3 

Blending value of 40()°F. EP. distillate, 

50S in “.\” reference fuel, octane 

numlK‘r, C.F.R.M.‘^2“. 

92 

90 

83 

88 


Two-Stage Process. Operations, involving combination of pyrolysis and 
polymerization steps, are described by Cooke, Swanson and Wagner.They 
point out tliat gases from cracking stills of the so-called liquid-vapor phase type 
are particularly applicable as charging stocks. Using the high-temperature-low 
pressure polymerization treatment, the resulting gasoline is reported to contain 80 
to 85 per cent aromatics and to have a knock rating of 100 octane number. Burk 
recommends cracking the gas at 1600-21(^)°F. (870-1150°C.). cooling to 1100°F. 
and then polymerizing at 1350-1750®F.''''^ 

lable 140 gives data obtained in a high-temperature operation using natural 
gas as the charging stock. 

I'rolich and Wiezevich'”'^' obtained the highest yield of liquids from propane by 
u.sing a two-stage process with intermediate removal of hydrogen. They noted 
that in the pressure treatment of cracked gas there is a pronounced tendency tor 
the hydrogen present to saturate ethylene and propene, thus decreasing liquid 
formation. Table 141 gives their results using a simultaneous cracking-polymeriza- 
tioti operatit)n, a two-step process, and a special method in which the hydrogen 
was removed previous to the polymerization step by heating with copper oxide for 
2 to 5 seconds at v300-350°C, 

Copj)cr oxide treatment removed % per cent of the hydrogen, with only a 
small loss of olefins, and the high pressure method could be used to advantage. 

.'Sre C'haptcr 44 for a discussion of hlcnilini; valuer of fuefs. 

is ihc Cooperative Fuel Research Metho<L See Chapter 44, this text. 

M H. ( wkr. n. H Swanson and C. R. Waitner. Sat. Pet. Sexvs, 1935, 27 (47), 33; /. Inst. 

Pet. Tech.. \9 Mk 22, 51 A. 97A; Chrm. Ahs.. 1936. 30, 1215. 

R. E. Burk. r. S. V. 2.033.878. .Mar. 10, 193(>. to Standard (^lil Co. of Ohio; /. Inst. Pet. 

Tech.. 1936. 22, 211 A; Chem Abs . 1936. 30. 3216. See al.so H. M. Smith and H. T. Rail. U. S. P. 

1,967,269, Inly 24. 1934; J. Inst. Pet. Tech., 1934. 20. 535A; Chem. Abs.. 1934, 28. 5975. J. H. 
Boyd. Ir.. *r. S. P. 2.042.4 52. |nne 2. 1936. to Atlantic RefininR Co.; J. Inst. Pet. Tech., 1936. 22, 
401 A: Chem. Ahs.. 1936. 30. 5023. 

P. K Frolich and P. ?. Wie/evich. Ind. Eng. them.. 1935, 27, 1055; Chem, Abs., 1935, 29, 
7624; Brit. Chem. Abs. B, 1935, 980. 
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Table 140. —Polymer Gasoline from Natural Gas, Using a Two-Stage Process. 
Charge Gas: 

‘ ‘ 0.815 

70.5 


CtHe. . 12.7 

C,H,. 10.3 

C 4 H 10 and heavier . 6.5 

Pyrolysis Gas: 

Specific gravity (air = 1 ). 0.645 

Composition: 

H,.11.5 

CH 4 . . 62.5 

C,H4 . 15.7 

QH. . . 5.1 

CsHs. 2.5 

C,Hi. 1.2 

C 4 and heavier. 1.5 

Liquid Made; 

Pyrolysis step, gal ./1000 cu. ft. of charge.. 0.42 

Polymerization. 2.38 


Speanc gravity (air « 1, 
Com^ition: volume % 
CH4. 


Total. 2.80 

Percentage boiling up to 350®F. 75 

Octane number, ASTM. 104 


Frolich'^® has also suggested the use of metallic copper as a catalyst for oxidizing 
the hydrogen to water. Thus, a typical cracked propane gas (39 per cent olefins, 
31 per cent lower paraffins and 30 per cent hydrogen) was mixed with 15 per cent 
of oxygen and passed over copper shot at 400®C. The exit gas from this treat¬ 
ment contained substantially no free hydrogen. The material was dried, com¬ 
pressed to 600 lbs. per sq. in. and heated at 525®C. for 30 minutes, giving a yield 
of 4.56 gallons of liquid per 1000 cu. ft. of propane originally charged. 


Table 141. —Cracking and Polymerization of Propane. 


Polymerization Conditions Gallons per 1000 cu. ft. 


Method Temp, ®C. 

.Simultaneous ... 880 

Two-Ste| 3 . ... 650 

Two-Step with intermediate |400 

hydrogen removal. (400 


Pressure 

Ibs./sq. in. Bc»st Yield Light Gil 
Atmos. 4.4 1.52 

700 1 95 1 29 

2500 7 75 5.73 

600 4 56 


White and Frolich^®^ have reported that nickel, tin and iron and their oxides 
could also be substituted as catalysts in place of copper. When the above men¬ 
tioned metals are employed, temperatures of 300 to 450®C. are said to be most 
effective. However, with the metallic oxides, much lower temperatures (ordinarily 
200-350®C.) may be used. The presence of sulphur is objectionable, in that it 
poisons the catalyst. It is therefore customary to remove this element by scrub¬ 
bing the gases with sodium hydroxide solution. White and Frolich found only 
small proportions (less than 1 per cent) of carbon monoxide and carbon dioxide in 
the hydrogen-free gas, showing that in the presence of the above catalysts, the 
oxygen combined with hydrogen in preference to carbon or hydrocarbons. 

Another method of hydrogen removal is to add carbon monoxide prior to the 
polymerization step. Frolich^®* found that in the presence of a catalyst, consisting 

^ P. K. Froltcb, U. S. P. 1,869.681, Aug. 2, 1932, to Standard Oil Development Co.; Chem. Abs., 
1932, 26, 5412; Brit. Chem. Abs. B, 1933, 536. 

^A. White and P. K. Frolich. U. S. P. 1,911,780, May 30, 1933, to Standard Oil Development 

Co.; Chem. Abs., 1933, 27, 4039; Brit. Chem. Abs. B, 1934, 283. 

“•P. K. Frolich. U. S. P. 2,002.534. May 28. 1935, to Standard Oil Development Co.; Chem. Abs., 

1935, Z9, 4373; /. /net. Pet. Tech., 1935, 21. 266A. 
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of nickel mixed with aluminum oxide, reaction between the carbon monoxide and 
hydrogen takes place at 200-350®C. under 100 atmospheres pressure. Frolich has 
also suggested using carbon dioxide in place of carbon monoxide. Nickel oxide, 
in finely divided form, likewise has a catalytic effect, especially if small amounts 
of thorium, chromium, vanadium, molybdenum, magnesium or boron oxides are 
added. According to Wiezevich and Whiteley,^^** the addition of small amounts 
of air or oxygen to the olefinic gases lowers the temperature and pressure required 
for polymerization. The oxygen is only necessary to initiate the polymerization 
reactions, and after once started, the condensation is said to run smoothly without 
further introduction of oxygen. These investigators prefer to heat the olefins to 
200-400°C. at pressures of 10 to 200 atmospheres and then add 0.01 to 0.04 moles 
of oxygen. The reaction time is ordinarily in the magnitude of 8 to 10 hours. 

he product obtained by this treatment contains cycloparaffins, aromatics, higher 
olefins and some oxygenated compounds. Large proportions of oxygen, however, 
arc said to have an adverse effect, causing the formation of large amounts of 
carbon, water and fixed gases. 

(lUyer*^^'^ also advocates a two-stage treatment. Thus, olefinic gases are poly¬ 
merized at pressures of about 500 lbs. per sq. in., and at the same time, in a sep¬ 
arate unit, a |>araffinic stock (consisting mostly of propane, butane and pentane 
hydrocarbons) is cracked at high pressures (about 1000 lbs. per sf]. in.) and the 
products of the two stages combined and separated into liquid and gaseous phases. 
The gases are fractionated into a light portion (below butane), which is discarded, 
and a butane fraction, which is returned to the pyrolytic unit and mixed with the 
fresh paraffinic charge. 

Three-Stage Process (Multi-Stage). A typical charging stock for this 
type of operation consists of the stabilizer overhead containing about 30 per cent 
unsaturates. By polymerizing as the initial step, there is a distinct advantage in 
that the propene and butene can be converted to gasoline under the most favorable 
conditions. Fig. 146 shows tiie various phases of operation. 

In the primary polymerization step, the charge is heated to the proper tempera¬ 
ture and enters the reaction coil which is designed to give the desired time- 
temperature effect. Cooling means must be provided to keep the temperature 
within the proper limits. Immediately after leaving the coil, the reaction product'' 
are chilled to stop any further reaction. The total overhead passes to a cooler and 
accumulator where the chilling medium, polymerized distillate and a portion of the 
gaseous constituents are condensed. The remaining vapors and gases from thi> 
stage are passed directly into the pyrolysis unit and subjected to treatment anal¬ 
ogous to the two-stage methods previously mentioned.^®' 

Fractional polymerization may be effected by special processing. Ruthruff 
suggests treatment in at least three stages at progressively lower pressures to 
bring about this purpose. After the first polymerization stage, the fixed gases, 
such as methane and hydrogen, are separated and eliminated from the system. 
The subsequent steps are regulated, as regards temperature and pressure, so as to 
produce maximum yields of liquids. Concentrated olefinic gases are returned to 
the cycle, but more dilute gases arc treated in distinct systems under the most 


»*P. J. Wieievich and J. M. Whitclry, 1*. S. P. l.Q81,819. Kov. 20. 1934, to Standard Oil De* 

fphiniprP«rr..m Co.; /. PC. Tcct,.. 

and C. R. WaRiicr. Not. Pel. News, 1935, 27 (47), 33; J. Iml. 
/Vf. Tech,, 1936, 22, 51 A, 97A; Chem. Abs., 1936, SO, 1215. 
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appropriate conditions.The most favorable conditions reported by Ruthruff 
are given in Table 142. 


Table 142. — Conditions for Multi-Stage Polymerization 


Olefin Content 


/O 

Over 50 
20-50 

Less than 20 


Pressure Temperature 

kg./sq.cm. °C. 

35-210 370-510 

35-210 510-675 

0-14 705-955 


Catalytic Process for Production of Polymer Gasoline. This proc¬ 
ess may be defined as a method whereby cracked or dehydrogenated hydrocarbon 
gases are subjected to mild heat and pressure while flowing through a solid cata- 



Courtesy Pure Oil Co, 

Fig. 146.—Sketch of Three-stage Process of Polymerization. 


Iyst.ic 2 Using phosphoric acid as catalyst, relatively few types of polymers are 
produced so that the resulting liquid is of quite constant composition. 

The “solid’* phosphoric acid catalyst,consisting of phosphoric acid sup¬ 
ported on an inert carrier, is generally used. The catalyst is prepared by mixing 
phosphoric acid (18 parts of 75 to 100 per cent phosphoric acid) with the carrier 
(7 parts) and calcining the resulting magma at 180-300°C. for 20 to 60 hours to 

F. Ruthruff. U. S. P. 2.017,325, Oct. 15. 1935, to Standard Oil Co. of Ind.; C/irm. Abs.. 
1935, 29. 7999; Brit. Chem, Abs. B. 1936, 629. French P. 759,718, 1934; Chem. Abs., 1934. 28. 3415. 

»«G. Egloff, Oi7 Gas 1936. 34 (44), 140; 1936, 35 (22), 58; Chem. Abs., 1936, 30. 5401. 8588. 
Petroleum Times, 1936, 36. 527; J. Inst. Pet. Tech., 1936, 22, 546A. I)i<tcu»sion!i on the catalytic 
polymerization of olefins to gasoline have also been given by: V. N. Ipatieff and G. Egloff, Oil Gas J., 
1935, 33 (52). 31; Petroleum Eng., 1935, 6 (10). 29; Petroleum Z.. 1935, 31 (29). 1; Chem. Abs., 

1935, 29. 6410; J. Inst. Pet. Tech., 1935, 21. 307A; Brit. Chem. Abs. B. 1935. 757. R. Fussteig, 

Petroleum Z., 1936, 32 (29), 6; J. Inst. Pet. Tech., 1936, 22. 401A; Chem. Abs.. 1936, 30, 7828. 

C. R. Wagner. Nat. Pet. News, 1936, 28 (18). 22; /. Inst. Pet. Tech., 1936, 22. 352A. J. S. Cary, 

Gas, 1936, 12 (11). 20; Chem. Abs., 1937. 31. 523. A. L. Foster, Nat. Pet. News, 1935, 27 (17), 

35; 1935, 27 (47). 22; J. Inst. Pet. Tech., 1935. 21. 258A; 1936, 22, S2A. Also Nat. Pet. News, 1935. 
27 (18), 24D; /. Inst. Pet. Tech., 1935, 21. 258A. 

'•V. N. Ipatieff. U. S. P. 1.993,512, Mar. 5, 1935; 1,993.513, Mar. 5. 1935; 2.018,065, Oct. 22. 
1935; 2,020,649, Nov. 12. 1935; Chem. Abs., 193^ 29. 2546; 1936, 30. 281, 484; Brit. Chem. Abs. B, 

1936, 777. 1096. U, S. P. 2,057.433. Oct, 13. 1936; /. Inst. Pet. Tech., 1937, 23, 20A; Chem. Abs., 
1936, 30, 8598, BritUb P, 437.188, 1935; Chem. Abs., 1936, 30. 2361; Brit. Chem. Abs. B. 1936. 8; 
J. Inst. Pet. Tech., 1936, 22. 23A. French P. 797,584, 1936; Chem. Abs., 1936, 30, 7582. All to 
Universal Oil Products Co. 
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remove most of the water. Supporting media which may be used are siliceous 
materials (such as kieselguhr, fuller’s earth and bentonite), zinc or aluminum 
oxide and magnesium or calcium chloride. In addition, organic substances, for 
example, cellulose, starch, glue, gelatin and tar, may be incorporated to furnish a 
residue of carbon after calcining. In certain cases, to prevent the loss of water 
from the catalyst during operation, steam may be admixed with the olefmic gases. 
Temperatures of 100 to 250°C. are advocated for this process. The catalyst is 
described as a hard non-corrosive solid whose action is not poisoned by carbon 
monoxide, hydrogen sulphide, mercaptans, or other constituents of refinery gases. 
Nevertheless, after protracted use, it becomes inactivated by contamination with 
high-molecular weight material, flowever, reactivity can be restored by mild 
oxidation (such as with air or oxygen) without removing the catalyst from its 
position in the contact towers. 



Courtesy Oil and Gas Journal 

Fig. 147.—Flow Sheet of I^jlynierization Process Fmploying 

Catalyst. (Cj. Kgloff) 


Solid Phosphoric Acid 


A flow sheet of this process is given in Fig. 147. The feed, which may l>e 
gases from gasoline receivers, stabilizer tops or stabilizer reflux of cracking in¬ 
stallations, cracking units or catalytic dehydrogenation units, is led to a pipe coil 
heater, which is maintained at 4(X)°F. and a pressure of 200 lbs. per sq. in. The 
gas flows from the heater into a series of cataly.st chambers or towers. A tem¬ 
perature ri.se of about 1(X)®F. occurs in the catalyst bed due to the exothermic 
polymerization reaction. The polymer vapors pass through a cooling coil into a 
receiver, where the li(|uids are separated and stabilized. 

Olefins are converted to liquid polymers, substantially of the monolefin type, 
by this treatment. Residual gaseous paraffins may be catalytically dehydrogenated 
and recycled over the catalyst as above. If the concentration of hydrogen sulphide 
in the feed gas is high, mercaptans will be formed during the polymerization, so 
the sulphides are generally removed prior to catalysis.^®® Over 75 per cent by 

N. Ipatieflf, U. S. P. 2. 018.066, Oct. 22, 1935, to Universal Oil Products Co.; Chtm. Abs., 
1936, 30, 109; J. Inst. Pet. Tech., 1935, 21. 458A. 

V. N. Ipatieflf and G. Egloff, loc. cit. V. N. Ipatieflf, B. B. Corson and G. Egloflf. lud. Eng. 
Chem., 1935. 27, 1077; J. Inst. Pet. Tech., 1935, 21, 413A; Brit. Chem. Abs. B. 1935, ^80. 

'••Sec Chapter 19 for a discussion of various melhcMU for serration of mercaptans from hydro¬ 
carbons. See alao Carlcton Ellis, "The Chemistry of Petroleum Derivatives," The Chemical Catalog 
Co.. Inc., New York, 1934. 
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weight of the original gaseous hydrocarbons can be converted to a gasoline of 81 
to 83 octane number. The volume yield, based on a 50-50 propane-butane mixture, 
is over 19 gal. per 1000 cu. ft.^®^ 

Ipatieff, Corson and Egloff have studied the effect of variations in tempera¬ 
ture, pressure, rate of flow and the n'^ture of the reacting gases.^®® The latter 
were from four sources, receiver gas, stabilizer reflux, stabilizer gas and commer¬ 
cial ethylene. The receiver gas was obtained in the liquid-vapor phase cracking 
(500°C., 200 lbs. pressure) of mixed Mid-Continent and West Texas topped crude. 
The stabilizer reflux was derived from stabilization of cracked gasoline from the 
above cracking treatment. The stabilizer gas came from stabilization of a gasoline 
from vapor-phase cracking of gas oil at 550®C. and atmospheric pressure. Results 
of various runs, along with comparative tests made on commercial ethylene (98 
per cent ethylene and 2 per cent ethane) with the same apparatus are given in 
Table 143. From the results, it will he noted that the highest yield of total liquids 
was obtained from ethylene treated at 324°C. and 520 lbs. per sq. in. pressure with 
a gas velocity of 2.5 cu. ft. |)er hour per pound of catalyst. In this case, however, 


Table 143. —Polymerization of Cracked Oases and Ethylene I'singa Solid Phosphoric 

Acid Catalyst. 












Commercial 


Receiver Gas 

Stabilizer Gas 

Stabilizer Reflux 


Ethvlene 

Conditions: 













Dtiration of Test. Hours.. . . 

120 

120 

120 

72 

72 

72 

120 

72 

72 

228 

194 

364 

Pressure, lbs. ^sq.in. 

Temperature. . 

200 

200 

200 

100 

100 

100 

100 

100 

100 

520 

520 

520 

204 

232 

232 

204 

204 

204 

232 

232 

232 

296 

324 

324 

Inlet (»as Rate, cu.ft./hr. /lb. 













Catalyst. 

2.1 

1.3 

0.5 

4.9 

3.4 

2 1 

1.7 

0.9 

0.3 

1.5 

2.5 

3.4 

Oleffn Content of Reacting Gas: 






Propenc and Butenes. 

17.3 

18.6 

16.8 

37.5 

37.5 

37.5 

43.9 

42.6 

42.7 



— 

Ethylene. 

Extent of Poly men tat ion, * \: 

6.6 

7.2 

7.0 

— 

— 


>0.2 

21.6 

21.2 

98 

98 

98 

Propenc and Butenes. 

64 

79 

95 

72 

81 

89 

84 

94 

96 




Ethylene. 

Yield of Liquid Product. Gal¬ 
lons wr 1000 cu. ft. : 

Crude Polymer. 

13 

16 

31 




9 

2-S 

32 

73 

7 2 

65 

2.9 

1.8 

4.0 

6.0 

6,9 

7.2 

7 6 

8.S 

8.4 

8,0 

9.9 

7.1 

Gasoline_ 

Characteristics of Gasoline: 

2 7 

3.S 

1.7 

S.4 

6.2 

6.S 

6. 1 

7.1 

7.0 

4.7 

4.7 

4.6 

Initial Boiling Point. 

End Point. °P. 


134 



1.50 



142 



106 


401 



389 



414 



39H 


Sp. Gr. at 60®P. 


0.7.12 


U.7Jf 



0 738 


0.711 

Octane Number (CFR Motor 













Method). 


82 



82 



82 



82 


Sulphur, % . 

Gum. mg./100 cc. (Copper 


0.4 



0.18 



0.04 



— 


Dish). . 


5 



4 



7 2 



10 



the proportion of gasoline in the pro<luct was less than 50 per cent. .Shorter con¬ 
tact periods at the same temperature and pressure decreased the total quantity of 
liquids produced but increased the gasoline content to about 65 per cent. The 
highest percentage yield of gasoline was obtained using the ino>t dilute olefin gas 
(receiver gas), 93 per cent of the total liquid boiling in the gasoline range (below 
4<X)®F.). The maximum yield of gasoline, 7.1 gal. per 10(X) cu. ft. of gas, resulted 
from the treatment of stabilizer reflux at 232®C*. and 100 lbs. per .s((. in. pressure 
using the slowest gas velocity, 0.3 cu. ft. per hr. per lb. catalyst. 

In addition to the solid phosphoric acid catalyst, Ipatieff has also suggested the 
use of aqueous phosphoric or phosphorous acids.*®® In this instance the olefinic 
gases are bubbled through the solution at 60® to 200®C. Polymerization of lower 
olefins by means of phosphoric acid may also be carried out in the presence of 

Egloff, Oil Gas 19.16. 34 (44). 140; Chem, Abs.. 19.16. 30. 5401. 

’••V. N. Ipatifff. B. B. Cordon and G. Egloff. loe. cit. V. N. Ipatieff and B. B. Corson, Ind. Eint. 
Chem.. 19.16. 2f, 860; Chem. Abs., 19.16, 30. 5764; /. Inst. Pet. Tech., 19J6. 22. 350A. 

V. N. Ipatieff, U. S. P. 1,960.6.11. May 29, 19.14. to Universal Oil Products Co.; Brit, drrin. 
Ah$. B. 19.15, 295; /, Inst. Pet. Tech., 1934, 20. 458A. Canadian P. 353.253, 1935; Chem. Abs., 
19.15. 20. 8316. 
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extraneous liquid olefins.^^^ The reaction may also be brought about with low 
boiling liquid hydrocarbons by suspending phosphorus pentoxide in a solvent to 
which has been added a peptizing agent^^^ (an organic compound containing a 
hydroxyl group, e.g., cresol). By thermally cracking natural and straight-run 
gasoline and polymerizing the olefins by means of phosphoric acid treatment, the 
antiknock properties of the fuel are said to be increased. 

Other Catalysts for Producing Polymer Gasoline. \’arious metals 
have been proposed as catalysts. For example, olefins may Ixf p<dymerized at 4(X)- 
900®C. by conducting them over metal surfaces, coated or alloyed with tin, zinc, 



Courtesy Iiidustriat auH h.itdiurcnmi Clu'ruistr\ 

Fig. 148.—View of Catalytic Polymerization Unit. Capacity 3 million cu. ft. of gas* \Kr 
day. (V. N. Ipatieff. B. B. Corson and G. Egloff) 


aluminum or chromium.riie use of platinum and palladium at 177-371 °C. and 
40 to 140 atmospheres pressure*"^ and powdered zinc or iron oxide at low tempera¬ 
tures and high pressures’^’’ has been outlined. Burk proposes .to employ the 
vapors of zinc or cadmium, or high-boiling salts, such as lead chloride, at tempera¬ 
tures above 7()0®C.*^** Volatile metallic halides, such as the chlorides of aluminum, 
nickel, iron, or titanium, or aluminum bromide, at 175-x375°C. and 600 to 1500 lbs. 
per .sq. in. pressure are recommended by Wagner.*^" An aqueous solution of 
hydrochloric acid in conjunction with brass is also said to exert a polymerizing 
action.*^* 

Porous materials, having a large surface-volume ratio, are also applicable as 


V. N. Ipatieff and V. Komarewsky. U. S. P. 2.051.859, Aur. 25. 1936, to Universal Oil 

Products Co.; Chem. Abs., 1936. 30. 6757; /. Inst. Pet, Tech.. 1936. 22. 451A. 

B. W. Malishev, U. S. P. 2.055.415. Sept. 22. 1*^36, to Shell Development Co.; Chem. Abs., 193<*. 
SO, 7586; J. Inst, Pet. Tech., 19.16. 22, 544A. 

G. Egloff. U. S. P. 1.983.693. Dec. 11, 1934. to Universal Oil Products Co.; Chem. Abs,. 1935. 
If, 920; Brit. Chem. Abs. B. 1935. 1 128; .C In^t. Pet, Tech.. l‘>35. 21, 97A. 

F. Winkler and H. Hauber, (leiman P. 5*^3.248. l‘)34, to I. G. Farl>enind. A.-G.; Chem, Abs,, 
1934, 28, 3078. 

C. R. Wagner. U. S. P. 1,913,691, June 13, 1933, to Pure Oil Co.; Brit. Chem. Abs. B, 1934, 
183; Chem. Abs., 1933, 27. 4390. 

‘«P. Kaialcr and E. Stockert. French P. 765.333, 1934; Chem. Abs., 1934, 28. 6894. 

•wR. E. Burk, U. S. P. 1,991.593. Feb. 19. 1935, to Standard Oil Co. of Ohio; Bnt. Chem, Abs 
B. 19.16, 87; Chem. Abs., 1935. 29. 23,50. „ ^ ^ 

‘T’ C. R. Wagner. U. S. P. 1,934.896, Nov. 14. 1933, to Pure Oil Co.; Chem. Abs., 1934. 28, 631* 

Brit. Chem. Abs. B. 1934. 790. ^ « 

C. Morrell. U. S. P. 2.055,875. Sept. 29. 1936, to Universal Oil Products Co.; Chem, Abs 
19S6, 10, 8S97; I. Inst. Pet. Tech., 1936, 22, 545A. 
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contact agents. For example, Towne'^® employs adsorptive clays for this purpose. 
Gases containing 50 per cent of olefins (obtained from cracking of natural and 
refinery gases) are converted at 450° to 500°C. and pressures in excess of 1500 
lbs. per sq. in. into straight chain polymers. Mixtures of acid-treated montmoril- 
lonite clay (200 mesh or finer) with 5-25 per cent of diatomaceous earth to reduce 
the resistance of the clay to the flow of vapors and gases have been described.^®® 
Wagner advocates the use of agents such as bentonite, silica gel, or activated char¬ 
coal. He attributes the catalytic properties of these substances to their selective 
adsorptive powers, which give local high concentrations of the unsaturated gases 
and thus promote specific polymerization reactions. 


Refining of Cracked Gasoline 


An interesting and important phase of olefin polymerization is in the refining 
of cracked petroleum distillates. One of the problems in the storage and sale of 
cracked gasolines is the maintenance of its desirable properties, particularly in 
respect to color stability, antiknock properties and gum formation. The latter is 
associated with oxidation phenomena, especially in the case of diolefins containing 
conjugated bonds.These hydrocarbons are markedly more unstable than mon¬ 
olefins. Therefore, removal of such objectionable compounds is of considerable 
interest. 

The etfect of high pressure, even up to 9000 atmospheres, on cracked gasoline 
has been discussed by Starkweather.^®^ Treatment under these high pressures at 
60°C. for 48 hours gave no indication of resinous products. However, 10 per cent 
of the low boiling constituents, mainly diolefins, were converted to higher boiling 
compounds. 

Refining involving chemical treatment is usually necessary to effect removal 
of gum-forming constituents. Such operations may be carried out in the vapor 
phase, as for instance in the Gray and Lachman processes, or in the licjuid phase, 
as exemplified by the method developed by Day (see below) and by the use of 
sulphuric acid. 

Gray Process. Gray'®'* proposed treatment of the hydrocarlxjn vapors with 

C. C. Townc, Canadian P. 342,496, 1934, to Texaco Development Corp.; Chem. Ahs . 1934, 28. 
5831, See also T. T. Gray, U. S. P. 2,034,575, Mar, 17, 1935, to Gray Process Co.; them. Abi., 
1936, 30. 3206; J. Inst. Fet. Tech . 1936, 22. 211 A. 

M. Halpern, W'. B. Ixitcan, R. E. Manley and \V. Ullrich, U. S. P. 2,030,030, Feb. 4, 1936; 
to Texas Co.; Chem. Abs., 1936, 30. 1991; J. Inst. Pet. Tech.. 1936. 22, 151A. 

‘"‘C. R. Wagner, U. S. P. 1.938.945, Dec. 12, 1933, to Pure Oil Co.; Chem. Abs., 1934, 28. 
1523; Brit. Chem. Abs. B. 1934, 869; J. Inst. Pet. Tech., 1934, 20, 112A. 

See Chapter 40, See also Carleton Ellis, "The Chemistry of Petroleum Derivatives," The 
Chemical Catalog Co.. Inc., New York, 1934. 

^}. C. Morrell and G. Egloff. Nat. Pet. Nexvs. 1936, 28 (12), 33, (13). 24G. (15). 24L, (16), 37; 
Chem. Abs., 1936, 30, 4656; J. Inst. Pet. Tech,, 1936, 22, 265A, 309A. Reviews of rehning are also 

given by C, G. V'erver and R. N. J. Saal, J. Inst. Pet. Tech., 1934, 20, 367; Chem. Abs., 1934, 28, 

4889; J. Inst. Pet. Tech., 1934, 20, 414A; and F- V. Bart.'V, N. Erikh and Y. C$. (Jervart. Materials 
on Cracking and Chem. Treatment of Products Obtaitted, GoskhimtekUisdat. 1933, 1, 138; Chem. Abs., 
1935, 29, 2718; Brit. Chem. Ahs. B. 1935, 10.10. 

»^H. W. Starkweather. J.A.C.S.. 1934, 56, 1870; Chem. Abs., 1934, 28, 6700; Brit. Chem. Abs. 
A, 1934, 1198. 

^-^T. T. Gray. U. S. P. 1,340.889. .May 25, 1920. to (iray Prtxress Corp.; J.S.C.I., 1920, 39, 651 A; 
Chem. Ahs., 1920, 14, 2261, T. T. Gray and M. R, Mandelbaum, Ind. ling. Chem., 1924, 16, 913; 

them. Abs., 1924, 18, 3473; J.S.C.I., 1924, 43, B857. Several modiheations of the original procedure 

have been suggested. These include the use of Ijeds of catalyst, regulation of vapor flow to remove 
iwlymers, employment of condensed vapors and steam to cleanse catalysts, utilization of the heat 
evolved and various designs of apparatus employed. .Sec T. T. Gray, U. S. P. 1.759.812, 1,759.813 
1,759.814, May 20, 19,10; Chem. Abs., 1930. 24, 3636; Brit. Chem. Abs. B, 1931, 193. British P 
222,481, 1924 and 249,871, 1925; Brit. Chem. Abs. B, 1926, 230; 1927, 290; Chem. Abs.. 1925 19! 
1049; 1927, 21, 1007. U. S. P. 1.853.972, Apr. 12, 1932; Brit. Chem. Abs. B, 1933, 138; Chem. Abs., 
19.12. 26, 3371. U. S. P. 1.952.855, Mar. 27. 1934; Chem. Abs., 1934, 28, 3884; / Inst. Pet. Tech., 
1934. 20, 376.A. E. A. Dickinson. V. S. P. 1.853.671, Apr. 12, 1932; Brit. Chem. Abs. B, 1933. 
138; Chem. Abs., 1932, 26, 3.170. P. S. Nisson. U. S. P. 1,948,126, Feb. 20. 1934; /. Inst. Pet. Tech. 
1934. 20. 320A; Chem. Abs.. 1934, 28, 2888. All patents to (jray Process Corp. Cf. A. G. Connoliy! 
U. S. P. 1,934,967 and 1,934.968, Nov. 14, 1933, to Universal Oil Products Co.; Chem. Abs., 1934, 
28, 628; /. Inst. Pet. Tech., 1934, 20, 40A. W. M. Stratford, U. S. P. 1,962,^2, Junt 12, 1934, 
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a solid adsorptive catalyst, such as fuller’s earth. It was noted that, by this proc¬ 
essing, diolefins and other unstable substances were polymerized to viscous oils 
or resinous solids while monolefins were practically unaffected. The volume loss 
was reported as less than 1 per cent. The procedure is said to be applicable also 
to gaseous olefins resulting in their polymerization to products boiling within the 
gasoline range.^®® In discussing the Gray process, Steininger^®^ points out that 
a study of the factors influencing the treated material showed that rate of treatment, 
clay usage rate, the type of stock employed and the conditions of cracking affect 
the characteristics of the final product. Generally 5000 to 6000 barrels of refined 
distillate are obtained per ton of clay. Increased yields can be effected by use of 
higher pressures and temperatures with increased contact time. 

A description of the Gray process has been given also by Mandelbaum.^®® He 
states that the best results are secured when operating near the dew point, so that 
the gasoline is in the vapor phase, but the polymers remain liquid. With increased 
pressure, efficiency of operation is improved. 

Spent clay may be regenerated by roasting in a furnace at 900-1000° F. Clays 
of the fuller’s earth type are considered hest.^®® The use of copper oxide in con¬ 
junction with the clay is said to effect sweetening of the distillate and also to 
accelerate the removal of gum-forming constituents.By mixing 5 to 25 per 
cent of a filter aid, such as kieselguhr, deeper beds of catalyst may be employed 
and better drainage of the polymers is said to result. 

A variation in the procedure, consisting in employing a two-step process, has 
been proposed. For example, gasoline is first treated in the vapor phase and then 
in the liquid phase with fresh adsorbent.The fuller’s earth may be kept in 
motion by a stream of gases of sufficient velocity to suspend the material in the 
heating zone.^®® Wells^®^ suggested mixing cracked naphtha with a slurry of clay 
in gas oil under pressure. Thus. 5 to 20 per cent of the slurry (containing 1 to 
4 per cent of clay and the remainder gas oil) is mixed with the crude naphtha, 
and passed through a tube heated to 350-600°F. The products are vaporized and 
fractionated, removing the gas oil and solid adsorbent clay while the naphtha is 
still maintained in the vapor phase. The jmrified material is subsequently con¬ 
densed and the mixture of gas oil and clay is returned to the system. 


to Co.; Chem. Abs., 1934, 28, 4898; /. Inst. Pet. Tech., 19.M. 20, 503.\. R, T. Dearborn and 

W. M. Stratford. U. S. P. 2.028.100. Jan. 14, 1936, to Texas Co.; Chem Abs., 193(>. 30, 1551; J. In^t. 
Pet. Tech., 19.16, 22. \57.\. T. M. Wadsworth, U. S. P. 1.960.561, Mav 29. 19.14; Brit. Chem. Abs. B. 

1935, 295; /. Inst. Pet. Tech., 1934, 20. 459A; Chem. Abs.. 1934. 28, 4587. Sec also Carleton Ellis, 
“The Chemistry of Petroleum Derivatives,” The Chemic.al Catalog Co., New York. 1934. 

i»T. T. Gray. V. S. P. 2,034.575. Mar. 17. 1936, to Gray Process Corp. ; Chem. Abs., 1936. 30. 
3206; /. Inst. Pet. Tech.. 19.16. 22. 211 A. 

WT H. M. Stciningcr, hid. Eng. Chem., 1934, 26, 1039; Chem. Abs., 1934, 28. 7504; Bnt. Chem. 
Abs. B. 1935. 886. 

M. R. Mandelbaum. Proc. IPorld Petroleum Conor. London, 1933, 2. 21; C/iem. Abs. 1934. 28. 
4878; Brit. Chem. Abs. B, 1934, 1045. .See also M. R. Mandelbaum and P. F. Swanson. Oil Cas J., 

1936, 34 (52), 226; Chem. Abs., 1936, 30. 5756. 

Certain Ural clays, silica gel and charcoal have also l)een recommendc<l. .See I. J. Postovski and 
S. P. Tzikin. /. Applied Chem. (U.S.S.R.). 1936. 9. 61; Brit. Chem. Abs. B. 1936, 435; Chem. Abs., 
1936, 30, 5756; and U. B. Bray. R. C. Pollock .and D. R. Merrill. V. S P. 1,981.305. Nov. 20. 1934. 
to Union Oil (2o. of California; Brit. Chem. Abs. B, 1935, 983; Chem. Abs., 1935. 29, 589. The use 
of “Gumbrin** (a Russian clay) has been reported by L. Gukhman, A. Degtyareva and A. Nagiev. 
Aeer. Neft. Khos., 1935 (12), 60; Chem. Abs.. 1936, 30. 8587. R. F. Manley and W. Ullrich 
(U. S. P. 2.054.774, Sep. 15. 1936. to Texas ('o.; .1. Inst. Pet. Tech.. 1936, 22. 546A; Chem, Abs., 
1936, 30, 7834) use acid-treated montmorillite clay, 50 per cent of which is finer than 200 mesh. 


3576. 

>»T. T. Gray. U. S. P. 1,952,751, Mar. 27. 1934. to Gr.ny Process Corp.; Chem. Abs.. 1934. 28, 
3576. 

R. E. Manlev and W. Ullrich, Canadian P. 343,990, 1934, to Texaco Development ('orp.; Chem. 
Abs., 1934, 28, 7516. 

'••MR Mandelbaum. IT, S. P. 1,965.105, July 3, 1934, to Gray Process Corp.; Chem. Abs., 1934, 
28, 5657; /. Inst. Pet, Tech., 1934, 20. 537A, 

'••T. T. Grav. U. S. P. 2.020.115, Nov. 5, 1935. and J. B. Hill. U. S. P. 2,039.904, May 5, 1936. 
Both to Gray Process Corp.; Chem. Abs.. 1936. 30, 603, 4308; J. Inst. Pet. Tech., 1936. 22, 23A, 
304A. See alto W. S. Baylis, U. S. P. 1,949.673, Mar, 6, 1934. to Patco. Inc.; Brit. Chem. Abs. B. 

1935, 55; Chem. Abs., 1934, 28. 2885; J. Inst. Pet. Tech,, 1934, 20. 375A. 

'••A. A. Wells, U. S. P. 2.036.166, Mar. 31. 1936. to Standard Oil Development Co.; Chem. Abs., 

1936, SO, 3630; /. Inst. Pet. Tech., 1936, 22, 214A. 
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Lachman Process. According to Lachman^^^ this process consists in wash> 
ing the hydrocarbon vapors with a hot concentrated solution of zinc chloride (50 
per cent). The presence of large quantities of hydrogen sulphide adversely affects 
the operation. The vapors are usually stabilized before the treatment. In practice, 
the vapors to be treated, together with superheated steam, are passed counter- 
current to the zinc chloride through a series of bubble towers.^®® The actual zinc 
chloride consumption ranges from 0.3 to 1 lb. per barrel of gasoline tre.ated. The 
gasoline loss is reported as very low.'®' 

Andreev proposed a variation of this methotl which involved the use of zinc 
chloride deposited on Raschig rings, pumice stone or gumbrin (a Russian clay).'®* 
Experiments on the refining of crude benzol and toluol in this manner were not 
very successful. However, it was pointed out that after this preliminary treat¬ 
ment with zinc chloride, 40 per cent less acid was required in the subsequent acid 
washing.'®® The use of pressure in conjunction with zinc chloride is advocated 
by Zadolin and Butkov.^®® 

Day Process. This comprises treating hydrocarbons, in either the liquid or 
vapor phase, with aqueous hydrochloric acid in the presence of a free metal. Zinc, 
copper, aluminum, iron, tin and various alloys, such as brass, are used.2®' As an 
illustration of one mode of procedure, stabilized gasoline distillate is heated to the 
required temperature and charged into an acid-proof treating chamber, where it is 
mixed with dilute hydrochloric acid. I'be heated distillate and acid are contacted 
by upward flow through brass packing and then di.scliarged into a fractionating 
column, where the polymers are separated. The distillate is neutralized with am¬ 
monia immediately after leaving the column. Polymerization losses of less than 1 
l)er cent are reported, using this process. 

Other Methods of Refining. As is well known, sulphuric acid has been 
used quite extensively as a refining agent, but since it will react with olefins, aro¬ 
matics, naphthenes and even paraffins under certain conditions,^®^ use in this 
way is being more and more replaced by other substances which do not bring 
about such large losses in the purified product. .Sager has listed the chief factors 
in the sulphuric acid operation as (1) concentration of acid employed, (2) amount 
of acid, (3) temperature at which the treatment is carried out and (4; the time of 
contact between the acid and oil.-®-' Using 2 jKfr cent by weight of concentrated 
sulphuric acid (98 per cent), the diolefins and most of the unstable olefins were 

** A. Lachman, World Petroleum. 1934, 5 (10), .184; J. Inst. Pet. Tech, 1935. 21. 95A. 

“•A. Lachman, U. S. P. 1,790,622, Jan. 27. 1931. and 1.809.170, July 19. 1931, both to Richfield 
OU Co. of California; Chem. Abe^ 1931. 25. 1374. 4395; Brit. Chem. Abs. B. 1931, 1038. U. S. P. 
Ke. 19,879, Mar. 3. 1936, 2,035,607 and 2.035.608. Mar. 31. 1936, all to Vapor Treating Proceaiei 
Inc.; Chem. Abe.. 1936. 30, 2743, 3626; /. Inst. Pet. Tech.. 1936, 22. 214A. 

C. Albright, Refiner, 1933, 12. 298; /. Inst. Pet. Tech., 1933. 19. 427A; Chem. Abs., 1933. 

27, 5526. 

“•I. Andreev. Trans. 1st All-Union Meeting Sci.-Eng. Tcch. Soc. Petroleum Workers, Baku, 1938, 
Gosud. Nauck. Tekh. Gomo-Geol. Neft. Isdat. 1934, (3), 236; Chem. Abs., 1935, 29. 4559; Brit. Chem. 
Abs. B, 1936, 227. Ferrous chloride may be substituted in place of line chloride. See K. S. 
Ktumindin and 1. I. Ivanov, Khim. Tverdogo Topliva. 1934, 4. 578; Chem. Abs., 1934, 28, 6281; Brit. 
Chem. Abs. B. 1935, 54. 

“•S. N. Popov and S. I. Polonskaya, Seft. Khox.. 1933. 25. 93; Chem. Abs.. 1934. 28, 2338; 
Brit. Chem. Abs. B, 1934, 613; J. Inst. Pet. Tech.. 1934. 20. 415A. See also A. Demchenko. Neft. 
1932, 3 (23-24). 14; Chem. Abs., 1935. 29. 5257; Brit. Chem. Abs. B, 1936, 403. 

••S. A. Zadolin and N. A. Butkov, .\eft. Khox., 1933, 24, 34; Chem. Abs., 1933, 27. 5952; Bril. 
Chem. Abs. B, 1934, 261. 

»*R. B. Day. U. S. P. 1,920.247 and 1,920.248. Aua. 1, 1933; 1,937,873, Dec. 5, 1933: Brit. 
Chem. Abs. B. 1934, 440, 870; Chem. Abs.. 1933. 27, 4916; 1934, 28, 1179. U. S. P. 1.970,281. 
1,970.282. 1.970,283, 1.970,284. Aug. 14. 1934; 2,001.185, May 14, 1935; 2,029.256, Jan. 28. 1936; 

2/129,757 and 2,029.758, Feb. 4. 1936; Chem. Abs.. 1934, 28. 6295; 1935, 29, 4572; 1936, 80, 1987, 

1990, \49\\ all to Univer^ Oil Products Co.; /. Inst. Pet. Tech., 1934, 20, S38A; 1935, 21, 266A: 
1936. 22, 158A, 213A. 

••L C. Morrell and G. Egloff, Nat. Pet. News, 1936, 28 (12), 33, (13), 24G, (15), 24L, (16), 
37; Chem. Abs., 1936, 80, 4656; /. Inst. Pet. Tech., 1936, 22, 265A, 309A. 

••F. Saaer, J. Inst. Pet. Tech., 19.14. 20. 138; Brit. Chem. Abs. B. 1934, 308: Chem. Abe., 1934, 

28, 3571. See also V. A. Kalichevaky and B. A. Stagner, ‘‘Chemical Refining of Petroleum.*' Rein- 
hold I^bliahing Corp., New York. 19M. 
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removed in 5 to 25 seconds with intimate contact. Using more acid, the contact 
time could be reduced, and the inverse was true with smaller amounts of acid. The 
speed of polymerization of the olefins is rapid up to 80 seconds, but at 100 seconds 
can hardly be detected. The polymerization losses varied from 0.6 to 1.1 per cent 
for short periods and 1.8 to 5.5 per cent for the longer times. Sager found that 
chiefly the unsaturates were removed, the aromatics being only slightly affected, 
and the naphthenes and paraffins not at all during the above operations.^^^ 

De Florez^®® recommends the use of reduced pressure to effect cooling during 
the acid treatment. The more reactive gum forming constituents may be polymer¬ 
ized by the addition of a small quantity of acid, and can be withdrawn in the form 
of an acid sludge.^®® Ipatieff proposes to use acid sludge material from treating 
cracked products for refining. By interaction of the olefins and the acid sludge, 
alkylated compounds are formed, thus increasing the antiknock value of the gaso- 
line.^®^ By boiling kerosene with sulphuric acid, Ciochina also noted some degree 
of polymerization. In this instance oxidation occurred, as carbon was deposited, 
while with an excess of acid both carl)on monoxide and dioxide were given off. 
The amount of high-boiling residue was considerably increased.^®® 

Refining with adsorptive clay*-^^^* may also be carried out in the liquid phase. 
I'emperatures of 149-232®C. and 250 lbs. per sq. in. pressure or 315-370° C. and 
1000 lbs. pressure are recommended for this type of treatment.^!® Dry copper 
silicate^^^ can be substituted as contact agent in place of clay^’- 

Molten selenium at 400-600® C. and 300 lbs. pressure^^® and sodium at 800- 
900° F. and reduced pressure^^^ have been suggested as catalysts. Bruzac reports 
that the unstable constituents are polymerized readily by exposing the crude gaso¬ 
line to sun or artificial radiations.*^® 

Vapor phase refining may also be effected in a number of ways. Greensand^^® 
in the presence of hydrochloric acid or steam and hydrochloric acid, phosphorus 
pentoxide deposited on coke-*^ and mixtures of clay and calcium oxide and sodium 


.Xccorditig to E. Wendfhor,>t and K. Knochc (.4nge7v. Client.. 1934, 47, 43; Brit. Chem. Abs. B, 
1934, 179; Chem. Abs., 1934, 28, 2172> hcn^cnc completely sulphonated by 100 per cent sulphuric 
acid after 1 hour's standing. Olefins, such as nentene. undergo partial sulphonation and partial poly¬ 
merization, but paraffins and naphthenes are unaffected by this treatment. See also Chapters 46 and 50. 

*» L. de Floret. U. S. P. 1,956.525. Apr. 4, 1934; Chem. Abs., 1934, 28, 4218; Brtt. Chem. Abs. 

B, 1935. 135; /. Inst. Pet. Tech.. 1934. 20. 426A. 

»*E. B. Miller and G. C, Connolly. IT. S. P. 1.939.129. Dec. 12, 1933, to the Silica Gel Corp.; 

Chem. Abs.. 1934, 28, 1521; /. Inst. Pet. Tech.. 1934, 20. 113A. 

N. Ipatieff. U. S. P. 2,001,906. 2.001.907. 2,001.908, 2,001,909, 2.001,910, May 21. 1935, 
all to Universal Oil Products Co.; Chem. Abs., 1935. 29, 4573; J. Inst. Pet. Tech,, 1935. 21, 267A. 

Ciochina, Petroleum Z., 1933, 29 (33), 1; Chem. Abs., 1934, 28, 621; Brit. Chem. Abs. 
B, 1933, 901. 

«S. N. Pop<n' and A. E. Beilin (Acer. Xeft. Khos., 1935, 5, 98; /. Inst. Pet. Tech.. 1936, 22. 
.121 A; Chem. Abs,, 1936, 30, 4022) have applied the clay refining principle to ^lolymerization of olefins 
in cracked crude oil in the preparation of synthetic drying oils. 

«»W. M. Stratford. IT. S. P. 2.034.317. Mar. 17, 1936, to Texas Co.; Chem. Abs., 1936, SO, 3206; 
J. Inst. Pet. Tech.. 1936, 22. 213A. I). M. Evans and \V. C. Dorsclt. U. S. P. 1,957.449, May 8, 

1934, to Petroleum Conversion (Torp.; J. Inst. Pet. Tech., 1934, 20, 459A; Chem. Abs., 1934, 28, 4220. 
British P. 437,023, 1935, to I’nivcrsal Oil Products Co.; Brit. Chem. .4bs. B, 1936, 8. W. F. Faragher 
and E. J. Houdry. U. S. P. 2.035,467, Mar. 31, 1936, to Houdry Process Corp.; Chem. Abs., 1936, 
SO. 3629; /. Inst. Pet. Tech.. 1936. 22, 261 A. 

•'Mn !*onie instances, silicic acid has been proixised. Cf. E. Erdhcim, Petroleum Z., 1936, S2 (20). 
1; Chem. Abs., 1936, SO, 7827; /. Inst. Pet. Tech.. 1936, 22. 302A. 

•'* W. A. Smith. U. S. P. 1.964.087, June 26. 1934; Brit. Chem. Abs. B, 1935, 394; Chem. Abs., 


1934. 28, 5224. 

»“C C. Towne, U. S. P. 1,997,159, Apr. 9, 1935, to Texas Co.; Brtt. Chem. Abs. B, 1936, 358; 
Chrm. Abs., 1935, 29. 3821. 

W. M. Stratford, Canadian P. 356.957. 1936. to Texaco Development Corp.; Chem. Abs., 1936. 
SO, 3628. See also R. S. Vose. U. S. P. 1.962,698, June 12. 1934, to E. I. du Pont de Nemours & 
Co.; /. Inst. Pet. Tech., 1934, 20. 504A; Chem. Abs.. 1934, 28, 4897. 

*“J. F. A. Brusac, French P. 766.060, 1934; Chem. Abs., 1934, 28, 7517. 

“•C. D. Lowry. V. S. P. 1.947,749, Mar. 6, 1934, to Universal Oil Products Co,; Brit. Chem. Abs. 

** W* Matuhev.^/Vidl^iiwV^ 1936. 28, 190; Brit. Chem. Abs. B, 1936, 307; /. Inst. Pet. 

Tech., 1936,* 22. 155A. 
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hydroxide-^® have all been investigated. MorrelF^® has advocated the use of heavy 
metal salts in the presence of a small amount of acid to prevent hydrolysis (e.g., 
ferric chloride and hydrochloric acid or zinc sulphate and sulphuric acid). Sul- 
phonic acids, dissolved or suspended in inert organic mediums, may also be used 
as catalysts for the vapor phase treatment/--** 



Courtesy Universal 0x1 Products Co 

Fig. 149.—Catalytic Polymerization Plant. Daily capacity, 8 million cu. ft. of gas. 

Kgloff reports that the addition of hydrogen to the hydrocarbon vapors under 
high pressure and moderate temperatures, in the presence of zinc chloride solution, 
pro<luces a substantial saturation of the olefins in the cracked vapors .221 This 
manner of treatment is reported to be effective for desulphurizing high sulphur- 
content oils, such as certain Mexican gas oils. Thus, Egloff suggests mi.xing the 

E. Dolboar, U. S. P. 2.034,712. Mar. 24. 1936, to P. VVijieman. P. K. Wiseman and C. E. 
I)on>ear; /. Inst. Pet. Tech., 1936, 22, 214A; Chem. /tbs.. I93h. 30. 3215. 

«*J. C. Morrell, U. S. P. 1,9««.083 and 1.988.084. Jan. 15. 1935, to rnivcrs.il Oil Products Co ; 
Brit. Chem. Abs. B. 1935, 1083; Chem. Abs., 1935. 29. 1618. 

Britijih P. 437.864, 1935. to N. V. Bataafuche Petroleum Maatschaptdj; Pnt. Chem. Abs. B, 
1936. 53; /. Inst. Pet. Tech.. 1936. 22, 54A; Chem. Abs., P>36. 30. 2745. 

G. Eglog, U. S, P. 2.009.879, July 30. 1935, to Univernal Oil Products Co.; Chem. Abs.. 1935, 
29, 6414; J. Inst. Pet. Tech., 1935, 21, 381 A. 
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cracked gas oil vapors at 510°F. and 220 lbs. per sq. in. pressure with hydrogen 
and bubbling the gas through zinc chloride solution. Both hydrogenation and 
polymerization of the cracked vapors is said to result. Heat treatment with oxygen, 
under pressure, is also suggested to eliminate gum forming substances.--^ 


Synthp:tic Lubricating Oils 


Another commercial application of polymerization is in the production of syn¬ 
thetic lubricants.--'^ 7'he work of earlier investigators--'* in this field indicated 
that lubricants obtained catalytically from ethylene had a very inferior viscosity- 
temperature coefficient. It was further established that the viscosity indices in¬ 
creased proportionally to the length of the straight carbon chain in the starting 
material.--*'* Atkinson and Storch,--^* therefore, deemed it advisable to use a two- 
stage process, first thermally polymerizing the ethylene to a liquid boiling in the 
gasoline range and then further condensing this material with aluminum chloride 
to a viscous liquid of the “light” lubricant type. Thermal treatment was carried 
out at 370-395°C. and 50 to 70 kg. per sq. cm. f)ressure, and catalytic reaction was 
efifected at room temperature with continuous agitation for 48 hours. The washed 
oil had viscosities of 155-208 seconds at 100°F. and 44-46 at 210°F. (Saybolt). 
Removal of the lighter ingredients (33 per cent) by vacuum distillation resulted 
in an oil with a viscosity of 532-710 seconds at 100°F. and 58.5-65 at 210°F. and 
a pour point of —20°F. Polymerization of ethylene at 100-300°C. and high 
pressure with a catalyst of aluminum chloride and aluminum has been reported to 
give products with viscosity indices of 60-70, whereas when aluminum chloride 
alone is used, the results are poor.-'-" On the other hand, Koch has stated that 
synthetic material obtained using aluminum chloride at 130°C. is equal to, or better 
than, the natural product.--^ 

C'ondensation of distillation products with aluminum chloride is generally car¬ 
ried out in two separate operations. In the first step, the more unsaturated hydro- 
carlBjiis are polymerized to form a ‘mud” by means of the addition of a small 
amount of the catalyst. The remaining material is freed from this mud (by dis¬ 
tillation or by means of solvents) and then subsequently treated with more of the 
catalyst.--'^ 

Wax-free lubricants may be obtained by the vapor-pliase cracking of petroleum 
distillates.-'^* For instance, at 54()-70()°L., gas oil yields a product which on re¬ 
distillation has a viscosity of 200-600 seconds (.Saybolt) at temperatures of 60° 
and 38°C\. resiR'ctively.-'^* liaseous olefins may be converted to li(juids of a vis- 

»«C. P. Wilson, Jr.. V. S. P. Nov. 21. to Texas t'o.; J. ]nst. Pet. Tech, 19.U. 

20, 38A; Chrm. .4bs., l‘LU. 28. svu 

A more extensive disc\jssif)n of the nsc of aluminum chloritle is Riven in Chapter 6. 

A. W. Nash, H. St. .Stanley, R Bowen. J. Inst. /V/. Icch., 1930, 16, 830; Chem. Abs., 
1931, 25, 1664; Brit. Chrm. Abs. B, l‘LU. 3JS. F. W. .nillivan. Jr.. V. V'oorhees, A. W. Neelev and 
R. V. .ShankUnd. Ind. F.ng. Chnn., W.n. 23. : Brit. Cbrm Abs. B. 1931. 708; Chem. Abs., 1931, 

25, 3476. See aiw Carletim Kills, “The Chemistry of Petroleum Derivatives,” The Chemical Catalog 
Co., Inc., New York. 1934. 

■* See CTiapter 1. 

R. (». Atkinson and H. H. Storch, hui. I'nQ. Clu’m., 1934. 26, 1120; Cltcm. Abs., 1934. 28. 7508; 
Bnt, Chem. Abs B. 193.5. 889 

»»F. C. Hall, W. R. Wiggins and A. W. Nash. /. Inst. Purl, 1935, 9, 106; Brit Chem. Abs. B, 
1936, 227: Chem. Abs., 1936. 30, 5021. 

“*H. Koch, ir. Per. deut. Inp., 1936. 80. 49; Chem Abs., 1936. 30. 2741. 

»*M. Pier and F. Christniann, U. S. P. 1.965.390. July 3. 1934; Chem. Abs.. 1934. 28, 5657; 
/. Inst. Pet. Tteh., 1934, 20, 539A. H. Zorn and W. Kosin.ski. (lerman P. 593.455. 1934; Chem. 
Abs.. 1934, 28. 3229, both to I. G. F.irbenind A.-G. French P. 761.417, 1934. and 775,701. 1935. to 
BaUafsche Petroleum Maatschappij; Chem. Abs., 1934. 28, 4219; 1935, 29, 3150. Dutch P. 36.948, 
1935; Chem. Abs., 1936, 30. 2743; lH.tt. Pet. Teeh., 1935. 21. 176A. 

■"R. C. Osterstrom. 11. S. P. 1.955.596. Apr. 17. 1934. to Pure Oil Co.; Chem. Abs.. 1934, 28, 
3889; /. Inst. Pet. Tech., 1934, 20, 427A; Brit. Chem. Abs. B, 1935. 26l. 

•1^ V, V. Orihekhovakli (Russian P. 35.429. 1934; C/icm. Abs., 1936. 30, 2430) has descril>ed a 
viscosimeter equipped with a rotating core for the continuous ol>servation of the polymeriaation of oils. 
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cosity index in excess of 100 by heating at 675® to 725®F. under 3000 lbs. per sq. in. 
pressure with heating times of 100 minutes or more.^** Wiezevich and Whitclcy 
recommend the addition of air in the treatment to form oxygenated products.*** 
Lower olefins, such as ethylene, propene or butene, are preheated to about 310®C. 
under pressure, and mixed with small amounts of air. In addition to exerting a 
catalytic polymerizing action on the olefins, the oxygen is said to enter into com¬ 
bination with the polymers. Sulphuric acid, phosphoric acid,*''*^* amines and other 



i ottrifsy Imduslria! anti liufiinccrinii Chctnulry 

Fk;. 150.—CrackiiiK K(|iii|>nKiit in a l.oiiisiana Pcirolcimi Refinery. 


organic bases or nitrites****’ have also been suggested as catalysts for the condensa¬ 
tion. Olefins available for polymerization to synthetic lubricating oils are obtained 
by Loebe|2**« by cracking a paraffinic oil under’pressure in the liquid phase, subse¬ 
quently removing any resulting aromatic hydrocarbons and subjecting the remainder 
of the product to vapor-phase cracking. 

SvNTIIETIC kUBBKK BY I’ol.YMKRIZATION Ol- BfTADIF.NE 


Since 1930, the prorluction of synthetic ruhl)er by polymerization of butadiene 
has developed rapidly in Russia. Bridgwater***'* has sUt^ that 20,000 tons were 

H. E. Batcbclder and W. E. Kuentzel, Canadian P. 345.S4.1, 1934, to Standard Oil Co of Ind • 

French P. 800,185, 1936, to Standard Oil Co. of Calif.; CiT^! 

.••F- J. Wiej^ich and J. M. Whiteley, U. S. P. 1,981,819, Nov. 20. 1934, to Sundard Oil De- 
velopment Co.; Chem, Abs., 1935, 29, 474; Brit. Chem. Ahs. B, 1935. 881. * ^ 

/. *••“*“*“ Petroltum .MiatMhappij; cium. Abt.. at. «$62: 

m”’ '• A ^ P" TfcU., I9J5. at. 459A, 

I9jra^-4SIA?'c*i;»®wL*f9l6;‘M: 6«9: '*■ 

R. Bridgwater, Ind. Eno. Chem., 1936, 28, 394; Chem. Abs., 1936. 10, 3679; Brit. Chem. 
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produced in that country during the first ten months of 1935. In the entire year 
of 1934, the total output was only 11,300 tons. No information as to the cost is 
available, but it seems apparent from the yields quoted and statistics on the number 
of workers employed in the industry that the cost of the product is many times 
greater than that of natural rubber. 

The butadiene used in this industry is derived by the pyrolysis of either petro¬ 
leum fractions or ethyl alcohol.^^^e q£ methods has been discussed 

by Buizov.2**^ In practice, the petroleum vapors are heated to 300-400®C., and 
then passed through a short heater, where cracking takes place at 700-800®C. and 
a pressure of 70-90 mni. The gases are expanded immediately after heating, then 
thoroughly cooled, liquefied by compression and fractionally distilled. Decomposi¬ 
tion and condensation of the butadiene formed is avoided by the control of tem- 
nerature. pressure and velocity of the vapors through the reaction zone. Yields as 
high as 16 to 17 per cent of butadiene are stated to be obtained in this manner. 
Table 144 shows the yield of products resulting when using raw materials on a 
semi-commercial scale under the above conditions. 

Table 144 .—Products Obtained by Pyrolysis of Petroleum Fractions. 

Gas, 

Petroleum Fraction Butadiene, % cu.m./kg. Oil Tar, g./kg. Oil 


Crude Oil . 10-11 1.10 — 

Kerosene. 11-12 0.67 150-180 

Machine oil. 11 0.68 150 

Transformer oil . 11 0.64 180 

2nd grade gasoline. .. 12-15 1.05 20 

Naphtha. 10 0.79 30 

1 st grade gasoline . 15 0.75 70-90 

Fueloil. 10 0.51 190 


Butadiene may be separated from the other resultants by absorption in benzene, 
kerosene, absolute alcohol, water or gasoline, or by compression. Kerosene and 
water remove the most, but the former solvent may retain as much as 50 per cent 
of the hydrocarbon, which cannot be recovered. The compression method is re- 
|)orted as giving a stock of variable composition. Polymerization is carried out in 
autoclaves (lined with hard rubber) in the presence of 1 per cent of diazoamino- 
bcnzcne as catalyst. Optimum conditions for this step are given as 100®C. and 18 
atmospheres, and yields of 50 per cent of “butadiene rubber” are obtained after 6 
to 12 days under these conditions. The residue from the operation consists of 
unrcacted butadiene, some dimer and also small amounts of butene. 

The preparation of butadiene from ethyl alcohol has already been discussed.^^ 
The polymerization of this product, which is much purer than that obtained from 
petroleum cracking, is carried out on a commercial scale at 50-60®C. and 4 atmos¬ 
pheres, using metallic sodium as a catalyst.^^^ The reaction takes place in both 
the gaseous and liquid phases, and is heterogeneous. At a given pressure, the rate 
is the same in both phases. After an initial period of acceleration, the speed slows 
down to a constant rate, due perhaps to the formation of primary sodium com¬ 
pounds. Polymerization is thought to proceed by the successive addition of mono- 

Ahi. B, 1936, 705. Sec aljio Carlcton Ellis, “The Chemistry of Synthetic Resins.’* Retnhold Publish¬ 
ing Corp.. New York. I9i5, for a discussion of synthetic rubber. 

M. A. Lur’e and V. A. Ignatyuk, Sintet. Kanckuk, 1932 (3). 12; Chem. Abs., 1933, 27. 6016; 
Brii. Chtm. Mbs. B, 1934. 232. See also Chapter 4. 

B. V. Butaov. /. Applied Ckem. (V.S.S.R.), 1933. 6^ 1074; Fornf/m Petroleum Tech., 1934. 2, 
US. 213; Ckem. Abs., 1934. 28, 5711; Brit. Ckem. Abs. B, 1934. 245. See also I. G. Akobaahanov. 
Bev. geu. mot. plostiques, 1934, 10, 370; Rubber Age, 1935, 16, 14; Ckem. Abs., 1935, 29, 3872. 

See Chapter 4. 

M. A. l.iir> and V. A. Ignatyuk, loc. 
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inerio molecules to these sodium compounds.--'*'* Mixed catalysts of sodium and 
iron oxide and sodium and magnesium oxide have also been investigated.--''' 

Vulcanization of the polymerized product with sulphur is said to be much 
smoother than with the natural rubber. The technical treatment is the same. The 
properties of the synthetic product are reported as being satisfactory enough to 
serve as a substitute for rubber in many cases,in fact, the claim is made that it 
is even stronger than the ordinary rubber.The material is being used for 
tires,rubber soles and heels, ebonite goods, raincoat cloth,gasoline hose and 
tire tubes.2^^ 


Other Uses of Polymerization Products 


Many proposals have been made to utilize the numerous products of polymeriza¬ 
tion reactions besides those previously mentioned. Waste gases may be converted 
into illuminating gas by subjecting them to cracking at above 500®C., to enrich the 
olefin content. 2^2 higher polymers of isobutene are recommended in making 
safety glass, plywood, adhesive plaster,flypaper,^^^ greases, lubricating and in¬ 
sulating oils,chewing gum, wax for sealing tree wounds, a decay preventative, 
and cleansing compounds. 

Bodies resulting from the polymerization of diolefins may be added to lubri¬ 
cating oils to improve the viscosity of the latter.-^® Other suggested uses are as 
rubber substitutes,^^® vulcanizable products,-**®* insulators^^®'* and coating composi- 
tions.^^ The low-boiling ends of refinery gasoline (boiling below 21 °C.) may be 
treated catalytically to form isoparaffinic hydrocarbons which may be employed to 
increase the viscosity of oils.^®^ Using metallic halides (such as aluminum chlo- 

A. Abkin and S. Medvedev, Trans. Faradaw Soc., 19J6. 32, 286; Brit. Chem. Abs. A, 1936, 296; 
Chem. Abs.. 1936. 30, 2472. 

V. E. Kravetx, Sintet. Kauckuk, 1935, 4 (1), 36; Chem. Abs., 1935, 29, 4627; Bnt. Chem. 
Abs. B. 1936, 229. 

I. 1. Zhukov, V. A. Konurov. S. F. Val’ter and E. I. Gnlwva. Sintet. Kauckuk. 1936, (2), 4; 
Chem. Abs., 1936. 30. 5069. 

** S. V. Lebedev, S. A, Subbotin, T. L. Zingerevich and V' .1). Strebkov, Trudui (iosudarst. Opuit. 
Zavoda Sintet. Kauchuka Litera B. III. Synthetic Rubber. 1934. 100; Chem. Abs . 30, .5451. 

S. V. Lebedev, S. A. Subbotin and V. F. Evstratov, ibid., 1934. 85; Chem Abs . l9.le», 30. 54 51 See 
also F. Kircbhof, Tropentfianscr, 1934, 37, 505; Chem. Abs.. 1935, 29. K400. Ser aUo I. I. Zhukov. 
V. A. Komarov. E. 1. Gribova and N. L. ^livanova. Sintet. Kauehuk. 1936 (4), 4; Chem Abs.. 1936. 
30, 6602. B, Y. Osipovskii. Sintet. Kauehuk. 1936 (4). 22; Chem Abs.. 19.16. 30, 6602. (i. I. 
Glazunov, J. Rubber Ind. (U.S.S.R.), 1935, 12, 910; Chem. Abs., 19.16. 30. 5454, B. Fabritziev and 
G. Buiko. J. Rubber Ind. (U SSR.). 1936, 141; Chem. Abs.. 1936, 30. 6603 

»*F. Merzlikin, /. Rubber Ind. (U.S.S.R.), 1935. 12. 518; Chem. Abs.. 1935. 29. 71 18. 

"•P. Kaplin. J. Rubber Ind. (U.S.S.R.), 1935, 12, 953; Chem. Abs., 1936, 30. 5454; Brit. Chem. 
Abs. B, 1936. 655. 

B. V. Buizov, loc. cit. Z. Koryushenko and M. Ivanova, J. Rubber Ind. (U ..^.S.R.), 1935, 12. 
951; Chem. Abs., 1936, 30, 5454. N. Chesnokov. ibid.. 1936. 452; Chem. Abs.. 1936. 30, 5454. 

•••French P. 765,425, 1934, to I. G. Farbenind. A.-G.; Chem. Abs.. 1934. 28. 6985. 

•“French P. 775,306, 1934, to I. G. Farbenind. A.(i.; Chem. Abs.. 1935. 29, 2625 

•“British P. 437,704. 1934. to I. G. Farbenind. A.-C.; Brit. Chem. Abs. B, 1936, 97. 

•“ British P. 399. 527, 1933. to I. G. Farbenind. A-G.; Chem. Abs.. 1934, 28. 2518; Brit. Chem. 
Abs. B, 1933, 997. See also T. C. Zimmer and E. W. Carlson, U. S. P. 2.074.039, March 16, 1937, 
to Standard Oil Development Co. 

•“British P. 439,899. 1935, to 1. G. Farbenind. A.G.; Chem. Abs.. 1936. 30, 3549. 

•“German P. 623.924, 1936, to Standard Oil Development Co.; Chem. Abs., 1936, 30, 4953. 
•“British P. 411,893 and 411.894, 1932, to I. G. Farbenind. A.G.; Brit. Chem. Abs., B, 1934, 
749. French P. 758.269, 1934; Chem. Abs., 1934. 28, 3230. Austrian P. 138,763, 1933; /. Inst. Pet. 
Tech., 1934, 10. 617A. 

•“French P. 787,467, 1935, to I. C. Farbenind. A.*C.; Chem. Abs., 1936, 10, 2047. 

•“• French P. 788,973, 1935, to I. G. Farbenind. A.-G.; Chem. Abs., 1936, SO. 2043. 

•“* French P. 788,840, 1935, to I. G. Far^ntnd. A.-G.; Chem. Abs., 1936, 30, 2044. 

•“ C. A. Thomas. U. S. P. 1,947,626, Feb. 20, 1934, to Dayton Synthetic Chemicals, Inc.; Chem. 
Abs., 1934, 28, 2927; Brit. Chem. Abi.,B, 1934, 1071. See Chapter 6. Also Carleton Ellis, “The 
Chemistry of jPetrolenm Derivatives.** The Chemical CaUlog Co., Inc., New York, 1934; and *The 
Chemistry of Synthetic Resins.’* Reinhold Puhltshinf Corp., New York. 1935. 

•* F. A. Howard, U. S. P. 2,049,062, July 28, 1936, to Standard Oil Development Co.; Chem. 
Abs., 1936, 30, 6537. British P. 437.934, 1935; Chem. Abs., 1936. 30. 2746; Brtf. Chem. Abs. B. 
1936. 54; /. Inst. Pei. Tech., 1936, 22, 58A. BHtish P. 455.114, 1936; Brit. Chem. Abs. B. 1936, 
1191; /. Inst. Pet. Tech., 1937, 23, 201 A. French P. 771.272, 1934; Chem. Abs., 1935, 29, 919. 
French P. 798.929, 1936 and 801.715, 1936; Chem. Abs., 1936. 30. 7836; 1937, 31, 536. M. Otto, 
F. L. Miller, A. J. Blackwood and G. H. B. Davis, Oi7 Gas. J., 1934, 33 (26), 98; Refiner, 1934, 13, 
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ride) as the catalyst, at 38®C. these low-boiling fractions (containing isobutene) 
are converted to solids of a molecular weight greater than 800. Similarly, at 
slightly lower temperatures (27°C.) the polymer has a molecular weight of 4000 
to 10,000. About 0.5 to 5 per cent by weight of this substance is usually blended 
with the lubricating oil. Hydrocarbons of this nature have been stated to increase 
the viscosity index of an oil from 93 to 120. On the other hand, liquid polymers 
have also been recommended as diluents in order to increase the fluidity of various 
oils obtained from lignite tar oils.-^^ Products with molecular weights of 800 to 
2000 may be added to greases and solid lubricants.253 High-pressure condensation 
of cracked gasoline results in a liquid polymer which is reported to be a plasti- 
cizer^®^ or a softener*-^^^ for rubber. Cracked petroleum distillates may be poly¬ 
merized to give higher boiling hydrocarbons which may be incorporated into 
synthetic resins**-’^® or oxidized with air, sulphur or chlorine to form asphaltic^^^ 
and insulating-^® materials. 

411; Chem. Abs., 19;>5. 2Q. 587; J. Inst. Pet. Tech., 1935. 21, 68A. Sec also Nat. Pet. News, 1934. 
26 (46), 30; J, Inst. Pet. Tech., 1935. 21, 61A. “Exanol’' and “Vistancx” (the latter is applied 
to the highest molecular weight products) arc trade names for these substances. 

"French P. 43.093. 1934; 762.289. 1934; and 762.381. 1934, to I. G. Farbcnind. A.-G.; Chem. 
Abs., 1934, 28. 5225. 4592, 4576. 

"British P. 379,717, 1932, and 401,295. 1933. to I. G. Farbenind. A.-G.; Brit. Chem. Abs. B, 
1932. 971; 1934, 184. 

" J. Hyman, Canadian P. 354,966, 1935, to Velsicol Corp.; Chem. Abs., 1936, 30, 2046. 

"A. Y. Larin. Ncft. Khos . 1935. 28 (6). 57; Chem. Abs., 1936, 30, 3990; /. Inst. Pet. Tech., 
1936, 22, 156A. 

“• F. A, Apgar and A. Runyan, U. S. P. 1,945,719, Feb. 6, 1934, to Sinclair Oil Refining Co.; 
Chem. Abs., 1934, 28. 2556; Brit. Chem. Abs. B. 1935. 1022. 

"French P. 793.501. 1936, to Standard Oil Co. of California; Chem. Abs., 1936, 30, 4664. 

•• M. Pier and F. Christmann, German P. 594,167, 1934, to 1. G. Farbenind. A*G.; Chem. Abs., 
1934, 28, 3576. 



Chapter 27 

Some Important Reactions of Diolefins 


Diolefins are hydrocarbons having two ethylene linkages in their molecular 
structure. Their empirical formula corresponds to C„Hon. 2 . For classification, 
diolefins may be divided into three types: 

(1) The allenes, possessing the characteristic structure, 

(2) The conjugated dienes (or butadiene type), with the structure, 




(3) Other diolefins in which the double bonds are separated from one another by 
one or more CH, groups, among w'hich may be specially mentioned the 1,4- 
and 1, 5-dienes. 


Of the three classes, the one emphasized in this chapter is the butadiene type 
which exhibits a high degree of reactivity and condensing power. The latter 
property is used to a great extent in the industrial separation of diolefins from the 
products of pyrolysis of petroleum hydrocarbons.^ 

It is significant to note the increasing number of important diolefin derivatives 
obtained from condensation reactions. For example, Horclois^ prepared deriva¬ 
tives of cyclopentadiene from alkylated diethyl malonates. These were used as 
starting materials in the synthesis of many compounds which have application both 
as pharmaceuticals and in the perfume industry. 

Interaction of conjugated diolefins with .substances such as halogens, halogen 
acids and sulphur dioxide, reactions of 2-chlorobutadiene and some analytical pro¬ 
cedures are included in this chapter. Most of the resultants, with the possible 
exception of chloroprene, may seem to be of academic interest since they have 
been applied industrially only to a limited extent. However, they should be con¬ 
sidered as possible sources for future development of organic chemical synthesis. 


Preparation of Diolefins 


Conjugated diolefins, particularly butadiene and cyclopentadiene, are often found 
among the products of high-temperature pyrolysis of petroleum hydrocarbons.* 
Another source is from the thermal decomposition of alcohols. For example, by 
the passage of ethyl alcohol vapor over a mixed catalyst, Lebedev^ obtained a 20 
* See Chapter 4. 

•R, Hordoif, Chim. e* ind,. 1934. 31. 357; Ckem. Abi., 1935, 29. 140; Brit. Chem. Abs. B. 1934, 
660. 

*For a discussion of methods tnvolvinff pyrolysis of hydrocarbons to diolefins, see Carleton Ellis. 
*^TIie Chemistry of Petroleum Derivatives,^’ The Chemical CaUlog Co., Inc., New York, 1934. Also 
Chapter 4. 

<S. V. Ubedev. /. Gen, Ckem. (V.S.S.R.), 1933. I. 698; Brit. Chem. Abe. A. 1934, 168; Ckem. 
Abs., 1934, 2S, 3050. See also Chapter 4. 
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of essentially this substance) is slowly passed through the liquid. The exit gases 
are reported to contain a large percentage (60 per cent or more) of butadiene. 

Preparation of butadiene has been effected by using n-butyl chloride as a raw 
material. The procedure involved, as described by Muskat,^ consists in chlorinating 
1-chlorobutane, the temperature initially being 77°C. but rising to about 115°C. 
at the end of the operation. A mixture of dichlorides thus formed and boiling 
between 77° and 160°C, was separated (by distillation) into six fractions. Each 
fraction was separately distilled and the vapors passed in a steel tube heated to 
about 700-730°C. and containing coarse soda lime. After this treatment, tlie vapors 
traveled in succession through cooling vessels to remove water, unreacted dichloro- 
butane and tarry and resinous products, d'he nearly pure butadiene formed in this 
manner was collected as the tetrabromide made by bubbling the diolefln through 
chloroform containing bromine. In Table 145, the yields from each fraction are 
given. 

Table 145 .— Yields of Butadiene from Pyrolysis of Dichlorohutanes. 


Fraction 

Boiling 

Per cent Yield 

Number 

Range in °C. 

of Butadiene 

1. . 

75-110 

f) 9 

2. . . 

... 110-120 

18.8 

3. . . 

. . 120-130 

24 8 

4 

. . 130-140 

29 6 

5. . . 

. . 140-150 

23 6 

6 . . 

. . . 150-165 

25.6 


In some instances homologues of this l,3«diolefin may be obtained from deriva¬ 
tives of pinacone. For example, Backer and Strating® prepared 1,2,3,4-tctra- 
methyl-l,3-butadicne in a 75 per cent yield by treating mcthylethylpinacone with 
hot 20 per cent sulphuric acid. This is represented as 

-2HK) 

CH3CH,C(CH3)(0H)C{CH3)(0H)CH2CH,- y CH3CH--('(CH3iC(Cn,)'-*CHCH| 

melhylethylpinacone J 

l ,J-but(idiene 

Similarly, diethylpinacone, in the presence of alum at 140°C., was dehydrated to 
l,4-dimethyl-2,3-diethyM,3-butadiene (b.p., 158-163°C.). The reactions by which 
two other compounds, 2-/rr-butyl-l,3-butadicnc fb.p., 104-106°C.) and 2-phenyl- 
1,3-butadiene (b.p. 58-59°C. at mm.) were obtained, were aUo carried out by 
these workers. In both instances the starting material (a ketone) was treated with 
ethyl magnesium bromide and the resulting product was subsecjuently distilled in 
the presence of sulphuric acid. Bromination followed by another distillation under 
25 millimeters pressure yielded the corresponding conjugated diene. This series of 
transformations is indicated below for the two examples mentioned. The symbol X 
represents either the fer-butyl or phenyl group. 

O OH 

II » 

CHiCX -f CtH^MgBr CH,CC,H. 

{ 

X 

-fBrt -2HBr 

-CH,CHBK:XBrCH, - > CHx«=(:HCX=-(TI, 

I. E. Mutkat, U. S. P. 2.038,59t, Apr. 28, 1936. to E, I. f!u Pont fir Nr-rntjuri ft Co.: Chrttt. 
Abi., 1936, 30. 3912. 

• H. J. Backer and J. Stratina. Rrc. trav. chim., 1934. 53. 525; 1935, 54, 170; Brit. Chem. Abs. 
A. 1934, 662; 1935, 497; Chem. Abs., 1934. 21, 4697; 1935, 29, 2959. 


-H>0 

- CH3CH--CXCH, 
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A small yield of 2,3-di-/rr-butyl-l,3-butadiene was also secured by dehydrating 
3-hydroxy-3,4-di-fer-butyl-l-butene with hot oxalic acid. 

Horclois® reported that cyclopentadiene is obtained in the form of crystalline 
dicyclopentadiene as a by-product from coke oven gases. The rate of recovery is 
about 15 to 20 kilograms per 1000 tons of coal. As previously mentioned, certain 
derivatives of this cyclic 1,3-diolefin are applicable in the pharmaceutical and per¬ 
fumery industries. 

The separation of conjugated diolefins from crude benzol, or other liquid hy¬ 
drocarbons, by interaction with maleic anhydride is described by Krzikalla and 
Wolflf.^® It is pointed out that by adding the anhydride in small portions and sepa¬ 
rating the resulting product after each addition, isolation of individual diolefins 
may be effected.For butadiene the reaction can be represented as 


CHC^O 

I !! '' 

-f'l () 
' / 
CH C\U CHC-O 

and for cyclopentadic-no as 

UC ~-C\{ CHCW) 

HC CH 


C 

H, 


C 

/ \ 

HC CHC=0 

!i 

■! o 

1 / 

HC CHC=0 

c 


H 

C 

/i\ 

HC (■HC==0 

I I I \ 

1 CHs i () 

, i / 

HC I CHC=0 


\ 


c 

H 


/ 


In some instances, particularly with the latter diolefin and its homologies, 
^-quinones may be .‘Substituted for maleic anhydride. 

Reaction with quinoncs may he regulated so as to secure a separation of the 
diolefins. For example. Stern and Hoess^** suggest treatment of 1000 parts of 
cracked petroleum distillate (boiling up to 150°C.) with 70 parts of a-naphtho- 
quinone. The liquid mass is then subjected to distillation (under reduced pres¬ 
sure), and the addition product of methylcyclopentadiene and a-naphthoquinone is 
secured as a residue. Interaction of the liquid with another portion (15 parts) of 
the quinone, followed by distillation, furnished a mixture of methylcyclopentadiene 
and cyclopentadienc adducts. Furthermore, another treatment with a-naphtho- 
quinone (25 parts) and distilling yielded a residue of the addition product with 
cyclopentadienc. 

• R. Horcloi*. Ckim. et ind., 19.14. 31, 357 (special number); C/irwi. Jhs., 19.15, 29, 140; Brit. 
Chrm. ^bs. B, 19.14, 660. 



»» French P 785,8.11, 1935, to 1. (i. Farbenind. A.-Ci.; Chem. Abs., 19.16, 30, 1.18.1. 
if« (; Stern and \V. Hoesa, U. S. P. 2.067,511, Jan. 12, 19.17, to I. ('.. Farbenind. A. G.; Chrm. 
Abi., 1937, 31, 1429. 
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2-Chlorobutadiene. The industrial preparation of 2-chlorobutadiene is ef¬ 
fected mainly by two reactions.'^ First, acetylene is polymerized in the presence 
of catalysts to form monovinylacetylene; and second, the latter hydrocarbon is 
treated with hydrogen chloride. These may be represented as follows: 

CH, CH, 

II II 

CH catalysts CH 4-HCl CH 

2 111 -T —I 

CH C CCl 

It'H k 

acetylene monovinylacetylene Z-chloro-l ,3-hutadiene 

(chloroprene) 

The presence of certain agents, especially cuprous chloride, causes an almost quan¬ 
titative yield of this chlorolefin, or chloroprene, to be obtained in the second reac¬ 
tion. However, Nieuwland^^ pointed out that 2-chlorobutadiene is formed through 
an intermediate step. That is, a 1,4-addition of hydrogen chloride first takes place, 
and the resulting compound (chloromethylallene) then isomerizes to chloroprene 
under the influence of cuprous chloride. 

CHr=CH—CsCH HC\ CH,(C1)—CH=C==CH, > CHr-C(Cl) - CH=CH, 

.Another procedure comprises passage of vinylacetylene mixed with hydrogen chlo¬ 
ride over activated charcoal.'^* The latter may be coated with metallic chlorides, 
those of the heavier metals of Groups 2 and 4 of the Periodic System. 

Using acetaldehyde and acetylene as starting materials, Carothers and Coffman^® 
also synthesized 2-chlorobutadiene. In that method, a mixture of acetaldehyde and 
ether, at about — 10°C., was treated for 8 hours with powdered sodamide and acety¬ 
lene under superatmospheric pressure. The methylethinylcarbinol formed was puri¬ 
fied and then dehydrated in the vapor phase by passage over basic aluminum sul¬ 
phate at 240-260°C. Monovinylacetylene obtained in this way was freed of 
unchanged alcohol by fractional distillation. This was followed by cooling the 
hydrocarbon and reacting it with a thoroughly chilled mixture of hydrochloric 
acid, cuprous chloride and ammonium chloride in an autoclave. The product, after 
being held at 30®C. for 4 hours, yielded on steam distillation, from 75 to 92 per 
cent of chloroprene. The different steps in this operation may be represented by: 

0=CHCH, -H HC-CH -> HC-C-CHOHCH, 

acetaldehyde acetylene methylethinylcarbinol 

-HtO ^HCl 

— y- HC«C-CH=CH, — y cHp=ccich««ch, 

monovinylacetylene 2<hloro-1,3-butadiene 

Another method of preparation has been developed by Carothers.'® 3,4-Di- 
chloro-1-butene is caused to react with an amount of alkali (such as potassium 

Caricton Elli#, “The ChemiMry of Synthetic Re»inf.“ Reinhold Publishing Corp.. New York. 
19JS, 154, and Carleton EDif, “The Chemistry of Petroleum Derivatives,*' The Chemical Catalog Co.. 
Inc.. New York, 1934, 638, 669. 

>4J. A. Nteawland, Ind. Eng. Chem., 1935, 27 . 850; Chem. Abs., 1935, 29 , 4981. See alto W. H. 
Carothers and A. M. Collins, U. S. P. 1,950,431, Mar. 13, 1934, to E. I. du Pont de Nemours 8t 
Co.; Chem. Abs., 1934, 28 . 3271. 

British P. 458,100, 1936, to I. G. Farbenind. A. G.; J. Inst. Pet. Tech., 1937. 31. 79A. 

»W. H. Carothers and D. D. Coffman. U. S, P. 1,950,441, Mar. 13, 1934, to E. I. du Pont de 
Nemours Co.; Chem. Abs., 1934, 28 , 3270. 

^W. H. Carothers, U. S. P« 2,038,538, Apr. 28, 1936, to £. I. du Pont de Nemours 8 Co.; Chem. 
Abe., 1936 , 80 , 3838 . 
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hydroxide) which will remove half of the chlorine as hydrogen chloride, according 
to the following equation: 

-fKOH 

CH2==CHCHC1CH,C1 - y CH^HCC1=CH, 

By fractional distillation, the product can be separated from any unreacted mate¬ 
rial. Carothers stated that 2-bromo-1,3-butadiene may be obtained in a similar 
manner. 

Chloroprene is a colorless liquid which boils at 59.4°C. under atmospheric 
pressure and has a specific gravity of 0.9583 at 20°C. It undergoes polymerization 
to yield at least four distinct substances.'^ Of the latter, two types designated as 
a- and ^-polymers are the most important. The former is a soft, plastic body which 
is soluble in benzene, and has been marketed under the name of Duprene.'* It 
may be separated from admixed polymers by precipitation with alcohol. The 
^-variety resembles vulcanized rubber in physical properties, and is non-plastic 
and elastic. 

In order to isolate the a-polyprene, Williams'® has proposed two methods to 
effect separation of this polymer. First, when the polymerization mixture is of 
thick consistency (e.g., glycerol) or almost too thick to pour, a selective solvent is 
added. Such a compound dissolves the unreacted material and leaves free the soft 
rubbery mass. Further treatment with fresh solvent, followed by squeezing in a roll 
and heating to driye out last traces of the liquid are the subsequent steps used in 
this first process. Among the solvents that may be employed are methyl, ethyl, 
propyl, isopropyl and butyl alcohols, acetone, methyl ethyl ketone and diethyl ketone. 
The second method consists in distilling off the unchanged chloroprene under 
reduced pressure when polymerization has proceeded to the same extent as in the 
ftrst procedure. Pressures recommended are from 6 cm. of mercury to atmospheric 
pressure and temperatures of from 25 to 70°C. A flexible, oil-resistant rubber 
composition of considerable tensile strength has been prepared trom the benzene- 
soluble, alcohol-insoluble product of the complete or partial polymerization of 
chloroprene. 

Polymerization can be controlled by the use of added inhibitors such as a phenol, 
quinone, amine, nitro aryl compounds, ethyl selenide, iodine, bromine, certain sul¬ 
phur-bearing organic compounds,*' sulphur or thiuram disulphide.^^ polymers 

are said to be more plastic at atmospheric temperatures when incorporated with 4 
to 10 per cent of a ketone, for example, camphor, acetophenone, benzophenone or 
fcnchone.*^* Co-polymerization of chloroprene may be effected in the presence of 


For a ditcustton of the polymerization of chloroprene. see, Carlcton Ellis, "The Chemistry of 
Synthetic Resins,’* Reinhold Publishing Corp.. New York, 1935. 

“ Duprene is also known as Neoprene (see /fid. Eng. Chem., News Ed., 1937, 15, 43). The latter 
term has been suggested for use in a general sense, that is. it can designate the crude material or the 
products manufactured from it. In U.S.S.R.. chloroprene synthetic rubber is referred to as Sovprene. 
Consult A. L. Klebanskii, L. G. Txyurikh and I. M. Dolgopol’skii, Bull. aead. set. U.R.S.S., 1935 (2). 
189; /. Research Assoc. Brit, jfiubber Mfrs., 1935. 4, 505; Rubber Chem. Tech., 1936, 9, 383; Chem. 
Abs., 1936, 30, 7908. For a discussion of the toxicity of crude Duprene, see W. F. v. Oettinger and 
W. Detchmann'Gruebler, J. Ind. Hyg, Toxicol., 1936, 18, 271; Chem. Abs., 1936, 30, 3881; Brit. 
Chem. Abs. A, 1936, 758. 

»•!. Williams. U. S. P. 1.950,436, Mar. 13, 1934, to E. I. du Pont de Nemours & Co.; Chem. Abs., 
1934. 28. 3271. 

• M. Jones and W. F. Smith, British P. 428,052, 1935, to Imperial Chemical Industries Ltd.; Brit. 
Chem. Abs. B. 1935, 644; Chem. Abs., 1935. 29. 6800; J. Inst. Pet. Tech., 1935. 21, 309A. 

" W. H Carofhers. A. M Collins and J. E. Kirby, U. S. P. 1,950,438, Mar. 13. 1934. to E, I. 
dts Pont de Nemours 9t Co.; Chem. Abs., 1934, 28, 3271. 

W. H. Carothers and J. E. Kirby, U. S. P., 1,950,439, Mar. 13, 1934, to E. I. du Pont de 
Nemours dt Co.; Chem. Abs.. 1934, 28, 327i. 

••French P. 799,345. 1936. to United States Rubber Co.; Chem. Abs., 1936, 30, 7911. British 
P. 452.078, 1935; BrU. Chem. Abs, B, 1936, 1009. 
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diolefins such as 2.3-diinethylbutadiene vinyl compounds.-’* c.r.. ethers, esters, 
or carbinol derivatives, or a,/^-unsaturated aldehydes, ketones, acids, esters, anhy¬ 
drides or nitriles.-’** Carothers-**** advocates chlorination of polymeric 2-chloro- 
butadiene to secure rubber-like materials exhibitinj*: Hexihility even after long 
periods of storage or subjection to low temperatures. One method of treatment 
comprises dissolving the polymerized chlorohydrocarbon (3(1 parts) in chloroform 
(250 parts) and conducting a rapid stream of chlorine for \S hours into the solu- 



Courtfsy Chemical and Metallurgical Enmnecring 
Courtesy E. 1. du Font de Semeurs & Co. 

Fig. 152.—Intermediate Stage in Processing Neoprene, a Chloroprene Rubber. 

tion maintained at a temperature of 45®C. and out of contact with sunlight. After¬ 
wards the liquid mass is kept at 20®C. for 16 hours. The solvent may then be 
removed by evaporation or the solid product precipitated by the addition of alcohol. 

The decomposition of chloroprene polymers resulting in the elimination of hy¬ 
drogen chloride has been inhibited by derivatives of ethylene oxide of high boiling 
point, such as alkyl or aryl ethers of glycidic acid and its esters, added to the extent 
of 0.5 to 4 per cent.^^c 

«^W. H. Caruhern. A. .M. Collins and J. K. Kirby. U. S. V. 2 . 06 ( 1 .JJ9. Jan. 5. 19.17. to E. I. dti 
Pont de Nemours fit Co.; them. Ahj , 19.17, 31. 12S0. 

VV. H. Carothern, .\. M. Colhns and J. E. Kirby, U. S. P. 2,066..bio, Jan. 5, 19.17, to K. I. dii 
Pont de Nemours fit Co.; Chem. Abs., 19,17, 31, 125(1. 

VV. H. Carolhers, A. M. Collins atid J. E. Kirby, U. S. P. 2,066,231, J.»n. 5, 19.17, to E. 1. du 
Pont de Nemours & Co.; Chem. Abs., 19.17, 31, 1250. 

W. H. Carothers, U. S. P. 2,067,172, Jan. 12, 1937, to E. I. du Pont de Nemours fit Co.; Chem. 
Abs., 1937, 31, 1432. 

*•* British P. 440,957, 1936, to I, G. Farl>enind. A.Chem. Abs., 1936, 30, 4175; lint. Chem. 
Abs. B, 1936, 264; J. Inst. Fet. Tech., 1936, 22, 263A. For a discusHion td the inisHibilities u( 
i^nthctic rubber from butadiene alkoxy derivatives see I. A. Rotenl>erg and M. A. Eiuorskaya, J. OVii. 
Chem. {C.a.S.R.), 1936, 6, 185; Brit. Chem. Abs. A. 1936, 964; Chem. Abs., 1936, 30, 4808. 
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Halocen Derivatives of Conjugated Diolefins 

Addition of Bromine. Observations on the addition of halogens to most 
conjugated dienes indicate that tlie 1,4 compound is formed in the greatest amount.^^ 
From a theoretical standpoint, Kyring, Sherman and Kimball-^ arrived at this con¬ 
clusion in the case of the addition of bromine to butadiene, the equation for which 
is given as follows: 

-C'H, -f Brj —CH,BrCH=-CHCH,Br 

They also stated that the reaction would be catalyzed by the walls of the container. 
Heisig and Wilson-^ made a kinetic study of this reaction carried out in various¬ 
sized spheres on glass and paraffined surfaces. The velocity constant.^ were calcu¬ 
lated, assuming that the reaction was bimolecular and that the reactants were 
weakly absorbed, using the formula 


at in ~ .V) 

where a is the initial partial pressure of bromine and butadiene (equal in this reac¬ 
tion) and .V is the decrease in the pressure at the time t. 

These investigators observed that the rate of reaction increased, in general, 
until a sufficient quantity of the product (1,4-dibromobutene) formed to saturate the 
gases with its vapor and also coat the walls of the spheres with a unimolecular 
layer. After that time the rate became constant. This phenomenon was not so 
apparent in large containers as in small ones. Some typical data obtained after 
the reacting gases were saturated with the dibromobutene are given in Table 146. 


Tahle 146.—k X 10* For Reaction between Butadiene and Bromine after the Gases are 
Saturated with Product in Medium Sized Spheres. 



Uncoated 

Paraffined 

Beads 



Vo]., 275 

.4 cc; 

net 

vol.. 

net vol 



(liam., 8. 

1 cm. 

274 cc. 

122.1 cc. 


a = b « 

15 2 

a = b 

= 15 2 

a * b «= 

: 5 


~SP 

k 

-AP 

k 

-AP 

k 

1 

8.9 

4 5 

6 1 

2 8 

6 3 

34 

2 

12.5 

5.5 

10 5 

2.5 

8.3 

42 

.3 

14 9 

5 3 

14 0 

2 9 

8.6 

41 

4 



16.2 

5 0 

8.8 

37 

5 

18.7 

5 7 

17 8 

5.1 

8.9 

32 

6 

19 5 

3.6 

19.1 

5 3 



7 

20 1 

4 5 

20 3 

5 6 

9 0 

26 

8 

20 5 

5 5 

21.1 

3 8 

9.1 

25 

9 

21 5 

3 5 

21 8 

4.0 



10 

21 4 

5.3 

22 3 

4 1 



12 

22 1 

3 2 

23 1 

4 4 

9.3 

22 

14. . . 

22 6 

3 2 





16. . . . 

25.1 

3 3 





00. 

17 4 


26.2 


10 0 


av. for. .. . 

72(; 

5.5 

81% 

3.1 

93% 

37 


The increased reaction velocity with increase in surface is clearly shown in the 
case of the spherical containers packed with glass beads. 

The product of the velocity constant k and the sphere diameter d was also found 


••For a discussion of this subject sec Carlcton Ellis, ‘The Chemistry of Petroleum Derivatives,” 
The Chemical CataloR Co.. Inc., New York, IM4. 

»H. Evring. A. Sherman and G. E. Kimball, /. Chem. Physics, 1933, I, 586; Bnt. Chtm. Abs. A. 

He?sig^and wilsom^/./f.C.5., 1935. 57, 859; Chem. Abs.. 1935, 29, 4248; Brit. Ckem. 
Abi. A. 1935, 827; J. Inst. Pet. Tech., 1935, 21. 255A. 
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to be constant, and was considered as evidence for a surface reaction. Another 
conclusion drawn from the constancy of the product kd was ''the reaction must occur 
on a surface of reaction product rather than the wall itself.” Some values of kd 
are shown in Table 147. In each instance equimolecular volumes of butadiene and 
bromine were employed. 

Table 147. — Vcdues o/ kd (X 10*) for Experiments in which Butadiene and Bromine 
Reacted on Surface of Product. 


-Uncx)ated-—-Paraffined—- 

I>iameter of 

Sphere. 4.6 cm. 8.1cm. 10 0 cm. 4.6 cm. 8.1cm. 10.0 cm. 

k . 6.3 3.8 3 5.5 3.8 2.9 

kd . 29 30 30 25.3 30 29 


The bromination of cyclopentadiene has been shown to be incomplete when 
conducted in air, due to the absorption of oxygen.^^ The observation led Heisig 
and Davis** to study the effect of oxygen on the reaction between bromine and 
butadiene. They found that the rate of reaction increased with the decrease of 
oxygen present, and that the increase was especially noticeable when the partial 
pressure of the oxygen was well below 2 mm. This is illustrated by data in Table 
148. In all instances the course of combination of gaseous olefin and halogen was 

Table 148. —Reaction between Bromine and Butadiene with Various Concentrations of Oxygen. 

Press, of Oxygen, mm. 

375 2 Small Trace 0 

Time 


Min, Sec. Pressure Drop, mm. of a-Bromonaphthalene 

0 5. 1.8 3.5 7.8 12.0 

10. 3.5 6.2 11.4 15.0 

20. 6.6 9.9 14.6 18.0 

30. 9.3 12.4 16.7 19.8 

40. 11.4 14.3 18.1 20.9 

50. 12.9 15.8 18.8 21 6 

1 0. 14.2 17.1 19.4 22.1 

1 30. 16.8 20.1 20.6 22.8 

2 18.6 21.9 21.4 23.3 

2 30. 19.8 23.1 21.9 23.5 

3 . 20.8 24.0 22.2 23.7 

4 . 21.9 25.2 22 6 23.9 

5 . 22 9 25.9 22.8 24.5 

7. 24.1 26.8 22.9 24.6 

10. 25.0 27.3 23 3 24.7 

15. 26.0 27.9 23 6 25.0 

20. 26.2 28.3 23.9 25 3 

30. 27 28.6 24.4 25.7 

CO. 28.7 29.6 25 3 27.0 


measured by the decrease in pressure (in mm. of o-bromonaphthalene, the manom¬ 
eter fluid) within the reaction vessel. 

On the basis of their data, the conclusion was made that transformation first 
took place mainly at the surface of the container. The sensitivity of the rate of 
reaction to oxygen suggests a chain mechanism with short chains begun at that 
surface. 

Bromination of butadiene was employed by Tzyurikh and Rotenberg** in the 

**0. R. Schultze, J.A.C.S., 1934, 5CL 1552; Chem. Abi., 1934, 28, 5047; Brit. Chem. Abs. A. 1934, 
995. Cf. •cetton in this chapter on analytical reactiont. 

B. Heiitf and H. M. Davit, J.A.C.S., 1936, 58, 1095; Chem. Abs., 1936, 10. 6272; Brit. Chem. 
Abs. A, 193^ 1050; /. Jnst. Pet. Tech., 1936, 22. 436A. 

•L. G. Tarttrikh and I. A. Rotenbera. /. Cen. Chem. iU.S.S.R.), 1936, 8. 203; Brit. Chem. Abs. 
K 1936, 962; Chem. Abs., 1936, 10, 4809. 
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sjnithesis of 1,4-dibromobutane. The resulting mixture of stereoisomeric 1,4-di- 
brQmO-2-butenes was converted to 1,4-diethoxy-2-butene by wetting with a little 
alcohol and gradually mixing with a calculated amount of sodium ethylate. The 
ether thus formed was hydrogenated at room temperature in alcohol using palladium 
and nickel catalysts, and yielded 1,4-diethoxybutane. The latter was heated in a 
sealed tube with concentrated hydrogen bromide at 130®C. for 3 hours to give 1,4- 
dibromobutane. This series of reactions is outlined in the following scheme. 


CHj 

l^H 

iH 

Hh. 


Br, 


CH,Br 

I 

CH 

II 

CH 

I 

CHjBr 


2C,H»ONa 


CHjOQH* 

(*:h 2h 

(Ih 

I 

CH,OC,H, 
(b.p., sa-c. 
/20 mm.) 


2HBr 

- 


CH^OC^Hs 

I 

CH, 

in, 

(!:h,oc,h, 

(b.p., 88- 
90X./50 mm.) 


CH,Br 

(!;h, 

I 

CH, 

(!:H,Br 
(b.p., lU'C. 
/60 mm.) 


Addition of Chlorine. Interaction of chlorine and butadiene furnishes a 
mixture of 1,2- and 1,4-dichlorobutenes, of which the latter is formed in the greater 
proportion. At the same time some tetrachlorobutadiene (both cis and trans forms) 
is produced.*"*® These reactions can be represented by: 

CH,C1CHC1CH=C1I, 

C!s 

CH=CH2 . > CH,C1CH==CHCH,C1 

\ 

CH,C1—CHCl—CHCl—CH,C1 


in the preparation of these compounds, Muskat^^ suggests that the gaseous diolefin 
and halogen be passed simultaneously into a liquid medium (e.g., carbon disulphide) 
cooled by an ice-salt bath. The resulting mixture of chlorinated compounds may 
be separated afterwards by fractional distillation. He also points out that both 
1,2- and 1,4-dichloro compounds polymerize when subjected to the action of alkaline 
(for example, sodium hydroxide, soda-lime, or ammonia) or acidic (such as 
sulphuric acid, zinc chloride or boron trifluoride) condensing agents. These 
polymers are brown, solid resins. 

When l,4-dichlorobutene-2, mixed with twice its weight of powdered potassium 
hydroxide, is heated to about 90°C., dechlorination occurs with the formation 
chloro-1 -butadiene-1,3. 

CH,C1CH==CHCH,C1 —> CHC1==CH—CH=CH, HCl 


This is a colorless liquid boiling at 67-68®C., has a density of about 0.958 (at 
20®C.) and a refractive index of 1.470. On standing, it polymerizes spontan¬ 

eously to a colorless resin. 

According to Muskat, dechlorination (as described above) of the mixed di- 
chlorobutenes furnishes chloro-1-butadienc-1,3. monovinylacetylene, an acetylenic 
hydrocarbon (of undetermined structure), and a resinous body (as a residue). 
The first three may be separated by fractional distillation, and each subjected to 
polymerization to give almost colorless resins. Co-polymerization of the two acety¬ 
lene derivatives admixed with 1-chlorobutadiene may be effected also. The rcc- 

••See Carictofi Elli», “The Chcmi*tr- . Petroleum Derivatives,” The Chemical Catalog Co., Inc., 

Muikat. U. S. P. 2.0.18..‘i9i. Apr. 28, 1936, to E. I. du Pont de Nemours & Co.; Ckem. 
Abs., i936. SO, 3912. 
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ommended mode of operation is application of pressure to the compounds in the 
presence of air and with exposure to light. 

Chlorination of isoprenc has been investigated by Jones and Williams.32 These 
workers added a carbon tetrachloride solution of chlorine to a solution of isoprenc 
in the same solvent over a period of 4 hours, the mixture being mechanically stirred 
and cooled by an ice-salt bath. The resulting composite was fractionated and the 
substances obtained are listed in Table 149. 

Table 149.— Chlorination Products of Isoprene. 


B.p. Press. % of 

Substance Obtained Formula °C. mm. total 

l.Chloro.2-methyl-l,3-buUdiene CHC1=CCH,CH-CH2 50.4 100 38 

l,4-Dichloro-2-methyl-2-butene. CH,C1CCH,=CHCH5C1 93 50 45 

A lower boiling dichloride. . 60 50 6 

Undistillable residue. . — — 11 


Addition of Halogen Acids. As in the case of bromine, the presence of 
oxygen affects the addition of hydrogen bromide to butadiene. Kbarasch, Margolis 
and Mayo®^ found that a yield of 70 to 90 per cent of l-broino-2-butcne was ob¬ 
tained in air and also in the presence of added pero.xides. But, in the absence of 
oxygen and in the presence of antioxidants, hydrogen bromide combines with buta¬ 
diene to give 2-bromo-2-butene in 65 to 90 per cent yields. rhe>e workers sug¬ 
gested that l-bromo-2-butene could have been formed either 1)> direct 1.4 addition 
or by a rearrangement of the 2-broino-2-butene under the intluence of hydrogen 
bromide alone or with peroxides. Ganguly^^"** reports that interaction of hydrogen 
chloride and butadiene furnishes the two isomer> CH 3 CHC 1 CH = CH 2 and 
CH3CH=CHCH2C1. The third isomer, CHoClCHoCH^CHj. was not detected. 

Combination of halogen acids and 1,3-dienes generally takes place in the 1,4 
position. However, there are exceptions, as in the reaction just mentioned. In 
another example, negative group substitutions in butadiene (in the cases of 
1-phenylbutadiene and. 1-bromobutadiene) have been noted to result in a 3.4 addi¬ 
tion of hydrogen bromide. Muskat and Huggins^^ showed that hydrogen chloride 
reacts with the geometric isomers of 1-phenylbutadiene to form the cis- and traus- 
l-phenyl-3-chloro-l-butene, which boil at 1()6°C\ (at 5 mm.) and 103°C‘. (at 5 
mm.), respectively. Their structures were determined by ozonization to be the 
result of absorption in the 3,4 positions. That these compounds were 3-chloro de¬ 
rivatives was shown by identifying the hydroxy derivative of the cis isomer and 
comparing the trans isomer with the hydrogen chloride addition product of traus- 
1 -phenyl-3-hydroxy-1 -butene. 

The action of dry hydrogen chloride under pressures of about 10 atmospheres 
on butadiene compounds and their polymers results in a material which is spongy 
and asbestos-like in texture. The time of reaction is about 8 hours and can be de¬ 
creased by using catalysts as, e.g., aluminum chloride, riic i)roduct thus formed, 
after removal of excess hydrogen chloride, is relatively stable at 100®C. and may 
be used in the manufacture of transparent films.'^'* 

Substituted Derivatives. The preparation of 2,3-dichlorohutadienc has been 

W. J. Jofie* and H. C. Williama, J.C.S., 1934. 8JV; CIhpu. Jw.W. 28. Ji,,/. < hrm .^hj, 

A, 1934, S64. 

•• M, S. Kharaich, E. T. Margolis and F. R. Mayo, Clntniitry and Industry, 1936. 663; (hem. 
Abs., 1936, 30. 8144. /. Org. Cketn. 1936, I, 393; Chem. Ahs., 1937, 31. 1 758. For the ctTcct of 

peroxides on the addition of halogen acids to monolrhn.^, »re Chapter \2 

S. N. Ganguly. /. Indian Chem. Soc.. 1936. 13. 580; Chem. Abs.. 1937. 31. 1758. 

“I. E. Muskat and K. A. Huggins. J.A.C.S.. 1934, 56. 1239; Chem. Abs., 1^34. 28. 4390; Brit. 
Chem. Abs. A, 1934. 762. 

•British P. 447,110. 1936. to Marsene Corfioralion of America; Bnt. Chem. Abs. B. 1936, 752; J. 
Inst. Pet. Tech., 1936. 22. 297A. 
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described by Carothers and Berchet.*® In that process, 1,2,3,4-tetrachlorobutane is 
treated with a 30 per cent methyl alcohol solution of potassium hydroxide or with 
solid sodium hydroxide at 10° to 18°C. The reaction in this instance is: 

+ 2KOH 

CHjCl—CHCl—CHCl—CHjCl - ^ CH2=CC1-CC1==CH* 4- 2KC1 -f 2H,0 

The synthesis of 1,2-dichlorobutadiene has been reported,®^ and is briefly as fol¬ 
lows : monovinylacetylene is shaken for 16 hours with aqueous sodium hypochlorite 
containing 15 per cent of sodium hydroxide. This is followed by treatment for 
16 hours with fuming hydrochloric acid (acid of sp. gr. 1.19 in which about 50 
per cent more hydrogen chloride has been dissolved), cuprous chloride and am¬ 
monium chloride. The two steps may be summarized as follows: 

CH, 

II 

-fHCl CH 

^ ici 

(!:hci 

The product has a boiling point of 60-65°C. at 105 mm., and can be polymerized 
spontaneously to a rubbery substance which may be vulcanized to an ebonite-like 
material. 



Condensation Reactions of Conjugated Diolefins 

Butadiene enters into direct combination with many aromatic compounds. Fieser 
and Hershberg®* state that the following reaction is of general application to 
synthesis: 


c==o 



where R is an alkyl group or hydrogen. For example, these investigators prepared 

1.4.9.10.11.12- hexahydroplicnanthrene-ll,12-dicarboxylic acid anhydride (b.p., 
160-170°C.) in a 63 per cent yield by heating butadiene with 3,4-dihydronaphtha- 
lene-l,2-dicarhoxylic acid anhydride for 85 hours at 100°C. Using 2,3-dimethyl- 
1.3-butadienc, the compound 2,3-dimethyl-1,4,9,10,11,12-hexahydrophenanthrene- 

11.12- (iicarhoxylic acid anhydride was also obtained. Other compounds prepared 
were 2,3-dimcthyl-l,4.1 l,12.13,14-hexahydrochrysene-13,14-dicarboxylic acid an¬ 
hydride 


•• W H Carothern and ('•. T. Bcrchct. U. S. P. 1,998,442. Apr. 23, 1935, to E. I. du Pont de 
Nemouri A Co.: Ckcm, Abs.. 19.15. 29. 3692; Brit. Chem. Ahs. B. 1936, 487. 

•S^A L K%Hanskii. A. S. Volken.^hlcin and A. P. Orlova. /. Grn. Chtm. (USS.R.). 1935, 5. 
13SS: / ^akt. Chem., 1936, 145. 1; Chem. Abs.. 1936, 30. 1025, 4147; Brit. Chem. Abs., A. 1936, 187. 

• Y. Fiewr ind E. fe. liershbcrg, J.A.C.S., 1935, 57, 2192; Chem, Abs., 1936, 30. 95; Brit. 

Cksm. Abs. A. 1936, 203. 
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C=0 



and 5,6-benz-l,4,9,10,ll,12-hexahydrophenanthrene-ll,12-dicarboxylic acid an¬ 
hydride 



The condensations mentioned above involve a system of conjugated double 
bonds, found in the butadiene type of diolefins, reacting with the grouping 



—C=0 


Diels and Alder^® include, in this class of reactants quinones, maleic acid, maleic 
anhydride, itaconic anhydride and citraconic anhydride which easily form condensa¬ 
tion products with conjugated diolefins as butadiene, cyclopentadiene and phellan- 
drene. Among the many addition compounds thus prepared were ter penes, sesqui¬ 
terpenes, alkaloids, camphors and hydrogenated cyclic compounds. 

A further example is the interaction between maleic anhydride and 1,4-dimethyl 
2,3-diethylbutadiene (b.p., 158-163°C.) to form l,4-dimethyl-2,3-diethyl-l,4,5,6- 
tetrahydro-phthalic anhydride.^® 


CH, 

CH 

C,H*—C CHC==0 

I \ 

I 

C CHC=0 


CH 

1 

CH, 


H 

CCH, 


C,H,—C 

QH,—C 


CHC=0 

\ 

O 

CHcCo 


CCH, 

H 


»0. Didi and K. Alder. U. S. P. 1,944,731, Jan. 23. 1934, to I. G. Farbenind. A.-G.; Chem. Abs.. 
1934, 28, 2016. See also Carleton Ellis, *‘The Oiemistry of Synthetic Resins,” Reinhold Publishing 
Corn.. New York. 1935, Chapter 40 for a discussion of the “Diene Synthesis.” 

J. Backer and 1. Strating, Ree. trav. ckim., 1934, 53. 525; 1935, M, 170; Brit. Chem. Abs. 
A, 1934, 662; 1935, 497; Chem. Abs., 1934, 28, 4697; 1935, 29, 2959. 
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The use of quinones in place of acid anhydrides is illustrated by the union of 2-ter- 
butylbutadiene (b.p., 104-106®C.) and naphthaquinone to yield 2-/^r-butylanthra- 
quinone and 2-/er-butyl-l,4,13,14-tetrahydroanthraquinone.^^ This may be ex¬ 
pressed as follows: 



O 



According to Carothers and Collins,cyclic derivatives may be prepared by 
condensing 2-substituted 1,3-dienes with compounds containing a system of double 
bonds, many of which have the afore-mentioned structure 



The following are two examples of this type of reaction. 


CH, 

HC- 

-COOH 

H, 

/\ 

X<f COOH 

1 

4- II 

— 

1 

HC 

"^CH, 

HC- 

-COOH 

h 1> in—COOH 

\/ 

H. 


X - Cl or Br 



3-chloro-l,2- 

dimethylhutadiene 


3‘Chloro~L2-dimethyl- 
(m.p.. 107®C.) 


H. J. Backer and J. Strating, loc, cit. 

W. H. Carotbert and A. Collint. U. S. P. 1,967,862, JuW 24. 1934, to £. I. du Pont de Nemoura 
it Co., Ckem. Abt., 1934, 28, 5994; Brit. Chem. Abs. B. 1935, 621. 
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These workers obtained intermediates of dyes, perfumes and medicinal compounds 
by analogous procedures. 

An unusual condensation of 2-methyl-4-chlorobutadiene with maleic anhydride 
was observed by Favorskii and Favorskaya,^* in which the transformation was ac¬ 
companied by a vigorous evolution of hydrogen chloride gas. They believed that 
the following represents the course of the reaction finally resulting in a tetra- 
carboxylic acid (or its anhydride). 


H, 

CH, C 





/ \H 

H ,C - C 

HC 

c-=o 

HaC—C 
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1 -h 
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It is interesting to note that methylene tetrahydrophthalic acid anhydride has 


H 

C 




/ 

/ 

X 

HC 

C—C=C) 


1 

1 

\ 


CH. 

o 


1 

I i 


HC 


C—0=0 


\ 



(m.p., 163^ C\) 


C 

H 


been isolated from the products obtained by treatment of crude benzol (from coke 
ovens and gas plants) with maleic anhydride.**^ 

Isoprene has been found to condense with acrolein or acrylic acid, both of 
which contain a system of conjugated double bonds.^® For instance, acrylic acid 


*• A. Favorskii and T. Favorskaya, Comfft. rend., 1935, 200, 839; Chem. Abs., 1935, 20, 3651; Brit. 
Chetn. Abs. A. 1935, 605. 

British P. 352,16^ 1931 and 438,810. 1935, to I. G. Farbonind. A.-G.; Brit. Chem. Abs., B, 
1931, 962; 1936, 137; Chem. Abs., 1932, 26, 3261; 1936, 30, 3220; J. Inst. Pet. Tech., 1936. 22, i5A. 

“E. Lehmann and W. Paatebe, Bcr., 1935, 6f, 1068; Brit. Chem. Abs. A, 1935, 974; Chem. Abs., 
1935, 20, 5428. 
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reacts with isoprene at about 110®C. in an autoclave to give 4-methyl-1,2,3,6- 
tetrahydrobenzoic acid. The reaction may be represented as follows: 


CH, 




HiC 


Hi Hj 

C-C 


CH,—C + 


C—COOH 


H 


CH,—C 


C 

/ 


X / COOH 
-C 

H Ha 

{m.p., 135-14(fC.) 


This 1,4 addition is also accompanied by the formation of a small amount of 
3 (4)-methyl-4(3)-hydroxy-cyclohexanc-l-carboxylic acid : 


H OH 
\ / Ha 

CH, C-C H 

c c 

/ \ / \ 

H C- 


Ha 


H CH, 

\ / Ha 

OH C-C H 

\ / \ / 

or C C 

/ "v / \ 

C COOH H C-C COOH 

Ha Ha Ha 

• (m.p.. J56°C\) 


Other types of condensations of conjugated diolefins have been studied by 
Straus and Tliiel.^® They prepared l-anisyl-l-methoxy-5-chloro-3-pentene (b.p.. 
104'’C\ at 0.1 mm.) by treating butadiene (in the presence of mercuric chloride) 
with p-methoxy-benzylchloride. 

HgClt H 

(TIa=CHCH=CHa -f H,COC,H 4 CHaCl -H,COC 6 H 4 CCHaCH==CHCH,Cl 

I 

OCH, 


In addition, these workers also obtained such compounds as 1-phenyl-1-methoxy- 
5-chloro-3-pentcne (b.p., 126-127°C. at 12 mm.) and l-methoxy-5-chloro-3-i)cntene 
(b.p., 56°C. at 10 mm.). 

Interactions of butadiene with aryl amines were reported by Hickinbottom,^^ 
who heated aniline solutions of butadiene (8 to 12 per cent) in the presence of 
aniline hydrochloride or hydrobromide in a sealed tube at 220 to 260®C. for 4 to 
25 hours. From the resulting mixture, l-/>-aminophenyl butene-2 (b.p., 135-136®C. 
at 24 mm.), 1-phenylamino hutene-2 (b.p., 132-134°C. at 34 mm.) and 2,3-dimethyl- 
indole (m.p., 105-106®C.) were separated. In a similar manner, p-toluidine and 
butadiene furnished 2,3,5-trimethylindole (m.p., 120-121 °C.) and the following 
Cf)mp(>unds: 


HNX"H2CH=CHCH, 

C 

HC^ ^CH 

„ct l^H 

v 

CH, 

[b.p., I35°C. at 33 mm.) 


HC 

Hi 


HNCH,CH=CHCH, 

C 

\ 


V 


CCH2CH=-rHCH, 

!! 

CH 


C 
CH, 

{b.p., IS5X. at 30 mm.) 


.Straus and W. Thiel, Ann., 1936, 525, 151; Brit. Chem. Abs. A, 1936, 1375; Chcm. Abs . 
1937. 31, 363. 

*MV. J. Hickinbottom, J.C.S., 1934, 1981; Chem. Abs., 1935, 29, 1399; Brit. Chem. Abs. A, 1935, 
205. 
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The autopolymerization of butadiene has been observed by Khokhlovkin^® to 
be complete in 515 days, if light is present. It was found that 427 days were re¬ 
quired to produce enough polymer to catalyze the reaction to a more appreciable 
rate than during this period. That is, it was noted that about 85 per cent of the 
polymers were formed in the final relatively short period of 88 days. 

Days Per Cent of Polymer Formed 

427 14.8 

486 62.5 

515 100.0 

The speed of autopolymerization in the absence of light was found to decrease 
considerably. 


Cyclodiene Condensation Reactions 


Cyclopentadiene^® has been found to add to certain hydroxyazo compounds. 
Lauer and Miller®® provided definite evidence that the latter show a quinoid 
character by means of such condensations.®^ 

Addition of 2,4-dinitro-benzeneazophenol to cyclopentadiene was carried out 
in various concentrations of sodium acetate and chloroacetic acid in glacial acetic 
acid. After being refluxed on steam baths for about 3 hours (5 hours in one case) 
these mixtures were then cooled at 10-15®C. for 10 days in order to crystallize the 
crude product. Purification was effected by recrystallization from either acetic 
acid, ethyl acetate, pyridine or acetic anhydride. The reaction may be repre¬ 
sented as; 


H H H H 

/ \ H / ^ 

NOjC C—N~N=C 

\_C^ 

H NO, H H 


\ / 

C=0 -h HjC 

/ \ 


H H 
C=C 




H H 


H H H H 

H 

NO,C C—N—N=C C=0 

hX— C^H 

H NO, / \ 

HC-CH,-CH 

/ 


H H 


In Table 150, the results of carrying out this reaction in the various media arc 
shown. The yields of addition product show an increase with increased chloro¬ 
acetic acid content of the glacial acetic acid. 

" M. A. Kfaokhlovkin, Sintet. Kauchuk. 1936 (4), 12; Chem. Abs., 1936, 30, 6602. 

* See Chapter 26 for a discuMion of tne structure and kinetic, of formation of the cyclopentadiene 
polymers. 

»W. M. Lauer and S. E. Miller, J.A.CS., 1935, 57, 520; Brit. Chem. Abs. A, 1935, 613; Chem. 
Abs., 1935, 29. 2931. 

It will be remembered that the hydroxyazo compounds have been observed to show the tautomeric 
quinoid form 

N«N—^r=»r 

which reacts with LJ-conjugated dienes. 
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Table 150.— Addition of Cyclopentadiene (3 cc.) to 3A~ 
Dinitrobenzeneazophenol (1.440 grams). 


Yield of Addition 
Compound 


Solvent (20 cc.)* 

Grams 

% 

lAf CH,COONa 

0.358 

20.2 


.355 

20.1 

CH,COOH 

0.490 

27.7 


.540 

30.5 


.550 

31.1 


.503 

28.4 

1.1/ ClCH,CO()H 

0.653 

36.9 


.656 

37.1 


.667 

37.7 

2M ClCHiCOOH 

0.836 

47.2 


.860 

48.6 


.803 

45.4 


.781 

44.1 


• This was glaciai acetic acid to which was added sodium acetate, mono- or dichloroacctic acid. 


However, Lauer and Miller state that not all />-hydroxyazo compounds com¬ 
bine with cyclopentadiene. He lists a number of these which are shown in Table 
151. The letters a, b, c, etc., represent points at which substitution occurred while 


Table 151.— Hydroxyazo Compounds Forming No Addition 
Products with Cyclopentadiene. 

_a _d 

c e 



a 

b 

c 

d 

(1) 

NO, 

NO, 


Br 

(2) 

NO, 




(3) 

NO, 

Br 



(4) 


NO, 



(5) 

NO, 

COOH 



(6) 

Br 

NO, 

Br 


(7) 

COOH 




(8) 


SO,H 



(9) 




COOH 

(10) 


OH 




under each letter is placed the substituting group. For example, compound (1) 
was a dinitrodibromohydroxyazo benzene. Other compounds condensing with 
cyclopentadiene investigated by these experimenters include 2',4'-dinitro-4-hydroxy- 
2-bromoazobenzene and quinoneazine, 


o==<(^^N— n=<^^N--o 


Cyclohexadiene condensation reactions have been studied by Straus and Thiel.*’^^ 
These workers reported additions (in the presence of mercuric chloride) with 
a-methoxy-benzylchloride to form w-methoxy-benzvl-chloro-cyclohexene (b.p., 
112®C. at 0.1 mm.), and monochlorodimethyl ether to form cu-methoxy-methyl- 
chlorocyclohexene (b.p., 8PC. at 10 mm.) These two compounds were believed 
to be a mixture of 1,2 and 1,4 addition products as shown by the following formulas, 
in which R may be cither a phenyl group or a hydrogen atom. 

«F. Straiii and W. Thid, Ann., 1936, 525, 151; Brit. Chem. Abs. A. 1936. 1375; Chtm. Abs . 
1937, Sl. 363. 
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H Cl 

V 

/ \ 

H,C CH 

HlH 

V 

/ \ 

H CH—OCH, 

R 


H Cl 

V 

/ \ H 

H,C CHC—OCH, 

! I R 

H,C CH 

V 

H 


R 

H CH—OCH, 

V H 

/ \ / 

HjC C—Cl 

I I 

H,C CH 

V 

H 


The anisyl derivative of the last named compound was also prepared. An inter¬ 
esting reaction took place between cyclohexadiene and triphenyl-chloro-methane. 
The first step seemed to be a direct addition followed by the splitting off of 
triphenyl methane, which was isolated. The chloro-derivative formed appeared 
to unite with another molecule of cyclopentadiene to produce a monochloro-1,4- 
endoethylene-l,4,5,6,9,10-hexahydronaphthalene. One of the possible courses of 
thi? series of reactions is illustrated below: 


H H H H 

C-C C—C H 

\ HkCI.. H/ \ / 

HC CH + (C«H,),CC1-(C'eH.jaC—C C 

\ / \ / \ 

C-C C-C Cl 

H, H. Ha Ha 


H 
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H H /r . 

C=C H / ! .H/ 

/ \ / CM. ‘ ■ ■' ‘ 

(C.H,),CH 4- HC C - 

- \ / \ 
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H Ha 
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HC CH, C 

'1 t I 
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Butadiene Sulphones 

Sulphur dioxide readily combines with butadiene homologues to form sul- 
phones.*'^*'* In the experiments of Backer and Strating/'^ the reaction between 
2,3-dimethyl-l,3-butadiene and an ethyl ether solution of sulphur dioxide at 1()0^C\ 
resulted in a 60 per cent yield of the sulphone, 3,4-dimethyl-l-thia-3-cyclof)entene 
1,1-dioxide (m.p., 135®C.). In the same manner 1,2,3,4-tetramethyl-1,3-butadiene 
gave 2,3,4,5-tetramethyl-l-thia-3-cyclopentene 1,1-dioxide (m.p., 58-59®C.). Bro- 
mination of the first compound in carbon tetrachloride followed by treatment with 
hot normal sodium hydroxide solution yielded the corresponding /ranj-diol deriva¬ 
tive. On the other hand, the cij-diol was formed by omitting the bromination 
step. These workers also prepared the sulphones of other butadiene homologues. 
For example, 2-phenylbutadiene combined with sulphur dioxide in ethyl ether 
yielded 3-phenyl-l-thia-3-cyclopentene 1,1-dioxide. In equation form, 

“ For previous work see Carleton Ellis, “The Chemistry o, Petroleum Derivatives,'* The Chemical 
Catalog Co. Inc., New York, 1934, 654. 

J. Backer and J. Striting. Rte. trav. chim., 1934, 53, 525; 1935, 54, 170; Brit. Chem. Abs. 
A. 1934. 662; 1935, 497; Chem. Ahs., 1934, 2t, 4697; 1935, 29, 2959. 




SOME IMPORTANT REACTIONS OF DIOLEFINS 


695 


H»C,—C=CH, 


+ SOj —^ 


HC==CH, 

(b.p., 58-59^C. at 9 mm.) 


H. 

H»C.—C—C 

\ 

SOj 

HC—C'^ 

H, 

(m.p., I32.5-133.5°C.) 


Also 2-chloro-3-methyl-butadiene similarly treated resulted in 4-chloro-3-niethyl- 
l-thia-3-cyclopentene 1,1-dioxide. This is represented as follows: 


CHj CH, 

I 1 H 2 

C=CH2 c~c 

!! \ 

C—CHj C-C^ 

i I Hi 

Cl Cl 

(m.p., 120-120.5°C.) 


Zuydewijn and Bdeseken^*^ obtained 2,3-dimethyl-3-thia-cyclopentene 1,1-dioxide 
from 2,3-dimethyl-1,3-butadiene and sulphur dioxide. Oxidation of the product 
by alkaline potassium permanganate yielded the /ra»^-diol, which, in the presence 
of lead tetraacetate, was further oxidized to diacetonyl sulphone. The structure of 
the latter compound was confirmed by oxidation of the sulphone, in chloroform 
solution, with ozone. The various steps are indicated in the following manner: 


CH, 

('==CH2 

C==CHj 


4- S()2 


O, 

4- CliCU 


CH, 

I H, 

C—C 


/ 


SO2 


/ 


c~c 
I H2 
CH, 


I alkaline 
KMnO* 



CH, H, 

o=c —c 

\ Ph(OCOCH,)« 

S 02 -— 


o==c-C 

CH, H, 


CH, H, 

HOC-C 

\ 


CH,C-C 

OH H, 


SO, 


(liiu etonyl sulphone 
{m.p., 43^C.) 


tran$~3,4‘dihydroxy-3,4-dimelhyl-l- 
ihiacydopcntane 1,1-dioxide (^) 


According to Bdcseken and Zuydewijn/'*^ butadiene sulphone, in O.S^V potassium 

K. van Zuydewijn and J. Hoc**cken, Hec. trai’. cliim., 53, 673; them. Abs., 1934, 28, 4697; 

Brit. them. Abs. A, 1934, 900. 

“For nomenclature of organic compounds see A. M. Patterson, J.A.C.S., 1933, 55, 3905; Chem. 
Abs., 1933, 27, 5304. 
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hydroxide, exists in two isomeric forms. Either of these are hydrated, in alkaline 
solution to give a hygroscopic hydroxysulphone. 



H,C CH, 


Y 

o, 

{tn.p., 35^C.) 


Furthermore, this alcohol is not converted (in potassium hydroxide solution) 
into either form of butadiene sulphone by the action of ultraviolet light. These 
experimenters therefore concluded that the tautomeric conversion of the above 
sulphone does not take place by the addition and separation of water, as was sug¬ 
gested by Backer and Strating.^* 

Sulphones may be prepared also by the interaction of conjugated diolefins 
with sulphur chlorjde followed by oxidation of the resulting product. Thus, Backer 
and Strating®® reacted sulphur chloride with 2,3-dimethylbutadiene in an ice-salt 
bath for several hours and procured 3,4-dichloro-3,4-dimethyl-thiacyclopentane. 
This compound, when dissolved in acetic acid and treated with oxygen, was con¬ 
verted into the sulphone, 3,4-dichloro-3,4-dimethyl-l-thiacyclopentene 1,1-dioxide 
[m.p., 265®C. (decomposes)]. In a similar manner, isoprene furnished 3,4- 
dichloro-3-methyl-thiacyclopentene 1,1-dioxide (m.p., 144.5-145.5® C.). These re¬ 
actions may be represented as follows, where X represents either hydrogen or a 
methyl group. 


CH, 


CH, H, 

Cl—C-C 


1 SCI, 

\ 

\ 

0, 

— 

s 

/ 

—>• 


('H, H, 
Cl-C-C 


C=C 

H, 


Cl—c- 

X H, 


Cl— c — c 
CH, H, 


SO, 


Miscellaneous Reactions of Diolefins 


Allene reacts with nitrogen trioxide in cold ether, according to Dem yanov and 
Ivanov,®® to form a crystalline nitrosite, C3H4N20a (m.p., 89®C.. decomposition), 

•^J. Bdeseken and E. van Zuydewijn, Proc. Acad. Set. Amsterdam, 1936, 39, 31; Chem. Abi.. 1936. 
30. 3403; Brit. Chem. Abs. A. 1936, 589. 

»H. 1. Backer and J. Strating, Rec. trav. chim., 1935, 54, 618; Chem. Abs., 1936, 30, 3403; Brit 
Chem. Abs. A, 1935, 1105. 

■•H. J. Backer and J. Strating, Rec. trav. chim., 1935, 54, 52; Brit. Chem. Abs. A. 1935. 325; 
Chem. Abs., 1935, 29. 2504. ’ ’ 

Y. DemWanov and A. A. Ivanov, Compt. rend. acad. sci. U.R.S.S., 1934, 1, 318; Chem. Abs. 
1934. 28. 4374; Brit. Chem, Abs. A. 1934, 508. See alio Carleton Ellii, loc, ext., 580, for reactions 
of nitrogen trioxide with olefins. 
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and a very unstable liquid. Purification of the nitrosite was effected by recrys- 
tallizing from hot acetic acid. These investigators also isolated the nitrosite 
C 6 H 10 N 2 O 8 (m.p., 104-105®C.) and a liquid product from the reaction between 
nitrogen trioxide and dimethylbutadiene. The liquid was converted to a diamine 
(by tin and hydrochloric acid) which affected polarized light. The hydrogen 
chloride salt when heated in a test tube gave evidence of the pyrrole reaction. 
With these reactions as a basis, the structure of the amine was suggested as 


and for the original liquid 


H2C- 

I 

NH, 


C=C-CH2 

I I I 

CH, CH, NH, 


NO 


C==C-CH, 

i I I 

CH, CH, NO, 


Although the example of a 1,4-addition just given is of the general reaction 
type, there are exceptions. For example, the action of iodosilver benzoate®^ on 
an excess of butadiene was found to result in mainly the 1,2 union. The deter¬ 
mination was made by hydrolyzing the resulting mixture and separating out 
l,2-dihydroxy-3-butene in an 80 per cent yield and l,4-dihydroxy-2-butene in less 
than 4 per cent yield. Therefore it was concluded by Prevost and Lutz®^ that the 
complex added mainly to the 1 and 2 positions rather than the 1 and 4. That the 
latter addition product was not obtained as a major intermediate in the experi¬ 
ments was explained by suggesting that the iodine would probably migrate to 
the 4 position, as bromine’does. The reactions are represented below: 

CH,=CHCH=CH2 + C«H,COOAgI — 
butadiene (excess) iodosilver benzoate complex 


H,C-CHCH=CH, -f 


HjC—CHCH==CH, 


I O 

c=o 

C,H, 


C) I 

c==o 

CeH, 


^ hydrolysis 

H,C—CHCH=CH, + 

I I 

o o 

H H 

L2‘dihydroxy-3-butene 
(80% yield) 


' rearrangement and hydrolysis 

T 

H, C~CH==CH—CH, 

i i 

H H 

I, 4’dihydroxy‘2‘butene 
« 4% yield) 


Using an excess of the silver complex, a 60 per cent yield of mesotetrabenzo- 
ylcrythritol (m.p., 187°C.) was secured. This may be represented by the fol¬ 
lowing : 


H,C- 

1 

-CH— 

1 

- CH- 

1 

—CH, 

1 

1 

0 

I 

0 

1 

0 

I 

0 

(W) 

C=<) 

C==(^ 

c=o 

CeH, 

C.H. 

CeH, 

CsH, 


mesO‘telrabenioylerythritol 

Accordinff to H. Wieland. F. G. Fischer (Ann., 1925, 446, 49; Chem. Abs., 1926. 20. 408), silver 
bensoate, (C,Hfv)COOAg, in ether or beneene suspension, absorbs 1 equivalent of iodine at room tem¬ 
perature to form iodosilver benzoate. This complex decomposes in water to give benzoic acid, silver 
iodide and silver iodate. 

•C Prdvost and R. Luts, Compt. rend., 1934, 198, 2264; Chem. Abs,, 1934, 28, 6105; Brit, Chem, 
Jbs, A, 1934, 989. 
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According to Carpenter,®^ dicarboxylic acids can be produced by the combina¬ 
tion of diolefins and formic acid. Limits of conditions recommended are pressure! 
of 25 to 900 atmospheres and temperatures of 100-500®C. 

Halogenated ethers have been obtained by the combination of butadiene and 
alkoxyalkyl halides of the general formula 

R 

H—O-R' 

I 

X 

where R is hydrogen, alkyl, aryl or aralkyl group, is alkyl, aryl or aralkyl 
group, and X is a halogen atom.®^ An example of this type of reaction is that of 
butadiene with methoxybenzyl chloride, employing mercuric chloride as a catalyst. 

H (HrCIj) H 

CH,=CHCH=CH; 4- C.Hi— C—Cl -C«H»— C- CH,CH==CHCH2C1 

O O 

(liquid) CHa CHj 

l-phenyl‘l-methoxv-5-chloro-3’penUne 
(b.p., 93X.70.01 mm.) 

Among the other compounds®’^ that were proiluced in a similar manner arc 
l-methoxy-S-chloro-3-pentene (b.p., 118^C.), 1-phenyl-l-methoxy-5-bromo-3-pen- 
tene (b.p., 92®C. at 0.05 mm.) and I-mcthoxybenzyl-2-chlorocyclohexane (b.p., 
94.5®(r. at 0.01 mm.) 

Passage of the diolefin into an ether solution of thiocyanogen is said to result 
in an 80 per cent yield of the dithiocyano derivative.®"" .\ddition in this instance 
takes place normally, i.e., in the 1,4-positions, and is so rapid that polymerization 
(of butadiene) is largely avoided. 

CHz=CHCH=CH, 4- (SCN), CH2(SCN)CH=CHCH2(SCN) 

Interaction of this product with halogens (chlorine or bromine) in acetic acid as 
a solvent gives rise to 2,3-dihalogenated compounds. With chlorine this may be 
represented by 

CH,(SCN)CH=CHCH:(SCN) 4- Cl, —>■ CH,(SCN)CHC1CHCICH,(SCN) 

1,4-Dithiocyanobutene, however, undergoes decomposition when boiled with solu¬ 
tions of caustic soda, one of the substances formed being sodium sulphide. 

Reduction of diolefins to nionolefins may be effected by treating the former 
successively with an alkali metal and an amine.®"’® Thus, butadiene may be dis¬ 
solved in ether at -—10° to 2()°r., and reacted with lithium and ethylaniline. Under 
these conditions the product is said to consist mainly of cfj-l,2-dimethylethylenc. 

Analytic.xl Kkactions of C'onj i:(;ATEt) Dienes 

The use of maleic anhydride as a reagent in the determination of conjugated 
diolefins in complex gas mixtures has been the object of considerable experimenta- 

•G. B. Carpenter. Canadian P. 339.9.12, 1934; Chem. Abt., 1934, 2$, 3082. 

•* Britiah P. 446,222, 1936, to I. G. Farbcnind. A.-G.; Brit, Chem. Abs. B, 1936, 824; CUem. Abj.. 
1936, 30 . 6760; French P. 788,341, 1935; Chem, Abs., 1936, 30 , 1387. 

“The preparation of butadiene alkoxy derivative* from vinylacetylene hati been described by I. A. 
Rotenberg and M. A. Favor*kaya iJ. Gen. Chem. {V.S.S.R.), 1936, 6, 185; Chem. Abs., 1936, 30 . 
4808; Bni. Chem. Abs. A. 1936. 964). 

“• E. Muller and A. Freytag, J. prakt. Chem., 1936, 146, 58; CUctn. Abs., 1936, 30 . 7537; Brit. 
Chem. Abs. A, 1936. 1228. 

Ziegler, F. Haflfner and H. Grimm. Ann., 1937, 528, 101; Brit. Chem. Abs. A (2), 1937, 173, 
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tion.®® However, its application in a quantitative analysis has been limited. 
Korotkov®^ has described an apparatus for the determination of butadiene in a 
gas mixture. The latter, during the course of analysis, passes through a U-shaped 
tube containing maleic anhydride which is kept in a molten state by immersing the 
tube in boiling water. The diolefin is absorbed by the condensation with the 
reagent. 

Because of its reactivity with other conjugated diolefins, maleic anhydride 
can be applied only w^hen one particular diolefin is present. For example, Tropsch 
and Mattox®® have offered a procedure for quantitatively determining butadiene 
in gases when no other diolefins are present. These workers found that the pres¬ 
ence of nionolefins or acetylene in concentrations up to 15 per cent did not influ¬ 
ence the accuracy of the analysis. Dolgoplosk®® has used a rapid hydrogenation 
method in the analysis of butadiene in gaseous products intended for use in the 
manufacture of synthetic rubber. In this investigation he passed the gas diluted 
with hydrogen over a catalyst, either nickel (50 per cent) or palladium (30 per 
cent) precipitated on asbestos, and observed the change in volume. It was noted 
that the presence of 0.03 per cent of carbon monoxide caused the catalyst to 
become poisoned unless the latter was heated. 

Butadiene has been determined by condensation with quinones in the presence 
of other olefins, ether and acetic acid.^‘* The gas to be analyzed W'as conducted 
through a phenol solution of benzoquinone to furnish a thick black oil, believed to 
be 1,4,5,8-tetrahydroantbrahydroquinone: 


H 

H, () H. 




H , 





, i 

H 



1! 



^ 11 ' 



11 \/ 
H, O H. 
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Sorokin and Puzitzkii"* have shown that the action of li(|ui(l sulphur dioxide 
on butadiene cannot be adapted to the (juantitative determination of the latter 
compound. 

The estimation of olefins and diolefins witli halogens and halogen acids has 
been previously proposed.*^- Sorokin, Belikova and Bogdanova"^ report that the 
method of Ipatieff and V'ittorf^'^ for the determination of isoprene can be applied 
to butadiene. The procedure is based on the formation of the monobromide (b.p,, 
103°C. ) and dibromidc (b.p., 170-172°C.') of butadiene from the action of hydro- 
bromic acid in glacial acetic acid.*^'* 

^ For a discu‘^!»ion of early ^^o^k see. Carleton Ellis, “The Chemistry of Petioleum Oerixative^i,” 
The ( hemical Catalog Co., Inc., New York. 1934, 659; “The ( hemistry of Synthetic Resins “ Rein- 
hold PublishinK Corp., New York. 1935, S.tO. 

•* .'\. A. Korotkov, SiHtrt. Kaur/iuk, 1933 (4). 23; C/irm. .-fhjr., 1934, 28, 3028. 

H. Tropsch and W. J. Mattox. lud. Eng. Chem.. Anal. Ed.. 1934, 6. 104; Chem. Abs., 1934, 28 
3029; Brit. Chem. Abs. B, 1934. 390. See Chapter 49 for a description of this method. 

** B. A. Dolitoplosk, .^intet. Kaurhuk. 1935 (5), 11 ; Chem. Abs.. 1936, 30. 410. 

™ B. A. Dolgoplosk, Sintet. Kauehuk, 1934 (2), 29; Chew. Abs., 1935, 29, 3941. See also Chapter 
49 for other determinations of butadiene. 

V’. A. Sorokin and K. V. Puzitzkii, Sintet. Kauehuk, 1933 (6), 12; Chem. Abs., 1934 28, 3339. 

Carleton Ellis, lor. cit. 

^*V. Sorokin. A. Belikova and O. Bogdanova, 7. Rubber Ind. (C.S.S.R.) . 1931. 5. (4 5) 26* Chem 
Abs.. 1933, 27. 5680; Brit. Chem. Abs. A. 1934, 313; Chew. /.eutr.. 1932 . i, ig.tj. ‘ ’ 

V. N. Ipatieff and N. von Vittorf, 7. Russ. Phys. Chew. 18or, 29, 132; 7.C 9 1897 72 

233; 7S.C.I.. 1897. 16. 248; 7. prakt. Chew . 1807. 55. 1. * ’ * 

“"^The compounds which have nearl> the same composition and have «timilai boiling raiiRcs are 
bromocyclobutane (b.p.. 102 104*C.) and 1.3 dibromobutane (b.p., 173 174*C.) as reported bv \V H 
Perkin. Jr. {7.C.S.. 1894, 65. 950; Chem. Zentr., 1895, 1, 25). j 
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In his study of cyclopentadiene and dicyclopentadiene, Schultze*^® found that 
these two compounds absorb oxygen within a very short time to such an extent 
that any quantitative bromination of these hydrocarbons is rendered inaccurateJ^ 
He stated that the addition of bromine is dependent upon the peroxide content of 
the material. That is, “no quantitative results are found whenever the experi¬ 
mental conditions are such as to permit peroxide formation previous to bromina¬ 
tion.'’ With this in mind, he presented three methods of analysis of cyclopenta¬ 
diene and dicyclopentadiene. The first of these was a modified bromide-bromate 
titration using 0.4 N sulphuric acid in a vacuum titration bottle. The second was 
a bromine-water titration also in a vacuum bottle. In the third method, the 
titration was carried out in the presence of air with an excess of free bromine 
present in solution before the capsule containing the material to be analyzed was 
broken. 

Cyclopentadiene can be determined in mixtures with its polymers by means of 
its reaction with />-nitrobenzenediazonium chloride in acetic acid solution."^® 

Diazotized />-nitroaniline has also been found to react quantatively with con¬ 
jugated dienes but only when these are admixed with saturated hydrocarbons.*^* 
The excess diazo reagent is back-titrated with 2,3-Dimethyl-1,3- 

butadiene, 1,3-cyclohexadiene and cyclopentadiene are among those diolefins which 
may be estimated in this manner. 

A report of a color reaction for the detection of very small quantities of cyclo¬ 
pentadiene has been announced by Afanas ev.®® His procedure involves the use of 
one drop of the specimen mixed with 1 cc. each of chloroform and glacial acetic 
acid and then treated cautiously with 2 or 3 drops of concentrated sulphuric acid. 
As little as 0,1 milligram of cyclopentadiene gives a distinct violet coloration. 

WG. R. Schultzc, J.A.C.S.. 1934, 56, 1552; Brit. Chem. Abs. A, 1934, 995; Ckem. Abs., 1934, 28. 
5047. 

H. Staudinger and A. Rheiner (Helv. Chim. Acta, 1924, 7, 23; Chem. Abs., 1924, 18, 1275; 
J.C.S., 1924, 126 (1), 274) obtained results from the bromination of these substances which indicated 
that there was incomplete saturation of the double bonds. 

A. P. Terent’ev and L. A, Solokhin, Sintet. Kauchuk, 1933 (5), 12; Chem. Abs., 1934, 28, 3338. 

’•A. P. Terent’ev, E. V. Vinogradova and G. D. Hal’pern, Compt. rend. acad. set. U.R.S.S., 1935 
4, 267; Brit. Chem. Abs. A, 1936, 744; Chem. Abs., 1936, 30, 3746. 

•® B. N. Afanas’ev, Ind. Eng. Chem., Anal. Ed., 1936, 8. 15; Chem. Abs., 1936, 30. 1330: Brit. 
Chem. Abs. A. 1936, 321; J. Inst. Pet. Tech., 1936. 22. 91 A. 
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Important Reactions of Acetylene 


Acetylene, is the simplest member of the alkyne series of hydrocarbons 

possessing the general formula CnH 2 n- 2 * Its homologues may be placed roughly 
into two classes in which one, or both, of the hydrogen atoms of acetylene are re¬ 
placed by alkyl or aryl groups. Because of its unsaturated and unstable character, 
acetylene lends itself to a great variety of reactions, making it the starting point 
for the synthesis of a number of important products.^ 

Although the major proportion of commercial acetylene is obtained by the 
hydrolysis of calcium carbide, significant quantities can be produced by the electrical 
ana thermal decomposition of gaseous hydrocarbons from petroleum as described in 
Chapters 4 and 9.^ To the layman the familiar application of acetylene is as a 
gas for illuminating purposes and for welding by means of the oxy-acetylene flame,^ 
but to the chemist a more interesting use is as raw material for the preparation of 
a wide variety of organic compounds.** Among these are acetaldehyde, acetic acid, 
acetone, vinyl esters and ethers, acetals and various halogenated hydrocarbons as 
well as synthetic drying oils, synthetic rubber and synthetic resins.® By-products 
in the acetaldehyde, acetic acid and acetone syntheses include biacetyl, acetonylace- 
tone, 2,5-dimethylfuran, acetylmethylcarbinol, 1,3-butene glycol, ethyl )8-hydroxy- 
butyrate and 4-methyl- and S-methyl-2,3-dihydroxybenzaldehyde.® (See Fig. 153) 

Acetylene is a colorless gas, possessing a pleasant ethereal odor.*^ Because of 
its endothermic nature acetylene cannot be stored in cylinders under high pressure 
but it may be kept under 10 atmospheres pressure by dissolving it in acetone 
absorbed on a porous mass,® The high solubility of the hydrocarbon in acetone, 
24 volumes at 15°C. under 1 atmosphere, is of course well known.® Proposals for 
the use of acetone solutions of acetylene with alcohol and with furfural as motor 
fuels have been made.*® 

* A review of developments of acetylene chemistry is given by O. Nicoderaus, Angew, Chem., 1936, 
49. 787; Ckcm. Abs., 1937. 31, 477. 

*lt IS intere.sling to note that an azeotropic mixture of acetylene (40.7 per cent) and ethane (59.3 
per cent) has been isolated from reformed refinery gases (W. A. McMillan, J.A.C.S,, 1936, 58, 1345; 
Ckcm. Abs.. 1936. 30, 6702). 

■ A comparison of oxyacetylenc flames with other fuel gases for cutting purposes has been dc 
scribed by G. V. Slottman {36th Ann. Convention, Intern. Acetylene Assoc. {Clexvhnd). 1935; Chem. 
Abs., 1936, 30, 2149). 

* h^or a brief discussion see J. A. Nieuwland. Ind. Eng. Chem., 1935, 27, 851. 

• For a discussion of the latter three types of products see Carleton Ellis, “The Chemistry of 
Synthetic Resins.“ Reinhold Publishing Corp., New York, 1935. 

•A. F. G. Cadenhead, Can. Chem. Met., 1935, 19 (12), 325; Chem. Abs., 1936, 30, 1143. ('.. Ben* 

ton and A. F. C*. Cadenhead. J.S.C.I., 1934, 53^ 40T. 

For an extensive description of the physical and chemical properties of acetylene, see Carleton 
Ellis. “The Chemistry of Petroleum Derivatives,” Chemical Catalog Co., New York. 1934. A method 
for the determination of small amounts of acetylene in butadiene or nitrogen has b^n develop^ by 
T. F. Chernyakovskaya (Sintet. Kauchuk, 1936 (2), 29: Chem. Abs., 1936. 30, 6309). 

•See, in this instance, H. P. Rauert, Asetylene Iviss. Ind., 1932, 35. 97: Chem. Abs., 1934, 38. 
5209. The explosive nature of acetylene has been discussed by W. C. de Liefde {Chem. Weekblad 
1934, 31, 711; Brit. Chem. Abs. B, 1935, 835; Chem. Abs., 1935, 29, 3161) and A. Krauss (Autooene 
Metailbearbeit, 1935, 28, 72; Brit. Chem. Abs. B, 1936, 818; Chem. Zentr., 1935, 2. 563). 

• For a discussion of the solubility of acetylene at 50 to 760 mm. pressures in dichloroethane. 97 
per cent ethyl alcohol and heavy naphtha (b.p., 150*250*C.) at 0*C. and in kerosene at 0*C. or 20*C.. 
see V. A. Kireev and M. A. Romanchuk (/. Gen, Chem, {U.S.S.R.), 1936, 6, 78; Chem, Abs,, 1936, 
30, 7421). 

'®J. Arana. Analrs nniv. central Ecuador, 193.3. 50, 179; Chem. Abs., 1934, 28, 5955. J. M. H. 
Classen, German P. 615,651, 1935; Chem. Abs., 1935, 29. 8294. Sm also Chapter 44. 
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Much interest has been shown in the products formed by the reaction of 
acetylene with salts of mercury, particularly since the latter have been employed 
as catalysts in the hydration of acetylene to acetaldehyde or its condensation 
with hydroxy compounds and with organic acids. The composition of the com¬ 
plex salt resulting from the interaction of acetylene and mercuric chloride has 
caused some controversy. For instance several workers stated that the compound 
C 2 (HgCl )2 was formed.Others reported obtaining a substance C 2 Hg 3 Cl 4 
which hydrolyzed rapidly to C(HgCI) 3 CHO, trichloromercuriacetaldehyde.^^ 
Later work^^ has indicated the composition of the product to be HgCo HgCl 2 HgCl. 
When treated with a saturated solution of mercuric acetate in acetic acid, acetylene 
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Fig. 153.—Acetylene Tree, Showing Variety of Comi)oun(ls Availabk from Kcaciioiis of 

Acetylene. 


furnishes the substance 2HgC2 C.M:: HjO. which although initially of an ex¬ 
plosive character loses this property on storage.*^ 

Polymerization of Acetylene 


Polymerization and decomposition of acetylene present a field of chemical 
investigation in which a wide variety of conditions may be employed. Means of 
inducing reaction include chemical reagents, heat, electrical discharges, alpha 

“See E. H. Keiser, Am. Chem. J., 1893. 15, 535; J.C.S., 1894, 66 (1), 61. The determination of 
acetylene in liquid air, uiing mercuric and potassium iodide, is described by L. M. loEson, I. I. 
Strizhevskii ana A. B. Berger son, Zavadskaya Lab., 1936, 5, 952; Chem. Abs., 19.17, 31. 337. 

“K. A. Hofmann. Bet., 1899, 32, 870; 1904, 37, 4459; J.C.S.. 1899, 76 (1), 485; 1905, 88 (1), 2. 
H. Biltz and O. Mumm, Ber., 1904, 37. 4417; /.C.S., 1905, 88 (1). 2. 

“ E. Ferber and E. Rdmer, J. ^akt. Chem., 1934, (2) 130, 277; Brit. Chem. Abs. A, 1934, 389; 
Chem. Abs., 1934, 28. 4332. W. Manchot and J. Haas, Ann., 1913, 399, 123; Chem. Abs., 1913, 7. 
3483; J.C.S., 1913, 104 (1), 1009. 

E. Ferber and £. R6mer. he. cil. 
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particles, light rays, cathode rays and electromagnetic fields.'*'^ The products 
include gases, aliphatic and aromatic liquids, tars and solids. As will be pointed 
out later, controlled polymerization of acetylene yields unsaturated hydrocarbons 
(e.g., vinylacetylene) from which numerous diverse compounds can be synthe¬ 
sized.^® 

According to TonU*^ very pure acetylene does not polymerize when exposed to 
sunlight. Polymerization does take place, however, in ultraviolet light.^® Al¬ 
though early investigators reported only solid polymers, later ones have noted the 
formation of benzene and other aromatic hydrocarbons as well as saturated and 
olefinic hydrocarbons in this treatment.^® The empirical formula of the solid 
product obtained by the action of ultraviolet light on acetylene was calculated by 
Lind and Livingston^® to be approximately (CioH 9 )n. From this a mechanism of 
polymerization was suggested as follows: 

CtUt + hv QH + H 

+ QH C4H, 

C4H3 -f CiHj —>- CeHs, and so on. 

The formation of benzene and related hydrocarbons was explained by side 
reactions: 


C,Hr CeHe + C,H 

or CeH* -f H —CftH* 

The polymerization of carefully purified acetylene at 750°C. was studied by 
Mignonac and Ditz.^^ The gas was passed rapidly through an electrically heated 
quartz tube and the products were immediately cooled to --70°C. giving a yellow 
liquid condensate consisting largely of benzene. Other constituents, obtained on 
fractional distillation of the condensate, included unreacted acetylene and two 
dimers, one a stable, colorless gas and the other a yellow unstable gas which was 
given the name “chlorene.” It is said that a 90 per cent yield of benzene can be 
obtained if acetylene is preheated and then mixed with inert gases at 630°C. and 
the product cooled rapidly.Under these conditions no tarring or carbonization 
occurs. Investigations of the polymerization of acetylene at 950-1050°C. have 
shown that the introduction of nitrogen has the same effect as would a reduction 
of pressure.23 Hydrogen favors the formation of methane and the presence of 
the latter retards the development of more methane. This hydrocarbon, when 
present to the extent of 30 per cent or more, is a factor in the production of light 
and heavy oils from acetylene. Liquid diluents, for example decahydronaphthalene, 
may be employedIn such cases reaction may be effected at pressures of 40-50 
atmospheres and temperatures of 320-440°C. 

** Pyrolysis of acetylene is discussed in Chapters 2, 4 and 5. For use of electrical encrev sec 
Chapter 9. 

For reviews on the polymeriration of acetylene sec G, Egloff, C. D. Lowry, Jr. and R. E. Schaad. 
J. Phys. Chem., 1932, 36, 14.S7; Chem. Abs., 1<^32, 26, 1457; Brit. Chem. Abs. A, 1932, 717. and 
L. Neumann, Gfs. Abhandl. Kenntnis Kohle, 1934, 11, 404; Chem. Zewtr., 1934, 2, 878. Chem. Abs.. 
193S, 20, 6568; Brit. Chem. Abs. B, 1935, 394. G. Egloff, “The Reactions of Pure Hydrocarbons,” 
Reinhold Publishing Corp., New York, 1937. 

F. Toul, Collection Ctech. Chem. Communications, 1934, 6, 163; Chem. Abs., 1934, 28, 5745. 

For references to previous work sec Carleton Ellis, “The Chemistry of Petroleum Derivatives,” 

Chemical Catalog Co.. New York, 1934, 667; "The Chemistry of Synthetic Resins,” Reinbold Pub¬ 
lishing Corn., New York. 1935, 144. 

'•See, (or example, R. Livingston and C. H. Schiflett, /. Phys. Chem., 1934. 38, 377; Chem. Abs., 
1934, 28, 3663; Bnt. Chem. Abs. A, 1934, 611. W'. Kemula and S. Mraxek, Z. physik Chem., 1933. 
B23. 358; Brit. Chem. Abs. A, 1934, 168; Chem. Abs.. 1934. 28, 1603. 

S. C. Lind and R. Livingston, J.A.C.S., 1934, 56. 1550; Brit. Chem. Abs. A, 1934, 976; Chem. 
Abs., 1934, 28. 5337. 

G. Mignonac and E. Ditz, Compt. rend., 1934, 199, 367; Chem. Abs., 1934, 28, 6697. 

»• Y. Kato and H. Aikawa, /. FJektrochem. Assoc. Japan, 1935. 3, 261; Chem. Abs., 1936, 30, 2555, 

■ H. Pichler. Ges. Abhandl. Krnntnis Kohle, 1934. 11, 401; Chem. Abs., 1935. 29. 6568. 

•* M. Hofaaaa, U. S. P. 1.964,399. June 26, 1934, to Shell Development Co.; Chem. Abs., 1934, 28. 
5082. German P. 592,858, 1934, to Bataafsche Petroleum Maatschappij; Chem. Abs., 1934, 28, 3421. 
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Simultaneous hydrogenation and polymerization of acetylene with mixed cata¬ 
lysts has been studied by Peters and Neumann By use of a mixture of 9 parts 
iron, 0.5 part nickel and 0.5 part copper and employing temperatures up to 190®C., 
a 64 per cent yield of liquid products resulted. Tungstic oxide, the rare earth 
oxides and iron oxide were not effective agents, although the latter was rendered 
active by the addition of nickel monoxide. According to Petrov and Antzus*-*® 
employment of a reduced nickel catalyst yields a gasoline (end point 320®F.) 
containing about 40 per cent of naphthenic hydrocarbons. 

When heated in the presence of copper, its oxides or alloys, acetylene yields 
a yellow-brown solid polymer of indefinite composition but of an aromatic nature. 
This material, known as cuprene 'or carbene, has been the subject of many in¬ 
vestigations^^ both as to its nature and as to improvements in its manufacture. 
Depending upon the use for which it is intended, cuprene may be obtained as a 
soft, flocculent product or as a hard, brittle, porous mass. For example, acetylene 
mixed with 10-15 per cent nitrogen is passed over cuprous oxide containing one 
per cent stannic oxide. Soft products are obtained at 180-245°C. and a brittle 
material at 250-260®C.“^ Applications of cuprene include its utilization as an 
absorl)ent for fuels and illuminants and as a filler for linoleum and plastic masses. 

Monovinylacetylene. Properly controlled low-temperature polymerization 
of acetylene will convert the hydrocarbon into monovinylacetylene, divinylacetylenc 
and a tetramer, C^Hs. One contact material which may be employed is an aqueous 
solution containing a mixture of a cuprous salt, an ammonium salt or a tertiary 
amine, and an inorganic acid.^® The speed of contact between the hydrocarbon 
gas and catalyst may be varied so that monovinylacetylene is the main product. 
In a process developed by Chilton,®® the resulting gases (containing acetylene 
and its polymers) are precooled to about 0®C. and dried by calcium carbide. Thus, 
further polymerization is said to be prevented. Separation from excess acetylene 
is effected by cooling to —50® to -“80®C. or by countercurrent extraction of 
monovinylacetylene with a mineral oil.®' Modifications of the above-mentioned 
catalysts include the use of organic acids in place of inorganic®^ and the substitu¬ 
tion of water by an inert non-aqueous solvent of high boiling point, e.g., glycerol 
or ethylene glycol.®® 

Perkins and Toussaint®^ converted acetylene into vinylacetylene by passing the 
gas at 70®C. into a nearly neutral aqueous solution of an alkali cuprochloride 
prepared from cuprous chloride and ammonium chloride or a chloride of an 

* K. Peters and L. Neumann, Ces. Abhandl. Kenntnis Kohle, 1934, 11, 423; Chem. Abs., 1935, 29, 
6567; Brit. Chem. Abs. B, 1935, 394; Chem. Zentr., 1934, 2, 878. For energy and velocity constants 
in this type of reaction sec H. A. Taylor and A. Van Hook, J. Phys. Chem., 1935, 39, 811; Chem. 
Abs., 1935, 29, 6205; Brit. Chem. Abs. A. 1935, 1082. 

»A. D, Petrov and L. I. Antzus, Refiner, 1934, 13, 79; Chem. Abs., 1934, 28, 2170; J. Inst. Pet. 
Tech., 1934, 20, 251 A. Compt. rend. acad. set. U.R.S.S., 1934, 4, 295; Chem. Abs., 1935, 29, 2906; 
Brit. Chem. Abs. A, 1935, 325. 

pQj. n detailed discussion see Carleton Ellis. “The Chemistry of Petroleum Derivatives," Chem¬ 
ical Catalog Co., New York, 1934. Also Carleton Ellis, “The Chemistry of Synthetic Resins," Rein¬ 
hold Publiiming Corp., New York. 1935. 

* R. H. Davis and L. A, Levy, British P. 418,005, 1934; Brit. Chem. Abs. B, 1935. 13. 

*J. A. Nieuwland, U. S. P. 1,926,056. Sept. 12, 1933, to E. I. du Pont de Nemours 8t Co.; Chem. 
Abs., 1933, 27, 5750; Brit. Chem. Abs. B, 1934, 709. British P. 384,654, 1932 and addn. 390,179. 
19o2; Chem. Abs., 1933, 27, 4251, 4541; Brit. Chem. Abs. B, 1933, 182, 617. French P. 733,663, 1931, 
and addn. 41,454, 1931; Chem. Abs., 1933, 27, 2696. 

T. H. Chilton, U. S. P. 1,999,397, Apr. 30, 1935, to E. I. du Pont de Nemours 8r Co.; Brit. 
Chem. Abs. B. 1936, 487; Chem. Abs., 1935. 29, 4022. 

« British P. 401,678, 1933, addn. to 384.654, 1932 and 390,179. 1932. to E. 1. du Pont de Nemours 
k Co.; Brit. Chem. Abs. B, 1933, 182, 617; 1934, 136; Chem. Abs., 1933, 27, 4251, 4541; 1934, 28, 
2728; /. Inst. Pet. Tech., 1934, 20, 112A. French P. 43,351, 1934, addn. to 733.663, 1931; Chem. 
Abs^ 1934, 28, 6727. 

“J. A. Nieuwland and R. R. Vogt. U. S. P. 1,926,055, Sept. 12, 1933, to E. I. du Pont, de 
Nemours k Co.; Brit. Chem. Abs. B, 1934, 709. 

••F. B. Downing, A. S. Carter and D. Hutton. U. S. P. 1,926,039, Sept. 12, 1933, to E. I. du 
Pont de Nemours & Co,; Chem. Abs., 1933, 27, 57.55. 

••G. A. Perkins and W. I. Toussaint, U. S. P. 1,971,656, Aug. 28, 1934, to Carbide and Chrboii 
Chem. Corp.; Brit. Chem. Abs. B, 1935, 714. 
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alkali metal or alkaline earth metal. With this type of mixture it has been also 
suggested*® that the acidity be adjusted to a pH of about 6.0. In another method 
acid cuprous salt solutions free from nitrogen bases and containing salts of the 
alkali or alkaline-earth metals are employed.*® The insoluble complex 
formed when acetylene is led into a solution containing 18 per cent cuprous 
chloride and 20 per cent ammonium chloride is said*^ to have the composition 
6CuCl 3NH4C1C>H^. 

By passing acetylene at 300-800°C. over a catalyst, such as gold, molybdenum, 
silver or their alloys, or oxides of titanium, uranium or zirconium, monovinyl- 
acetylene and some aromatic compounds were formed.** Reaction may be effected 
by using a solid catalyst of a cuprous compound and a salt of an alkali or alkaline 
earth metal or ammonium salt.*^^ With cuprous chloride and ammonium chloride 
precipitated on pumice, a 5 per cent yield of vinylacetylene (based on the acetylene 
used) was obtained at 200-250°C. At 350-400°C. the same yield was reported, 
using zinc chloride on pumice."*® 

According to Dykstra,*** vinylacetylene can undergo at least three distinct 
types of polymerization. When heated without a catalyst at 105°C. for 6 hours, 
monovinylacetylene yields a mixed polymer in the form of a soft resin containing 
approximately 1 per cent dimer, 3 per cent trimer, 16 per cent tetramer, 8 per cent 
pentamer and 72 per cent higher polymers. The dimer in this case was thought 
to he diethinylcyclohutane: 


CH=C—CH-CH—CsCH 

CH.-CH, 


A similar thermal treatment of vinylacetylene with 1 to 10 per cent of acidic 
materials resulted in a 20-50 per cent yield of styrene. With cuprous chloride as 
catalyst, a dimer, 1.5,7-octatriene-3-yne, is formed. 

With the aid of salts of mercury, silver, cadmium, copper or zinc in an acid 
solution (e.g.. sulphuric, acetic, pho.sphoric), vinylacetylene can he hydrated to 
methyl vinyl ketone.^- The reaction is assisted, according to Conaway,*** hy an 
oxidizing agent, e.g., ferric sulphate or oxide, copper sulphate, chromates, man- 
ganates and vanadates. A polymerization inhibitor, e.g., pyrogallol, eugenol or 
guaiacol, may he employed during distillation of the ketone. Using sodium alco- 
holates as catalysts, alcohols can l)e made to add smoothly to vinylacetylene at 
alnmt, 1(K)°C\ to give unsaturated ethers of the general formula CH.^C^CCHoOR. 
Thus, for example, ethyl alcohol adds to form 4-ethoxy-2-hutyne.^** If a contact 


A. S. (.'artt-r ami V. H. l)n>sniiiK. I’. S. P. 2.048,8.^8. July 28. 1936. lo E. I. du Pont dc 
Nemours & Co.; Chcm. Abs., 1930, 30, 6392. 

♦“British P. 438.548, 1935, lo I. (i. Farlienind. .\, <i.; Brit. Chrm. Abs. B, 1936. 138. To prevent 
siopp.iRe resuItinR from salt deposits in this type of reaction a dispersing agent, e.g.. a water-soluble 
guni njay l)e added to the cuprous salt solution. Sec R. Stadler and A. Aucrhahn, Gernun P. 639.242 
19.16, to I. G. Farbenind. A.-G.; Chcm, Abs,, 1937, 31, 1431, 

('•. Tiyurikh and A. A. Ginzburg. 7, iicn. Chcm. (C.S.S.R.), 1935, 5, 1468; Chcm Abs 
1936. 30, 2169. 

French P. 797,935, 1936, to Ammonia Casalc S.A.; Chcm. Abs., 1936, 30, 7121. 

French P. 798.309. 1936, to I. (7. Farbenind. A.-(i.; Chcm. Abs., 1936, 30, 7127. British p 
451,442, 1936, to I. G. Farl)enind. A.-G.; Chcm. Abs.. 1937, 31. 118. 

L. G. Tzyurikh. E, M. Efremova. V. A. Bartashev and Yu. G. Yannu, 7. Gen. Chcm. (USSR) 
1936, 6, 197: Chcm. Abs.. 1936, SO, 4807; Brit. Chcm. Abs. A, 1936, 961. 

« H. B. llykslra, J.A.C.S., 1934, 56, 1625; Chcm. Abs., 19.14, 28. 5038; Brit. Chcm. Abs A 1914 
990. ' * 

**A. S. Carter. U. S. P. 1.896.161, Feb. 7. 19.13, to E. I. du Pont de Nemours A Co.; Chem. Abs 
1933, 27, 2458; Brit. Chcm. Abs. B. 1933, 904. Briti.sh P. 388,402, 1931; Brit. Chem. Abs B 1933* 
379: Chcm. Abs.. 1933, 27. 4547. French P. 719..109, 1931; Chem. Abs., 1932, 26, 3265. *N s’ 
Kozlov and N. P. Krechkov, Russian P. 42,073, 1935; Chcm, Abs., 1936, 30, 8248. 

R. F. Conaway, C. S. P. 1,967,225, July 24, 1934. to E. I. du Pont de Nemours & Co.; Brit 
Chcm. Abs. B. 1935, 620. 

R. A. Jacobson. H. B. Dykstra and W. H. Carothers, J.A.C.S., 1934, 56, 1169; Chem. Abs. 1934 
28, 4373; Brit. Chcm. Abs. A, 1934, 754. W. H. Carothers and R. A. Jacobson, IJ. S. P. 2oi3 7^5 
Sept. 10. 1935, to E. I. du Pont de Nemours A Co.; Chcm. Abs.. 1935. 29. 6903. ' ‘ ’ 
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mixture of boron fluoride, mercuric oxide and trichloroacetic acid is employed, 
vinylacetylene readily adds three molecules of methyl alcohol, forming 2,2,4-tri- 
methoxybutane, CHsO—CHo—CHo—C(OCH 3 ) 2 CH 3 . The latter compound hydro¬ 
lyzes to give a 75 per cent yield of 4-methoxybutan-2-one.‘*® 

Rotenberg and Favorskaya**® have investigated the interaction of vinylacetylene 
with alcohols in the presence of potassium hydroxide. In the case of ethyl alcohol, 
the mixture, after being heated for 10 hours at 140-150°C. in an autoclave, gave a 
70 ])er cent yield of 2-ethoxy-l,3-butadiene (b.p. 113-117°C.). 

KOH 

lICsC—CH = CH2 -f C^HfcOH -CH2=C(0C2H6)CH=-CH, 

When reacted with methyl alcohol in the presence of the same alkali for 18 hours 
at 150°C., monovinvlacetvlene yielded 70 per cent of 1-methyl-l-methoxyallene 
(b.p., 92-100°C). 

Kon 

HC=C-CH=CH2 + CHaOH ->- CH2=-C-=C(()CH3)CH, 

However, in the absence of the alkali hydroxide and at 100-150°C., styrene 
( CHo=:CHC«H 5 ) was obtained probably as the condensation product of 2 molecules 
of vinylacetylene. 

The addition of carboxylic acids to vihylacetylene yields esters of 1,3-butadiene- 
2-ol.^^ The reaction is catalyzed by a mercuric salt or by boron fluoride. For 
instance, l,3-butadienyl-2-acetatc may be prepared by reacting vinylacetylene with 
acetic acid in the presence of a mercuric sulphate-sulphoacetic acid catalyst. This 
ester and the corresponding formic, chloroacetic and butyric esters polymerize on 
standing, forming rubber-like an<l resinous materials. 

The above-mentioned esters are analogues of cblorof)renc, 2-chloro-1,3-buta¬ 
diene, obtained by the addition of hydrogen chloride to vinylacetylene, particularly 
in the presence of cuprous chloride."*® A water-immiscible liquid, c.g., toluene, may 
be employed as a solvent for removing the products in this type of reaction.^® 
Chloroprene is of interest because of the commercial use of its polymer, a-poly- 
chloroprene, as a synthetic rubber marketed as Neoprene.'^** 

In a similar manner, hydrogen halides add to substituted monovinylacetylenes 
of the general formula CH 2 “CH—C^C—R to give products analogous in char¬ 
acter to chloroprene and capable of polymerization to rubber-like masses.®' 

Reaction of alkaline hypohalites with vinylacetylene at about 0°C. yields 
l-halogeno-2-vinylacetylenes.®2 These are described as liquids with characteristic, 

D. B. Killian, G. F. Hennion and J. A. Nicuwland. J.A.C.S.. 19.14, 56. 1786. 

I. A. Rotenberg and M. A. Favorskaya, J. Cen. Chrm. (U.S.S.K), 19J(), 6, 185; Chem. Abs., 
1936. 30. 4808; Brit. Chem. Abs. A. 1936, 964. 

H. Werntz. J.A.C.S., 1935, 57, 204; Chem. Abs.. 1935. 29. 1 183; Brit. Chem. Abs. A, 1935, 
472. U. S. P. 1,963.108, June 19, 1934, to E. I. du Pont dc Nemours & Cn.; Chem. Abs., 1934- 28. 
4745; Brit. Chem. Abs. B, 1935, 347. See also A. L. Klchanskii arul K. K. Chevuichalova. Sintet. 
Kauchuk, 193^ 4 (4). 5; Chem. Abs.. 1935, 29, 6799. 

** W. H. CaTothers, I. Williams, A. M. Collins and J. E. Kirby, J.AC.S., 1931. 53, 4203; Chem. 
Abs., 1932. 26, 78; Brit. Chem. Abs. B. 1932, 156. W. H. Carutlurs. G. J. Brrchet and A. M, Col¬ 
lins. J.A.C.S.. 1932, 54. 4066; Chem. Abs.. 1932. 26, 5903; Brit. Chem. Abs. A, 1932, 1231. W. H. 
Carothert and A. M. Collins, U. S. P. 1.950.431, March 13. 1934; F. H Downing, A. S. Carter and 
D. Hutton, U. S. P. 1,950,434. March 13. 1934; A. M. Collins, U. S. P. 1.950.435, March 13, 1934; 
Chem. Abs., 1934, 28. 3270, 3271 ; all patents to E, 1. du Pont dr Nemours & Co. 

^ G. A. Perkins, U. S. P. 2.027,550. Jan. 14, 1936, to Carbide and Carbon Chem. Corp.; Chem, 
Abs.. 1936. 30, 1395; Brit. Chem. Abs. B. 19,37, 20. 

"The term “Neoprene’* has been adopted to supplant the trade m.ark “Duprene” in order to pro¬ 
vide a name which can be applied to both the unvulcanized material and to pro<lucts made from it. 
See Ind. Eng. Chem., News Ed., 1937, 15, 43. For an extensive discussion of the preparation of 
chloroprene and polychloroprene and of the uses and properties of Dtiprcnc see Carleton Ellis, “The 
Chemistry of Synthetic Resins,” Retnhold Publishing Corp., New York. 1935, Chapter 8, 

R. A, Jact^son, U. S. P, 1,950,440, March 13, 1934, to E. I. du Pont de Nemours & Co.: Chem, 

Abs., 1934, 28. 3270. R. A. Jacobson and W. H. Carothers, /.A.C..9.. 1933, 55, 1624; Brit. Chem. 

Abs. A. 1933. 590; Chem. Abs., 1933, 27, 2419. 

R» A. Jacobson, U. S. P, 1,967,864, July 24, 1934, to E. I, du Pont de Nemours & Co.; Chem. 

Abs., 1934, 28, 5834; Brit. Chem. Abs. B, 1935, 618, R. A. Jacol).son and W. H. Carothers, J.A.C.S.. 

1933, 55, 4667; Chem. Abs., 1934, 28, 95; Brit. Chem. Abs. A, 1934, 55. 
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sickening odors. Polymerization takes place on standing, forming explosive black 
solids. Treatment of the chloro compound, l-chloro-2-vinylacetylene, with hydro¬ 
chloric acid furnishes 1,2-dichloro-1,3-butadiene which polymerizes spontaneously 
to a rubber-like material/*'^ 

Dykstra*^^ found that alpha chloroethers combine with vinylacetylene in a 
manner closely analogous to tlie addition of hydrogen chloride to vinylacetylene 



Courtesy li. 1, du I’ont dc Xfniours S’ Co. 

Fig. 153a.—M anufacture of Neoprene. At this stage the chloroprene rubber greatly 

resembles crude natural rubber. 

to form isochloroprene and chloroprene. A 1,4-addition (in diethyl ether) appar¬ 
ently takes place and is followed by isomerization in the presence of cuprous 
chloride and hydrochloric acid. The following general e(iuations may represent 
these reactions. 

R' 

R0(!:HC1 + CH=CCH=CHi->- 


R' R' 

I Cu;C1j 

ROCHCH=-C-=CHCH.Cl -V ROCHCH==CC1 CH=K:Hi 

HCl 

A. I.. A. S \ r)lkof»*‘htcin an<l A. 1\ Orlova, J. (7rn. Chem. (U.S.S.R.), 1935, S. 

1255; Chem. /Ihs.. 30. lOJv 

«H. B. Dykstra, J.A.C.S., 58. 1747; Chcm. Abs., 193(>. 30. 7537. 
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In this way, Dykstra obtained S-methoxy-l-chloro-2,3-pentadiene and S-methoxy- 
3-chloro-l,3-pentadiene from chloromethyl methyl ether (where R is a methyl 
group and R' is a hydrogen atom). 

Vinylacetylene will react with Grignard reagents to form the corresponding 
magnesium compound, which in turn reacts with ketones, aldehydes, carboxylic 
acids, nitriles, isocyanates, halides and ethers to give various vinylacetylene de¬ 
rivatives.^^ Thus, vinylacetylene and ethylmagnesium bromide give vinyletlii- 
nylmag^esium bromide, which with acetone yields vinylethinyldimethylcarbinol, 
CH 2 —CHC^CC0H(CH3)2. Compounds of this type may be synthesized also 
by converting vinylacetylene with alkali metals or alkali metal amides into vinyl- 
acetylides which are then treated with ketones.^® Polymerization of vinylethi- 
nylcarbinols (accelerated by the action of air or light) yields tough or hard 
transparent masses which are suggested for use in coating compositions, safety 
glass and molding preparations.*'^^ 

Vinylacetylene and potassium mercuri-iodide or mercuric acetate in acetic 
acid at room temperature form divinylethinylmercury. The latter reaction at 
60-70°C. results in a 93 per cent yield of l,l-diacetoxymercuri-2-acetoxymercuri- 
oxy-1,3-butadiene, 

CHe=CH(CH3COOHgO)C=C(HgOOCCH3)2. 

which is decomposed by hydrochloric acid to methyl vinyl ketone.^^ By leading 
vinylacetylene into an acid solution of a mercuric salt (e.g., mercuric sulphate in 
sulphuric acid) and subsequently decomposing the resultant mercury compound 
with hydrochloric acid at 90-100°C. biacetyl is produced.'^ Utilization of the 
latter compound as a flavoring agent in butter substitutes has been suggested.®^ 
Monovinylacetylene in compressed or liquid form has been proposed as a com¬ 
bustion gas for such industrial purposes as welding, heating and illumination.®^ 
Divinylacetylene. As mentioned previously, divinylacetylene is formed by 
the same methods employed for monovinylacetylene, the divinyl compound being 
a trimer of acetylene whereas monovinylacetylene is the dimer.®^ The trimer is 
quite unstable; on exposure to air it is transformed into a dangerously explosive, 
soft jelly-like mass. The pure compound decomposes at 105-110°C., but below this 
temperature it is capable of polymerizing in an inert atmosphere to yellow, viscous 
liquids or hard, insoluble resins.®^ Because of the ability of these viscous liquids 

“ W, H. Carothers and G. J. Berchet. J.A.C.S., 1933, 55, 1094; Brit. Chem. Abs. A, 1933. 485; 
Chem. Abs., 1933, 27, 1860. U. S. P. 1.963.935. June 19. 1934, to E, I. du Pont dc Nemours & Co.; 
Brit. Chem. Abs. B. 1935, 347; Chem. Abs., 1934. 28, 5081. French P. 753.465, 1933; Chem. Ahs.. 
1934, 28, 1051. See alw V'. S. Zalkind and V^ .M. Pietz, Trans. Lcninarad Chem.-Tech. Inst., 1934, 

1, 57; J. C.cn. Chem. (C.SS.R.). 1934, 4. 1088; Chem. Abs., 1935. 29, 2908. 

•*'* VV. H. Carothers and R. A. Jacobson. .f.A.C.S.. 1933, 55, 1097; Chem. Abt., 1933, 27, 1860; 
Brit. Chem. Abs. A, 1933, 485. C. S. P. 1.963.934. June 19. 1934, to E. I dii Pont de Nemours 8r 
Co.; Chem. Ahs.. 1934, 28, 5081; Brit. Chem. Abs. B, 1935, 347. French P. 753.465, 1933; Chem. 
Abs.. 1934. 28, 1051. 

•*'W. H. Carothers. G, J. Berchet and R. A. Jacobson, U. .S. P. 1.963.074. June 19, 1934. to E. 1, 
du Pont de Nemours & Co,; Chem. Ahs., 1934. 28, 4848. 

W. H. Carothers, R, A. Jacobson and G. J. Berchet. J.A.C..S.. 1933, 55. 4665. 

F. El>erhardt. U, S. P. 2.062.263, Nov. 24. 1936. to 1. G. Farlicnind, A. G ; Chem. Ahs.. 1937. 
31, 711, British P. 421.676. 1934; Brit. Chem. Abs B, 1935. 218; Chem. Abs., 1935, 29. 3692, French 
P. 776.584. 1935; Chem. Abs., 1935, 29, 3354. 

Sec C,. Benson and A. F. G. Cadenhead. J..S.C.I.. 1934, 53, 42T: Chem. Ahs.. 1934, 28. 2321; 
Brit. Chem. Ahs. B, 1934. 265. O. Gebhnrdt, .Seifensieder Zta., 1934. 61, 113, 131; Chem. Ahs., 1934. 
28. 3144. \V. I.. Davies. Food Manuf.. 1933. 8. 346; Chem. Ahs., 1934. 28. 835. B. \V. Hammer. 

Proe. Jth Ann. State Coif. Washington Inst. Dairyinsi. 1934, 16; Chem. Ahs., 1934. 28, 6658. 

French P, 789,174. 193,5, to 1, (i, Farbenind. A.-G.; Chem. Ahs., 1936, 30, 1981. British P. 
439.689. 1935; Chem. Ahs., 1936 30, 3624. 

*®Acet>lenehivinyl, CH* CHCH 'ClfC«CH. another trimer of acetylene, haa been obtained by 
.\. K. Klelianskit, V. A, Dranitzina an<l I, M. Dobromilskaya, Comfit, rend. acad. set. U.R.S.S., 193.5, 

2, 229; Chem Ahs., 1935, 29. 6205. 

‘•^J, A, Nicuwland, W. S. Calcott, F. B. Downing and W’. H. (‘arothers. J.A.C.S., 1931, 53, 4197; 
Chem. Ahs., 1932. 26, 78; Brit. Chem. Abs. A, 1932. 40. Sec also \V. S. Calcott and F. B. Downing. 
I'. .S, P, 1.924,979, Aug. 29. 1931. to K. T. dti Pont de XenumrH 5; Co,; Chem. Abs. 1931, 25. 5341. 
(;crniaii P. 601,504. 1933; Chem. Abs., 1934, 28. 726». 
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to polymerize further to form hard, chemically resistant films they have been em¬ 
ployed as synthetic drying oils.®^ Partial hydrogenation of divinylacetylene before 
polymerization is said to increase the stability of its polymers to light.®® From the 
oily polymers, Cupcry and C'arothers®® isolated a riimer, trans-l,2-bis(vinyl- 
ethin\ l )cyclohntane, 

CH- C=r -CH-CH -C=C—CH 

!l ! ! il 

CHi CH2 - CU2 CHt 

The j)resence of a triiner, a l)is( vinylethinvleyclolmtynacetylcne in the oily mix¬ 
ture was postulated. 

Chlorine reacts with divinylacetylene by 1,4 addition to yield a dichloride and 
then a tetra- and hexachloride.®' By the action of hydrochloric acid at room tem¬ 
perature a dihydrochloride, l,3-dichloro-2,4-hexadiene is formed.®^ In both of 
these reactions all unsaturated linkages are involved. Combination with ihio-p- 
cresol, however, involves only the ethylene linkages, giving rise to 1.6-bis(/>-tolyl- 
tliioj-3-hcxine.®® Hydration of divinylacetylene furnishes vinyl allyl ketone (b.p. 
S5-86°C. at 20 inin.) an oily liquid with a sharp odor.”^® Treatment of divinylacet¬ 
ylene with a hydrogen polysulphide at temperatures of —10 to 10°C. is said to give 
resinous materials applicable as paint and lacquer vehicles."^ Products of a resinous 
or viscous oily nature, which in air dry to resistant films, may be procured by 
simultaneous reaction of hydrogen sulphide and sulphur with mono- or divi- 
nylnct'tylene in the presence of a catalyst of dibutylarnine, aniline or pyridine.'^^ 


Hai.0(;kx Dkrivativf.s of Acetyi.exe 


Ol the various halogen derivati\es of acetylene, those containing chlorine are 
the most important. The ultimate product of the chlorination of acetylene is 
acetylene tetrachloride (tetracliloroethane) from which several chlorinated sol¬ 
vents. particularly trichloroethylene, CHCl=CClo, can be made. 

Continuous production of acetylene tetrachloride in 95-98.5 per cent yield has 
been described by Favorskii. Margules and Davuidova.^® Dry acetylene and 
chlorine are led into the top of a jacketed iron column completely filled with iron 
shavings. Acetylene tetrachloride is sprayed in under pressure, and this, plus an 
additional amount formed in the reaction, drips into a receiver filled with pebbles 
to facilitate the traj)ping of gases. Temperatures of 60-70°C. were recommended. 
A 90 per cent yield is said to be possible at 70-75°C. but at 100°C. considerable 
hexachloroethane is formed.^"* 

C'hlorination of acetylene-hydrogen mixtures (e.g., from decomposition of 
methane) to acetylene tetrachloride, CHCI 2 CHCI 0 , has been carried out at 100- 

See O. M. l!a><icn. hid. F.ng. Chern.. 1932. 24, 563; Chrm. Ahs., 1933. 27, 3091; Brit. Chem. 
Ahs. B, 1932. 649. Also. Carlcton Ellis. “The Chemistry of S>nthetic Resins.” Reinhold Publishing 
Corp.. New York. 1935, ('hapter 8. 

** W. S. Calcolt, ;\. S. Carter and F. B. Downing, C. S. P. 1.959.343 and 1.959,408, May 22, 

1934. lo F.. 1. du Pont dc Nemours & Co ; Chrm. Ahs., 1934, 28, 4434. 4bl5. 

M. E. Cupery and W. H. Carothers. .f.A.C.S , 1934. 56, 1 1(>7. 

I). I), ('offman and W. H. Carotherv. J.A.C.S.. 1933. 55. 2040. 

D. D. Coffman. J. A. Nicuwland and W. U. ('arothers, J.A.C.S.. 1933, 55, 2048: Chem Abs 
1933. 27, 2933; Brit. Chem. Abs. A. 1933. 094. 

••W. H. Carothers. J.A.CS., 1933. 55. 2008. 

^ P. V. Zhavornokov, A. P. Alekhina and R S. Shter, Sintet Kauchuk, 1934 (2), 12; Chem Abs 

1935, 29, 3976. 

W. H. Carothers, U. S. P. 2.061.018. Nov. 17, 1936, to E. I. du Pont de Nemours & Co • Chem 
Abs., 1937, 31. 781. 

A. S. Carter and F. B. Downing. IT. S. P. 2.061,019, Nov. 17, 1936, to E. I. du Pont de 
Nemours & Co.; Chem. Abs., 1937. 31, 781. 

"A. E. Favorskii, E. Z. Margule.s and M. I. Davuidova, Trans. State Inst. Appl. Chem. W S S R \ 
1935, 24, 47; Chem. Abs.. 1935. 29, 7271. 

’*1. F. Suknevich and M. S. Khomutin. Trans. State Inst. Appl. Chem. (U.S.S.R) 1935 24 U* 
Chtm. Abs., 1935. 29. 7271. * * 
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200®C. using as catalysts in)n compounds on a carrier of silicates or silica gelJ® 
It is stated that formation of hydrogen chloride is avoided in the chlorination of 
cracked g^ses containing acetylene if temperatures of 80-140°C. are employed^® 

On dechlorination by various means, e.g., by action of alkalies or by catalytic 
decomposition, acetylene tetrachloride is converted into trichloroethylene.^^ Be¬ 
cause of its powerful solvent action, low surface tension and high penetration, this 
trichloro derivative has found a number of uses.*^® For instance, it has been em¬ 
ployed as an extracting agent in the winning of vegetable oils, e.g., soya bean 
oil,"^® and in the decaffeination of coffee beans.^® Its high specific gravity (1.47) 
and low specific heat and heat of vaporization have made trichloroethylene useful 
in dewaxing petroleum oils by centrifugal means.This compound has also been 
employed as a constituent of insecticidal sprays*^ and polishes for floors, furni¬ 
ture, boots and shoes,®® and a grease solvent in the cleaning of metal pipes.®^ 

Because of the varied applications of trichloroethylene, its stability and corro¬ 
sive action are of interest. Carlisle and Levine®® state that it is not corrosive if 
antioxidants are present and that even in their absence action is only slight.®® 
The compound is quite stable to light unless oxygen is present. Decomposition 
by action of light is also prevented by the addition of antioxidants. Among the 
substances proposed as stabilizers for trichloroethylene are alkylamines and ben- 
zylamines, diphenylguanidine,®^ triethylamine,®® amylene,®® mercaptans,®® phenolic 
substances®^ and caflfeine.®^ The toxicity of trichloroethylene has been noted by 
many workers®® although in some cases the compound has served as an anes- 

’»H. Traram. U. S. P. 2.016.658, Oct. 8, 1935, to Ruhrchcmic .A. G.; Chem. Abs., 1935, 29, 8005. 

O. Klein, German P. 613,607, 1935, to Ruhrehemie A.-G.; Chem. Abs., 1935, 29, 8007. 

P. Baumann. R. Stadler and E. Willig. U. S. P. 2.016,572. Oct. 8, 1935, to I. G. Farbenind. 
A.-G.; Chem. Abs., 1935, 29, 8005. British P. 397,961, 1933; Brif. Chem. Abs. B. 1933. 954; Chem. 
Abs., 1934, 28. 1052. German P. 606.694. 1934, Chem. Abs., 1935, 29, 3691; J. Inst. Pet. Tech., 
1935, 21. 141A. French P. 739.183. 1932; Chem. Abs.. 1933. 27. 1894. 

■^Several methods of dechlorination are mentioned by Carleton Kllis, “The Chemistry of Petroleum 

Derivatives," Chemical Catalog Co., New York. 1934, 673. For the iJ>o of ;tcti\e carbon in dechlorina¬ 

tion see S. Yamaguchi, /. Chem. Sac. Jat^an, 1934, 55, 1227; Chem. Abs., 1935. 29, 4326, 

” See S. Wemick, Ind. Chemist.. 1934. 10, 479; Brit. Chem. Abs. B, 1935, 154; Chem. Abs., 1935. 

29, 5403. Also, Ind. Chemist, 1933. 9, 349; /. Inst. Pet. Tech.. 1934. 20. 186A, For methods oi 

detectiM trichloroethylene,otee H. H. Weber, Chem.-Ztfj., 1933, 57, 836; Brit. Chem. Abs. B, 1933, 
1046; Chem. Abs., 1934, 28, 727. A. Gruning and M, Schnetka. Arch. (ie:vcrbef*ath. (ietverbehyg., 

1933, 4, 740: Chem. Abs., 1934. 28, 991; Brit. Chem. Abs. B. 1934, 31 1; Chem. Zentr.. 1935, 1, 3961. 

M. Nakamura, Japanese P. 109,730, 1935, addn. to 107,890. to Honen Seiyu K. K.; Chem. Abs., 

1935, 29. 4962. 

»H. K. Wilder, U. S, P. 1,977,416, Oct. 16, 1934, to Kellogg Co.; Chem. Abs., 1935, 29. 249; 
Brit. Chem. Abs. B. 1935, 923. 

**• N. O. Backlund, /. Inst. Pet. Tech., 1933, 19, 1. See also Chem. Fabrik. 1934, 7. 355. British 

P. 435,648, 1934, to Aktiebolaget Separator-Nobel; Brit. Chem. Abs. B, 1935, 1 127; Chem. Abs., 1936, 

30. 1553. German P. 610.807, 1935; Chem. Abs., 1935, 29, 6043. French P. 778.880. 1935; Chem. 
Abs., 1935, 29, 4931. For use of a mixture of propane and trichloroethylene see V. B. Bray, U. S. P. 
2,031,096, Feb. 18, 1936, to Union Oil Co, of Calif.; Chem. Abs.. 1936. 30, 2364. 

•*G. Algard. British P. 440.536. 1936; Chem. Abs.. 1936, 30, 3936; Brit. them. Abs. B, 1936, 302. 
“H. Deguide, British P. 438,841, 1935; Chem. Abs., 1936, 30. 3134. 

E. W. Johnson and R. A. Eastwood, British P. 427.753, 1935, to Imfierial Chemical Industries 
Ltd.; Chem. Abs., 1935, 29, 6335. For a review of the use of trichlort)ethylene as a solvent for grease 
removal from metals, see M. Damien, Mitaux, Aciers spi-ciaux, 1934, 9, 591; Brit. Chem. Abs. B, 

1936, 30, 7518. 

** P. J. Carlisle and A. A. Levine, Ind. Eng. Chem.. 1932. 24. 1164, 

Some investigators disagree. See, for example, S. S. Drozdov and N. S. Drozdov, /. Chem. hid. 
(Moscow), 1934, 10 (2), 53; Chem. Abs., 1934. 28. 3704. 

Chem. Trade 1933, 93, 227; Chem. Abs.. 1934. 28. 4026; Brit. Chem. Abs. B, 1933. 969. 
••A. L. Pitman, U. S. P. 1,925,602. Sept. 5. 1933, t«> F.. T. dti Pont de Nemours Se Co.; Brit. 
Chem. Abs. B, 1934. 617. 

*• C. R. Harris, U. S, P. 1.904.450; A|>ril 18. 1913, to Roes«*lvr ;tnd Hasslacher Chem. Co,; Chem. 
Abs., 1933, 27, 3481. German P. 562.820. 1933; Chem. Abs.. I'M.t. 27. 992. 

»L. C. Stewart and L. DePree. V. S. P. 1.917.073. Julv 4. 1633. to Dow Chem. Co.; Chem. Abs., 
1933, 27. 4539. 

•iP. J. Carlisle and C. R. Harris, V. S. P. 2.008.680. J»d> 23. 1935. to F. T. du Pont de Nemours 
& Co.; Chem. Abs., 1935, 29. 5855. Canadian P. 341.792, P» u. Chem. .-tbs., 1934, 28. 5076 

«P. J. Carlisle, U. S. P. 1,996.717. April 2. 1935. to K. I r|u Pont de Nemours & Co.; Chem. 
Abs.. 1935, 29. 3353. 

••M. E. van Themsche, lug. ehim.. 1934. 18. 58; Chem. Ab.e. 1934. 28, 7.360, H. Persson, Acta 
Med. Scand., 1934, 59 (Suppl.), 410; Chem. Abs.. 1935, 29. 3041. ( . Vallee and J. Leclerq, Ann. 
med. legale eriminot. police sei., 1935, 15, 10; Chem. Abs., 1935. 29, 4695. 
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thetic.®"* Mercury trichloroethylenide may be prepared by agitating trichloroethyl¬ 
ene with an aqueous alkaline solution of an alkali metal cyanide to which a paste 
of freshly precipitated mercuric oxide has been added.®^ 

In addition to its possible use as an anesthetic, trichloroethylene has also been 
suggested as a remedy for migraine (severe headache). Geiger and Goodman,®®* 
however, relate they did not obtain favorable results with this halogenated olefin, 
as only a small proportion of patients treated experienced relief. 

It is reported that trichloroethylene heated with metals such as zinc, iron and 
cadmium in the presence of water yields dichloroethylene.®® Conversion of either 
geometrical isomer of 1,2-dichloroethylene into the other is said to occur on 
treatment with a small proportion of bromine in the presence of antimony bro¬ 
mide.®^ 

The photobromination of acetylene at 150°C. yields dibromoethylene, accord¬ 
ing to Booher and Rollefson.®^ To produce .yyw/'tetrabromoethane, acetylene may 
be led into aqueous solutions containing bromides to which chlorine water has been 
added to form free bromine.®® 

Although many investigators have reported that very little or no action takes 
place in the cold between acetylene and iodine, Ellis^®® noted that almost complete 
conversion to acetylene diiodide (C 2 H 2 I 0 , diiodoethylene) was effected in 2-3 days 
at 25®C. in a container whose inside surface was coated with sublimed iodine. 
Previous workers*®* found that reaction of acetylene with iodine (most favorably 
at 140-160®C.) gives a mixture of two isomeric 1,2-diiodoethylenes. Kaufmann^®^ 
has stated that the action of metallic sodium on 1,2-diiodoethylene (acetylene 
iodide) in ether solution causes the formation of 1,1-diiodoethylene. This state¬ 
ment was refuted by Emschwiller*®*'* who believed that such a reaction resulted in 
a 30 per cent conversion to diiodoacetylene, CT^CI, the remainder being unchanged 
diiodoethylene. Vaughn and Nieuwland*®’* obtained diiodoacetylene by iodination 
of acetylene or of sodium acetyliclc in liquid ammonia. Dehn*®® prepared the same 
compound by action of sodium hypoiodite (from sodium hypochlorite and potassium 
iodide) on acetylene. Reaction of iodine with sodium acetylide in benzene has 
yielded triiodoethylene and tetraiodoethylene.^®® Mono- and diiodoacetylene may 
be formed by the action of iodo-silver benzoate on acetylene.^®*^ 

•*H. L. Tsehenke, Ind. Enfj. Chem,, Anal. Ed., 1934, 6, 21; Chem. Abs., 1934, 28, 1138; Brit. 
Chem. Abs. B, 1934, 300. D. E. Jackson. Anesthesia and Analgesia, 1934, 13, 198; Chem. Abs., 1935, 
29. 1501. J. C. Krantz, C. J. Karr and R. Musscr, /. Am. Pharm. Assoc., 1935, 24, 754; Chem. Abs., 

1935. 29. 8233. H. Taylor. J. hid. Hyg. Toxicol., 1936, 18. 175; Chem. Abs., 1936, 30, 3881. 

* H. E. P.-irkcr, British P. 427,979, 1935, to Imperial Chemical Industries Ltd.; Chem. Abs., 1935, 
29. 6608. 

A. J. Geiger and L. S. Goo<lman, /. Amcr. Med. Assoc., 1937, 108, 1733. 

•• British P. 436,133. 1935. to Compagnie de prod, chim, et eicctromct. Alais, Froges et Camarguc; 
Chem. Abs., 1936, 30, 1394; Brit. Chem. Abs. B, 1935. 1129. French P. 786,803, 1935; Chem. Abs., 

1936. 30, 737. 

^ M. Mugdan and T. Rost, German P, 595,464, 1934, to Consortium fiir elektrochem. Industrie; 
Chem. Abs., 1934. 28. 4072. 

«"J. E. Booher and G. K. Rollefson. .T.A.C.S.. 1934. 56. 2288; Chem. Abs., 1935, 29, 405; Brit. 
Chem. Abs. A, 1935. 48. See also W. Frankc and H. J. Schumacher, Z. phxsik. Chem., 1936, B34, 
181; Chem. Abs., 1937. 31, 12^8. 

•• B. T. Pavlov and M. I). Rvazanizcv, Russian P. 33,535, 1933; Chem. Abs., 1934, 28, 3424. 

»«r. P. Ellis, J.C S., 1934, 726. 

»»^E. Paterno and A. Peratoner. Cass. chim. ital.. 1889. 19, 580; J.C.S., 1890, 58,. 1219. E. H. 
Keiser, Am. Chem. J., 1899, 21, 261; J.C.S., 1899, 76 (1), 398. G. Chavanne and J. Vos. Compt. 
rend., 1914, 158, 1582; Chem. Abs., 1914, 8, 3010. A. Sabanajeff, Ann., 1875, 178, 109; J.C.S., 1876, 
29. 55. 

P. Kaufmann. Ber., 1922. 55. 249; J.C.S., 1922, 122 (1), 213. 

G. Emschwiller. Bull. soe. chim., 1935, (5) 2, 1625; Chem. Abs., 1936, 30, 429. Sec also. 
Compt. rend., 1934, 198. 1151; Chem. Abs.. 19.14, 28. 3000. 

iwT. H. Vaughn and J. A. Nieuwland. J.A.C.S.. 1932. 54. 787; 1933. 55. 2150; Chem. Abs., 
1932. 26. 1573; 1933. 27. 2933; Brit. Chem Abs. A. 1932, 362; A. 1933. 694. 

»«»\V. H. Dehn. J.A.C.S., 1911. 33. 1598; Chem. Abs., 1911, 5. .3802; /.C.S., 1911, 100 (1). 914. 

M. Skosarewski. .1. Puss. Phys. Chem. Soe.. 1904. 36, 863; J.C.S., 1904, 86 (1), 793, H. Mois- 
tan. Compt. rend., 1898. 127, 914; J.C.S., 1899, 76 (U. 241. 

C. Prevost, Compt. rend., 1935, 200, 942; Brit. Chem. Abs, A, 1935, 728. 
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Hydration of Acetylene to Acetaldehyde 

Of the many chemical reactions of acetylene perhaps the most imi)ortant is its 
hydration to acetaldehyde. The latter can then be employed in the manufacture 
of acetone, acetic acid, crotonaidehyde, ethanol, butanol, butyric acid and ethyl 
acetate as well as many other products, including^ synthetic resins. 

The usual industrial method for hydration of acetylene consists in conducting 
the gas through an acid solution containing a catalyst. One procedure has been 
described by Thommen.^^® A large excess of acetylene is passed continuously 
through an apparatus filled with 30 per cent sulphuric acid maintained at 60-70°C. 
A steady stream of mercuric oxide suspended in water is fed into the acid, which 
is kept well agitated. Water vapor and the acetaldehyde formed are carried along 
with the gas stream which is run through condensers and washers to remove acetal¬ 
dehyde. Unreacted acetylene is then returned to the reaction vessel to repeat the 
cycle. The aldehyde water from the washers contains 10-20 per cent of acetalde¬ 
hyde, which is recovered by rectification. Sludge formation and consumption of 
mercuric o.xide are minimized by use of purified acetylene. 

A number of catalysts have been proposed for the hydration of acetylene in 
both the liquid and gaseous phases.Millar and Steck'^^ suggested a solution 
containing a free acid, a mercury compound and an acid salt of an alkali metal or 
of ammonia. Rosinsky and Baumann^'- have passed acetylene into concentrated 
aqueous solutions of normal salts with acid reaction, e.g., tlu* halides of zinc, 
chromium, cadmium, iron, magnesium and calcium. Yields are sai<l to be in¬ 
creased by the use of promoter>, e.g.. mercury compounds and u ater-sohible salts 
of uranium, gold and platinum. For vapor-phase hydration, acetvlene and water 
vapor may be passed over tungstic oxide or sulphide, tungstic acid or ammonium 
tungstate at 300-400°C. Activators, such as zinc oxide or selenide. copper oxide 
and cobalt sulphide may be incorporated with the catalyst.^I*'or this type of hy¬ 
dration, aluminum oxide may be employed, with oxides or sulphides of cadmium 
and zinc or with chromates, tungstates or molybdates as dehydrogenating cata¬ 
lysts.*^^ Also, the use of a mixture of phosphates of cadmium and an alkaline 
earth metal (e.g., calcium) has been proposed, temperatures of 250-400°C. being 
employed.'^® 

Catalytic hydration of acetylene may also be carried out in two stages, the 
first in liquid phase and the second in gaseous phase.**® In the first stage, a por¬ 
tion of the hydrocarbon is converted to acetaldehyde by passing through an acid 
(for example, sulphuric acid) containing mercury, usually as mercurous sulphate. 
The unchanged acetylene is converted in the gaseous phase by catalytic reaction 

Sec Carletan Ellis, “The Chemisfrv of Synthetic Resins.” Keinhold I’lihli^hinR Corp., New 
York. 1W5. 

«»H. Thommen, Chcm. Ztg., 19.14. 58, 7^>7; /. Inxt. Pet Tech.. 191S, 21. 22\ 

See Carlcton Ellis, “Tiie Chemistry of Petroleum Derivatives,” Chemical CntaloR Co.. New 
York. 1934, 676. 

»»R. W. Millar and L. V. Steck. U. .S. P. 2.005.946, June 25. 19.15. to Shell Development Co.; 

Chem, Abs., 1935. 29, 5461; Brit, Chem. Abs, B, 1936, 824. Canadian P. 337,706. P>33; Chem. 

Abs., 1934. 28,- 1720. 

’•»W. Rosinsky and P. Baumann, Cerman P. 621,292. 1935. addn. to 620,402. 1935. to T. C». 
Farbenind. A.-G.; Chem. Abs.. 1936, 30. 737. 1071. British P. 393,690. 1933, .addn. to 313,864, 
1928; Chtm. Abs,, 1930. 24. 1125; 1933, 27, 5751 ; Brit. Chem. Abs. B. 1929, 708; B. 1933, .S 23 . 

*** British P. 329,867, 1929, to I. (i. Farbenind. A.-CL; Chem. Abs., 1930, 24, 5768. 

“♦British P. 332,635, 1929, to 1. G. Farbenind. A.-CL; Chem. Abs., 1930, 24. 304. 

“® A. Scheuermann. R. Brill and G. Wieteel. German P. 637.186, 1936, to 1. (i. Farl>enind. 
A.-G.; Chem. Abs., 1937, 31, 711. British P. 452,527. 1936; Brit. Chem. Abs. B. 1936, 1 142; Chem. 
Abs,, 1937, 31, 1045. See also H. Dreyfus, IJ. S. P. 2,045,841, June 30. 1936; Chem. Abs. 1936 
30, 5597. 

“•British P. 425,069, 1935, to I. G. Farbenind. A.*G.; Chem. Abs., 1935, 29, 5128; Brit. Chem, 
Abs. B, 1935, 620. French P. 776,518, 1935; Chem. Abs., 1935, 29, 3354. 
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with steam.**’ To make acetaldehyde distillation-stable in monomeric or trimcric 
form it may be treated with acid-binding substances, e.g., sodium acetate.*^^® 

Although acetic acid can be made from acetaldehyde by oxidation,'^® numerous 
methods have been proposed for its manufacture directly from acetylene.^In om* 
such procedure a mixture of acetylene, water vapor and oxygen is saturated with 



Courtesy E. 1. du Font dc Nemours & Co. 
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mercury vapor and passed over a porous body carrying a hydration catalyst, e.g., 
phosphoric acid and zinc oxide, or ferric hydroxide or vanadium oxide. By using 
active carlxm and mercuric phosphate a yield of 60 per cent acetic acid and 14 
per cent acetaldehyde has been reported.*-* Acetaldehyde, acetone and acetic acid 


“’British P. 44S.H71, 1936, to I. G. Karbcnind. A.-G.; C/irm. Abs., 1936, 30, 7587; Brit. Chtm. 
Abs. B, 1936. 824. 

H. Dcutsch and W. O. Herrmann, German P. 617,762, 1935, to Chcni. Forschungs G.m.b.H.; 
Chem. Abs., 1936. 30. 736. 

>t» S«e, e.g., K. Wiesler, G. S. P. 1.953.381, April 3, 1934, to l^utsche Gold- und Silber-Seheidean- 
atAlt vorm. Kocasler; Chem. Abs., 1934. 28. 3743. 

»» (7/.. S. N. Kaxarnovskii and A. B. Fcigin, J. Chem. Ind. (A/oxr<mO, 1935. 12, 150; Chom. Abs., 
1935 29. 5813. Y. Mayor. Kev. chim. ind. {Paris), 1936, 45, 302; Chem. Abs., 1937, 31, 1763. 

E. Elterhardt. U. S. P. 1,972.476. Sept. 4, 1934, to I. G. Farl>enind. A. G.; Chrm. Abs,, 
1934. 28 . 6446. ('.erman P. 544,691. 1930 and addn. 554.784. 1930; Chem. Abs,, 1932. 26. 3521. 
5‘#7I. Hritiah P. 364.255. 1932; Brit. Chem. Abs. B, 1932. 459. 
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may be obtained by conducting acetylene and steam at 300-450°C. through a fused 
salt with acid reaction. A mixture of zinc chloride and aluminum chloride may 
be employed,^22 Catalysts for the reaction include the oxides of cerium, chro¬ 
mium, barium, zinc and titanium mixed with potassium hydroxide or sodium 
silicate. 

Under proper conditions, acetone may be synthesized from acetylene and steam 
or from acetaldehyde and steam. For example, reaction between acetylene and 
water vapor to form acetone may take place at 250-700°C. under 3-10 atmospheres 
pressure, and catalyzed by oxides of iron, manganese, cobalt, thorium, cerium or 
tin, or dusty iron sponge impregnated with iron and manganese acetates.^-'* Roka 
and Wiesler^24 suggest reaction of one part acetylene with 5 to 15 parts steam at 
300-600°C. in contact with a mixture of oxides having a partial pressure of oxy¬ 
gen within the range 10“"-'^ to 10“'^^ atmospheres. 

Zelinski and co-workers'investigated the use of an iron-manganese catalyst 
in the synthesis of acetone. With a composition consisting of 7 parts ferric oxide 
and 3 parts manganese dioxide, acetaldehyde and steam at 400-440°C. gave a % 
per cent yield of acetone. On the other hand, a yield of 88 per cent was obtained 
with acetylene and steam although this could be raised to 98 per cent by passing 
the reacting gases over the contact agent a second time. Acetone in 89 per cent 
yield has been reported from the reaction of acetylene and steam at 450°C. with 
a catalyst of 4 parts zinc oxide and one part manganous oxide.'-® A possible 
mechanism for the above reactions is, acetylene first reacts with water to form 
acetic acid, which then is converted into acetone.'^^ 

According to Walter,'-^ acetone may be synthesized by passing a mixture of 
acetylene and steam over active carbon impregnated with barium and zinc com¬ 
pounds at 400°C. or with zinc and calcium compounds at 500°C. Yields of 90 
per cent are reported. 

Condensation of Acetylene with Hydroxy Compounds 

By use of catalysts, acetylene may be condensed with alcohols and related hy¬ 
droxy compounds to form acetals. Thus, methanol reacts with acetylene in the 
presence of mercuric chloride to form dimethyl acetal.'-® 


OCHj 


HC=CH + 2HOCH.. ~ >- CHaCH 

\ 

OCH, 

H, D«ut»ch ami W. O. Herrmann. German P. .S8.L97f?. 19.3.1, to Consortium fur elektrochem. 
Ind. (J.m.b.H.; Chem. Abs., 19.34, 28. 1058. British P. .373.89.3. 19.31; Brit. Chem. Abs. B, 1932, 

8.32; Chem. Abs., 1933, 27, ,3951. French P. 722,190. 1931; Chem. Abs.. 1932, 26. 4067. 

W. Pohl, U. S. P. 1,953.499, April 3. 1934, to Deutwrhe Gold- und Silber-Scheidcanstalt 
vorm. Roesaler; Chem. Abs., 1934, 28. 3744; Brit. Chem. Abs. B, 19.35, 139. German P. 567,118, 
1930; Chem. Abs., 19.33. 27. 1365. 

Roka and K. Wiesler, U. S. P. 2,014.294. Sept. 10. 19.35; Chem. Abs., 19.35. 29. 7346. 
Orman P. 565,944, 1926, to Deutsche Gold- und Silber-Scheideanstalt vorm, Roessler; Chem. Abs., 

1933. 27, 2459 

N. D. Zelintkii, M. I. Uabakov, B. M. Mikhailov and T. A. Arbuiov, /. Applied Chem. 
(U.SS.R,), 1934, 7, 83; BHt. Chem. Abs. B, 1934, 567; Chem. Abs., 1934, 28. 7245; /. Chem. Ind. 
(Moscow), 1933 (7), 63; Chem. Abs., 1934, 28, 1015; Brit. Chem. Abs. B. 1934. 52. 

^•M. I. Uthakov and M. I. Rozengart, /. Chem. Ind. (Moscow), 1934 (4). 66; Chem. Abs., 

1934, 28, 4698; Brit. Chem. Abs. B, 1934. 792. Various catalysts have been investigated by M. S. 

Platonov, V. A. Plakidtna and K. K. Veltistov, /. Gen. Chem. (U.S..^.R.), 1934, 4, 421; Chem. 
Abs.. 1935, 29. 1774: Brit. Chem. Abs. A. 1934, 1336. 

isY For a study ot the mechanism of this reaction, sec M. Ya. Kagan. T. A. Sobolev and G. D. 
Lyubarski, Ber., 1935. 68, 1140; Chem. Abs., 1935, 29. 6207; Brit. Chem. Abs. A, 1935, 963. 

H. Walter, German P. 584.517, 1933, to Deutsche Gold* und Silher-Scheideanstalt vorm. 
Roe.«sIer; Chem. Abs., 1934. 28, 1058. 

S. Reichert, T. H. Bailey 6nd J. A. Nieuwland, J.A.C.S., 1923, 45. 1552; Chem. Abs., 1923. 
17, 2413; J.C.S., 1923, 124 (1). 753. A study of this reaction is made by S. Tamaru and Y. 
Tanaka, J, Chem. Soc. Japan, 1935, S6, 486; CAum. Abs., 1935, 29, 4733; Brit. Chem. Abs. A, 1936, 
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Cyclic acetals result when polyhydric alcohols are substituted for monohydric and 
mercuric sulphate and concentrated sulphuric acid used as catalyst.^^^ It is reported 
that by this method good yields of cyclic ethylidene derivatives of ethylene glycol, 
trimethylene glycol, propene glycol, 1,4-tetramethylene glycol, glycerol, glycerol- 
a-bromohydrin, pinacol and a-methyl glucoside have been obtained. In order to 
reduce tar formation, MitchelP^^ employed acid-free, freshly precipitated mercuric 
sulphate. Another catalyst proposed is a mixture of a mercuric compound and 
fluoboric or fluosilicic acid.^^^ 

Resinous products result from the condensation of phenol or cresols with acety- 
lene.^*^^ With ^-naphthol, an acetal together with some ethylidene di-j3-naphthol 
is secured. Reaction of acetylene with resorcinol is said to give first vinyl resorcinol 
and then ethylidene diresorcinol. The latter loses water to form dihydroxy- 
methylxanthene, which on oxidation yields hydroxymethylfluorene.^^^ 

Acetals, on treatment with the proper catalysts, yield unsaturated ethers. For 
example, acetal vapors may be led at 200-350°C. over finely divided gold, silver, 
platinum or palladium mixed with auxiliary agents, e.g., copper, aluminum, calcium, 
zinc, thorium, tungsten, manganese or their oxides, phosphates or silicates.By 
the reverse reaction, combination of unsaturated ethers with alcohols, acetals may 
be formed.^'^® Vinyl ethers are of interest because of their tendency to polymerize 
to resinous materials useful in such products as adhesives and lacquers.^^^ Divinyl 
ether, prepared by the action of potassium hydroxide on ^,^'-dichloroethyl ether, is 
used to some extent as an anesthetic.^^® 

Reppe^®® has produced vinyl ethers by the action of acetylene on monomeric 
hydroxy compounds at 80-250°C. in the presence of alkaline catalysts. For ex¬ 
ample, n-butanol and acetylene (potassium hydroxide as catalyst) at 150°C. fur¬ 
nish vinyl butyl ether in 95 per cent yield.^^® Likewise ethylene glycol and acety¬ 
lene at 120°C. give 33 per cent of ethylene glycol monovinyl ether, 10 per cent of 
ethylene glycol divinyl ether and 50 per cent of unchanged glycol. In an analogous 
manner mercaptans unite with acetylene to form vinyl thioethers.^^^ Vinyl phenyl 
ether may be prepared in the vapor phase at about 270°C. from acetylene and 
phenol, employing a zinc or cadmium salt, e.g., zinc acetate, as catalyst.Vinyl 

H. S. Hill and H. Hibhfrt, J.A.CS., 1923. 45, 3108; J.C.S.. 1924, 126 (1). 133; Chem. Abs.. 
1924. 18. 1987. See also H. Walter. British P. 288.707, 1927, to Verein fiir Chem. Ind. A.-G.; 
Chem. Abs., 1929. 23, 607; Bnt. Chem. Abs. B, 1928. 440. 

»«W. Mitchell, British P. 428.080. 1935. to Imperial Chem. Ind., Ltd.; Chem. Abs., 1935, 29, 
6608. 

'"British P. 384.332, 1932. to E. I. du Pont de Nemours & Co.; Brit. Chem. Abs. B, 1933, 181. 

Sec Carleton Ellis, “The Chemistry of Synthetic Resins,” Rcinhold Publishing Corp., New 
York, 1935, Chapter 18. Sec also, e.g., W. Reppe and E. Keyssner, U. S. P. 2,027,199, Jan. 7, 
1936, to I. G. Farbenind. A.-G.; Chem. Abs.. 1936, 30, 1468. French P. 758,042, 1934, and addn. 
44,008, 1934; Chem. Abs., 1934, 28, 3255; 1935. 29, 3073. 

H. H. Wenrkc and J. A. Nieuwland. J.A.C.S., 1924. 46v 177; Chem. Abs.. 1924, 18. 1995; 
J.C.S., 1924. 126 (1), 282. S. A. Flood and J. A, Nieuwland, J.A.C.S., 1928, 50, 2566; Brit. Chem. 
Abs. A, 1928. 1239; Chem. Abs.. 1928. 22. 3643. 

K. Baur. U. S. P. 1.931.858, Oct. 24. 1933. to I. G. Farbenind. A. G.; Chem. Abs., 1934, 
28, 485. British P. 345.253. 1929; Chem. Abs., 1932. 26, 156. 

\V. Reppe and K. Baur, U. S. P. 2,000,252, May 7, 1935, to I. G. Farbenind. A.-G.; Chem. 
Abs., 1935, 29. 4029. British P. 352.474, 1930; Bnt. Chem. Abs. B. 1931, 1040. 

For a more complete treatment of this subject sec Carleton Ellis, “The Chemistry of Synthetic 
Resina.” Reinhold Publishing Corp., New York, 1935, Chapter 50. 

lan Chapter 21. Cf. Chapter 53 on the use of petroleum hydrocarbons in anesthesia. 

** W. Reppe, r. S. P. 1.959,927. May 22. 1934. to I. G. Farbenind. A.-G.; Chem. Abs., 1934. 
28. 4431. German P. 584,840. 1933; Chem. Abs.. 1934. 28, 1058. British P. 369,297, 1932 and addn. 
430.764. 1935; Brit. Chem. Abs. B. 1932. 670; 1935, 795; Chem. Abs., 1933, 27, 2159; 1935, 29, 
8001. French P. 724.955, 1931; Chem. Abs., 1932. 26, 4825. 

This reaction may also take place in the vapor phase at 250.300*C. W, Reppe and W. Wolff, 
U. S. P. 2.066.076. Dec. 29. 1936. to I. G. Farbenind. A.-G.; Chem. Abs., 1937, 31, 1037. British 
P. 427,036, 1935, addn. to 369,297, 1932; Chem. Abs., 1935, 29. 6247; Brit. Chem. Abs. B, 1935, 
584. French P. 45.333. 1935. addn. to 724,955. 1931; Chem. Abs., 1936, 30. 2578. 

W. Reppe and F. Nicolai, German P. 617,543, 1935, and 624,845, 1936, to I. G. Farbenind. 
A.-G.; Chem. Abs., 1936, 30, 733. 4871 T.ench P. 777,427. 1935; Chem. Abs., 1935, 29. 4024. 

Reppe and W. Wolff, U. S. P. 2,017,355, Oct. 15, 1935, to I. G. Farbenind. A.-G.; Chem. 
Abs., 1935, 29, 8001. British P. 430,590, 1935; Chem. Abs.^ 1935, 29. 8001. 
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ethers ot aronmtic hydroxyalkylaniines are formed by reaction of the latter with 
acetylene, using^ alkaline catalysts.^*** 


COXDKNSATIOX OF ACETYLENE WITH HyDROGEN HaLIDES 

Acetylene and hydrogen halides (in molecular proportions) yield vinyl halides; 
the latter may react with the halogen halide giving rise to ethylidene dihalides. 
Perkins^'^^ made vinyl chloride by passing acetylene at 65°C. into a solution con¬ 
taining 12 per cent hydrochloric acid and 40 per cent catalysts, e.g., eciiial propor¬ 
tions of cuprous chloride and calcium chloride. Mercuric chloride and anhydrous 
stannic chloride were used by Toussaint.^”*^ Baxteremployed active carbon, in 
this instance the catalyst being activated (and reactivated) by a stream of the 
halide. Reaction temperatures of 100-300°C. and activation temperatures of 200- 
600°C. were employed. A mixture of vinyl chloride and acetylene is made by the 
pyrolysis of ethylene dichloride (with inert diluents) at S00-100()°C\ Short heat¬ 
ing (1-2 sec.) is said to favor the formation of vin\l chloride; diluents, reduced 
pressure and longer heating (6-8 sec.) promote acetylene formation.^'*^ 

.As mentioned previously, vinyl chloride and hydrogen chloride yield ethylidene 
chloride (u.vy//L-dichloroethane). Among, the catalysts proposed for this reaction are 
included the chlorides of aluminum,^mercury and zinc2^-^ The use of aluminum 
chloride or ferric chloride in a non-aqueous licjuid has also been suggested.Ac¬ 
cording to Kharasch and his associates,hydrogen iodide combines with vinyl 
chloride to form only ethylidene chloroiodide. Addition of hydrogen brotnide to 
vinyl bromide and to vinyl chloride is influenced by the conditions of the reaction. 
The presence of peroxides causes the formation of ethylene bromide and bromo- 
chloride, respectively. Under peroxide-free conditions the ethylidene compounds 
are obtained. 

Reaction of vinyl chloride with chlorine is said to yield 1.1.2-trichloroethane.**’- 
Vinyl halides when treated with aqueous solutions of halogens, hypohalogenated 
acids, hydrogen halides or organic hypohalites form products suggested for refining 
of mineral oils and purification of gases and also for the m.anufacture of synthetic 
resins.Treatment of acetylene with hydrogen fluoride at 0 to 10°U. yields 
fluorinated compounds which may be employed as insecticides or disinfectants.*^^ 

’••French P. 44,892, 1935, addn. to 724,955, 1931, to I. O. F.'trl>rnin<I. A O.; them. Abs., 19.<5. 
29, 6247. 

G. A. Perkins, U. S. P. 1,934,324, Nov. 7, 1933. to ( arlnde and ('a)hr)n C hrm. ('"rp ; Brit. 
Chem. Abs. B, 1934, 873; Chem. Abs., 1934, 28, 4H8. (.'an.adian P. 329.032. 193?; Chew Abs., 1933. 
27, 1365. 

W. J. Toussaint. I’. S. P. 1,926,638, Sept. 12. 1933, to ( .arliifle and ('arlxm ( hem. (*orp.; 
Chem. Abs.. 1933, 27, 5756; Brit. Chem. Abs. B. 1934, 7H». Canadian P. 348,472, 193.S; them Abs., 
1935. 29. 3353. 

J. P. Baxter. I’. S. P. 1,944,161. Jan. 23. 1934. to Imperial ( hem. lnr|. I.td.; Chem. Abs., 
1934, 28, 2012. Briti-*h P. 349,017, 1930 (f); Br,t. them. Abs. B, 1931, 875; Chem. Abs., 1932, 

26, 1945. 

J. P. Baxter. A. M. Edwards and K. M. Winter. British P. 363.009, 1930; Brit. Chem. Abs. 
B, 1932, 331; Chem. Abs., 193.1, 27, 1365. (Jerman P. 596,256. 1934; Chem. Abs., 1934, 28, 4436. 
French P. 721.808. 1931; Chem. Abs.. 1932. 26, 4067. 

G. H. Coleman, C. S. P, 1,900,276, March 7, 1933, to Dow CTiem. Co.; Chem. Abs., 1933, 

27, 2965. 

’“’J. P. Wihaut and J, van Dalfsen, U. S. P. 1,990.968, Fel». 12, 1935, to Dow Chemical Co.: 
Chem. Abs., 1935, 29, 2178. 

H. S. Xuttinx, P. S. Petrie and M. E. Huschcr. C. S. P. 2.007.144, July 2. 1935, to Dow 
Chemical Co.; Chem. Abs.. 1935, 29, 5460. See aUo British P. 4.54.128, 1936, to Connortium fur 
elektrochem. Industrie G.m.h.H,; Brit. Chem. Abs. B, 1936, 1192. French P. 801,490, 1936; Chem. 
Abs.. 1937. 31. 420. 

M. S. Kharasich, M. C. MeXab and F. R. Mayo. J.A.C.S.. 1933, 55. 2521; Chem. Abs., 1933. 
27, 3444; Brit. Chem. Abs. A, 1933, 805. M. S. Kharasch and C. W. Hannum. J.A C.S,, 1934 
56, 712; Chem. Abs., 1934, 28. 2671; Brit. Chem. Abs. A, 1934. 508. 

Soil, U. S. P. 1.944.306, Jan. 30. 1934, to I. (i. Farhenind. A. G.; Chem. Abs., 1934, 28, 

2019. 

H. P. A. Groll and (». Hearne, Britiah P. 437,.573, 1935, to X. V. dc Bataafsche Petroleum 
MaatKhappij; Brit. Chem. Abs. B, 1936, 1.18; Chem. Abs, 1936. 30. 2199, French P. 787,529, 1935; 
Chem. Abs.. 1936. 30. 1067. 

••‘‘Ml. .*scherer, C, Platz ami J. .Soil, (ieriuan P 621.977. 1935, to I. G. Farhenind A.-G.: 

Chem. Abs., 1936, 30, 2314. 
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Condensation of Acetylene with Organic Acids 


Analogous to the reaction of acetylene with hydrogen halides is its condensation 
with organic acids to give vinyl esters and ethylidene diesters. Of the vinyl esters, 
the acetate is of interest since it can be polymerized alone or co-polymerized with 
vinyl chloride to form light-colored synthetic resins.^^® In the addition of acetic 
acid to acetylene, conditions must be carefully regulated if vinyl acetate is the 
product desired, since the latter tends to react with more acetic acid to form 
ethylidene diacetate. For liquid-phase production, acetylene is conducted into acetic 
acid in the presence of a catalyst, the temperature being kept relatively low (not 
above 60°C.). Excess acetylene, passing through the acid, carries with it most of 
the vinyl acetate formed together with some acetic acid. One type of catalyst con¬ 
sists of a mercury salt of a disulphonic acid, e.g., methionic, CH 2 (S 03 H) 2 , or 
benzenedisulphonic acid.^®^ Another agent which may be employed is mercuric 
orthophosphate, prepared by dissolving phosphoric acid and mercuric oxide in the 
carboxylic acid involved in the reaction.'®^ Boron fluoride and hydrofluoric acid 
have been suggested as promoters for mercury catalysts.’®® 

'J'he vapor-phase synthesis of vinyl acetate has been studied by Ushakov and 
Feinstein.’®® It was pointed out by these workers that liquid-phase reaction is dis¬ 
advantageous because of the continued presence of excess acetic acid, which favors 
transformation of vinyl acetate into ethylidene diacetate. With both reactants in 
the vapor pliase it is possilde to have an excess of acetylene at all times and thus 
promote formation of vinyl acetate. The best yields (77-84 per cent) were ol)- 
tained with 9 parts of acetylene to one of acetic acid led through a reaction tube 
containing the catalyst. When the latter consisted of zinc or cadmium acetate on 
activated carbon, a temperature range of 180-250°C. was found most satisfactory. 

.As previously staled, the ultimate reaction products of acetylene and organic 
acids are ethylidene diesters. Thus, acetylene passed into warm acetic acid ( con¬ 
taining catalysts) gives ethylidene diacetate. For this reaction, Walter’®^’ proposed 
a catalyst of silica gel added to a solution of mercuric oxide in sulphuric acid. 
Rabald’”’ suggested a mixture of a mercuric sulphonate and a free disulphonic acid. 
.According to Kuwata and Kato.’*’- the efliciency of a catalyst of mercuric sulphate 
is increased if it is precipitated on Iapane>c acid clay. This is done by adding 
fuming sulphuric acid to a mixture of the clay and an acetic acid solution of mer¬ 
curic acetate. .Alkylidene diesters may be formed by passing an acetylene hydro- 
ciirbon and an aliphatic acid, both in the vapor phase, through a tube containing 
pumice and zinc achate.In tlie case of ethylidene acetate, the temperature 
employed was 210-215°C. 


For a detailed description, see Carlcton Ellis, *‘The Chemistry of Synthetic Resins." Reinhold 
'Publishing Corp., New V’orlc. 1935, Chapter 51. 

‘"British P. 427,448, 19.15, to C. F. Boehringer & Sochne. (i.m.b.H.; Brit. Chem. Abs. B, 
1935. 619. 

147 F W Skirrow and G. O. Morrison, Canadian P. 287,494, 1929, to Canadian Electro Pr<Kluc!>* 
Co.; Chrm. Abs.. 1929. 23. 1908. . ^ ^ . 

W Weil)ezahn, I". S. P. 1.912,608. June 6, 19.13, to T. G. Farbenind. A. U. ; Chem, Abs.. 
1933 27, 424.1. British P. 438.728. 19.14 (f); Brit. Chem. Abs. B, 1936, 138; Chem. Abs.. 1936, 
30 2986. German P. 582.544. 1933 and addn. 604.640, 1934; Chem. Abs., 1934, 28, 778; 1935, 29, 
813. French P. 773,476, 1934; Chem. Abs,, 1935, 29, 1432. 

1" S. N. Ushakov and J. M. Feinstein, Ind. Eng. Chem., 1934, 26, 561; Brit. Chem. Abs. B, 
1934, 568; Chem. Abs., 1934. 28. 3711. . ., , ^... « 

H Walter, German P. 599.631, 1934, to Deutsche Gold- und Silber-Scheideanstalt vorm. 
Roessler* Chem. Abs., 1934, 28, 7267; J. Inst. Pet. Tech., 1935, 21, 28A. 

E. Rabald, U. S. P. 2.011.011. Aug. 13. 1935, to C. F. Boehringer 8t Soehne; Chem. Abs.. 
1935 29 6609 British P. 427 . 448 . 1935; Chrm. Abs., 1935, 29, 5864; Brit. Chem. Abs. B, 1935, 
619.’ French P. 770.154. 1934; Chem. Abs.. 1935. 29. 481. 

’•T. Kuwata and O. Kato, J. .Soe. Chem. Ind.. Japan, 1936. 39. 127; Bnt. Chem. Abs. A, 1936, 

1936; Chem. Abs., 1937. 31, HO. 
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By the reaction of acetylene homologues with aliphatic carboxylic acids it is 
reported that the anhydride of the acid and a ketone corresponding to the acetylene 
homologue are obtained.^®^ Thus, acetic acid and ethylacetylene would react to 
form acetic anhydride and methyl ethyl ketone. 


CHaCHaCsCH + 2CH,COOH 


O 


O 


CH,C 




-> CHjCHjC-CH, + O 

/ 

CH,C 


Catalysts include salts of mercury, zinc and cadmium mixed with sulphuric or phos¬ 
phoric acid. 

Acetic anhydride and acetaldehyde are produced by the thermal decomposition 
of ethylidene diacetate^‘‘**’‘ according to the reaction: 
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Muller and Rabald^®® employed silica or alumina gel (treated with aqueous 
ammonia, hydrochloric acid or active carbon) as carriers with platinum catalysts 
for the conversion of ethylidene diesters into acid anhydrides. For the same pur¬ 
pose, metals of groups Ib or VIII (except iron, cobalt and nickel) with roughened 
surfaces have been proposed.Vinyl acetate reacts with liquid hydrogen chloride 
under atmospheric pressure to give a-chloroethyl acetate in 50-70 per cent yield.’ 


Miscellaneous Reactions of Acf.tylenk 


The condensation of acetylene with benzene was apparently first studied by 
Varet and Vienne.’®® They reported that treatment of 200 parts of benzene and 
SO parts of aluminum chloride with acetylene yielded a product containing 80 per 
cent styrene, 15 per cent ojyw-diphenylethane and 5 per cent bibenzyl {synt^di- 
phenylethane). Parone’’® stated that ethylbenzene, styrene, bibenzyl and anthra¬ 
cene were produced by this reaction. Cook and Chambers,’’^’ in attempting to re¬ 
peat the work of Varet and Vienne, obtained mainly ajyw-diphenylethane and 9-10- 
dimcthylanthracene hydride (10 parts of each from 200 of benzene) with only 
traces of styrene. Condensation with toluene gave (wym-/>./>-ditolylethane and 2,7- 

Nicodemm and W. Weibezahn, German P. 590,237. 1934, to 1. G. Farbenind. A. G.; Ckem. 
Abs., 1934. 28. 2014. 

Sec also S. N. Kazamovskii and K. E. Piaarev (Org. Chem. Ind. (U.S.S.R.), 1936, 1, 195; 
Ckem. Abs.. 1936, SO. 7543). 

»**R. Muller and E. Rabald. U. S. P. 2,001,211, May 14. 1935. to C. F. Boehrinaer & Sochne 
G.fn.b.H.; Ckem. Abs.. 1935, 29. 4380. German P. 580.930. 1933; Chem. Abs.. 1934. 28, 180, 
Britiih P. 396,276, 1933; Brit. Ckem. Abs. B. 1933, 904; Ckem. Abs.. 1934, 28. 492. French P. 
746.684, 1933; Ckem. Abs.. 1933, 2?; 4545. 

French P. 779,212, 1935, to C. F. Boehrmger & Soehne G.m.b.H.; Chem. Abs., 1935, 29, 4776. 

E. Gebauer-Fuelnegg and E. Moffett, J.A.C.S., 1934, 56, 2009; Chem. Abs., 1934, 28, 6698; 
Brit. Ckem. Abs. A. 1934, 1200. 

'•R. Varet and G. Vienne. Cempt. rend., 1886, 104, 1375; J.C.S., 1887. 52, 806; Bull. soc. ckim., 
1887, (2) 47, 917; Ckem. Zentr.. 1887, 896. 

‘WE. Parone. VOrosi. 1902, 25, 148; Ckem. Zentr.. 1903, 2, 662. 

>nO. W. Cook and V. J. Chambera. J.A.C.S., 1921, 43, 334. 
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dimethylanthracene (5 parts of each from 200 of toluene) along with small amounts 
of 2,6-ciimethylanthracene and )3-methylanthracene. Side reactions yielded xylene, 
mesitylene and psuedocumene. With the aid of a mercury salt in sulphuric acid, 
condensation of acetylene with benzene, toluene and ethylbenzene at 10-20®C. has 
produced ditolylethane (45-50 per cent yield), dixylylethane (50-55 per cent yield) 
and ethylidene bis-ethylbenzene (20-25 per cent yield) respectively, together with 
various anthracene derivatives.^’- It has been suggested that petroleum fractions 
containing aromatic hydrocarbons (e.g., those from Borneo crude) can be refined 
by treatment with acetylene hydrocarbons at temperatures up to 50°C., in the 
presence of a diluent (e.g., petroleum ether or cyclohexane) and with the aid of a 
condensing agent, e.g., boron fluoride or the thlorides of aluminum, iron or zinc.^’^ 
Solid resinous products obtained thereby are said to be applicable in the varnish 
industry. 

Reduction of acetylene by hydrogenation yields first ethylene^’** and then ethane. 
Reduction to ethylene may alj>o be effected by slightly acid solutions of chromous 
salts.^’^ 

Reaction of acetylene with ammonia or amines at elevated temperatures will 
yield nitriles and pyridine bases. Temperatures of 2()0-600°C. may be employed 
and catalysts proj)osed include non-reducible metal oxides or other compounds such 
as those of zinc, thorium, vanadium and tungsten or certain free metals, e.g., cad¬ 
mium, gold, platinum or palladium.^’® This type of synthesis may also be carried 
out below 200®C. by use of high pressures.'” Catalytic agents suggested are 
o.xides, hydroxides, alcoholates or anhydrous salts of metals of the first three peri¬ 
odic groups. Thus, ammonia and acetylene heated with zinc chloride at 170-180®C. 
under 25 atmospheres pressure gave a product believed to be fimethylpyridine. 
Condensation of acetylene with aniline has been catalyzed in toluene by cuprous or 
cupric chloride. Kozlov and Fedoseev”^ report that a white solid was produced, 
which, on distillation, yielded cjuinaldine. 


/\ .N. 


-CH, 


aniline and a mixture of secondary amines consisting chiefly of tetrahydroquinaldine. 

N-V"inyl compounds may be prepared by heating pyrrole (or its derivatives) 
and acetylene to 100-200°C. under pressure. Alkaline catalysts are suggested. In 
this manner. N-vinylcarbazolc, N-vinylpyrrole and N-vinylindole have been 
synthesized.'’® 

S. Reichert .ind T. A. Nicuwland. J.A.CS., 1923. 45. 3090; Chtm. Abs.. 1924, 18. 2000; 
J.C.S.. 1924, 126 (1). 1.S6;' J.S.C.I., 1924. 43. 152B. 

British P. 441,806. 1936, to N. V. de B.ataafsche Petroleum Maatschappij; Brit. Chem. Abs. 
B, 1936, 260; C/tem. Abs.. 1936. 30. 46(A. H. I. Waterman, Canadian P. 359.746, 1936, to Shell 
Development Co.; Chrm. Abs., 1936. 30. 6937. 

See. e.g., W. H. Ross, J. B. Culbertson and J. B. Parsons. Ind. Eng. Chem., 1921, 13, 775; 
J.C.S.. 1921. 120 (1). 761; Chem. Abs., 1921. 15, 3610. Also. Carleton Ellis, “Hydrogenation of 
Organic Substances,’’ I). Van Nostr.and Co., Inc.. New York, 1930. K. Sauerwein. U. S. P. 1.860,- 
624, May 31, 1932, to I. (I. Farbenind. A.-G.; Chem. Abs., 1932, 26, 3807. German P. 552.008. 
1929; Chem. Abs.. 1932, 26, 4347. British P. 325.152 and 325,695, 1929; Chem. Abs., 1930, 24, 
3802, 4051; Brit. Chem. Abs. B, 1930, 408. 452. 

J’* German P. 593,669. 1934. to Compagnie de prod. chim. et electromet. Alais, Froges ct Camargue; 
Chem. Abs., 1934, 28, 3425. French P. 742.489, 1933; Chem. Abs., 1933. 27, 3409. 

A more detailed disctission is given by Carleton Ellis, “The Chemistry of Petroleum Deriva- 
tivft,*' Chemical Catalog Co., New S’ork. 1934. See also L. Schlecht and H. Rotger, IT. S. P. 
1,936,995. Nov. 28. 1933; and V. S. P. 2.012,174, Aug. 20. 1935, both to I. G. Farbenind. A.-G.; 
Chem. Abs.. 1934. 28. 1052; 1935. 29. 6608. 

‘^British P. 451.794, 1936. to 1. G. Farlumind. A.-G.; Brit. Chem. Abs. B, 1936, 1083; Chem. 

N. S. Korlov and P. N. Fedoseev. J. Gen. Chem. (U.S.S.R.), 1936, 6, 250; Chem. Abs., 193t>. 
SO, 4864; Brit. Chem. Abs. A. 1936. 836. 

W. Reppe and E. Keyssner. (»erman P. 618.120. 1935, to T. G. Farbenind. A.-G.; Chem. Abs.. 
1936, SO, 110. British P. 438,281, 1935; Brit. Chem. Abs. B. 1936, 140. French P. 790,467, 1935; 
Chem. Abs., 1936, 30, 2990. 
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Acetylene and sulphur at 290-390®C, according to Bhatt and co-workers,***^ 
gave, in addition to a residue of carbon, a brown liquid containing carbon disul¬ 
phide, thiophene and thiophenol. Meyer and Sandmeyer*®* obtained carbon, hydro¬ 
gen sulphide, carbon disulphide and a small amount of thiophene by passing acety¬ 
lene through molten sulphur.*®® Investigation of the effect of various tempera¬ 
tures was undertaken by Peel and Robinson,*®® the best yield (12 per cent) of 
thiophene being obtained at 500®C. By an analogous reaction of acetylene and 
selenium at 400®C., selenophene, is formed, together with naphthalene, anthracene, 

HC-CH 

|l I! 

Ht CH 

\/ 

Se 

phenanthrene and stilbcne.*®^ A liquid believed to be tellurophene (tellurium ana¬ 
logue of thiophene) has been prepared by heating acetylene, aluminum telluride 
and bauxite to 350-600®C.*®* 

Thiophene also results from the reaction of acetylene with hydrogen sulphide. 
Meyer and Wesche*®® reported that at 640-660®C. small amounts of thionaphthenc, 
CftHftS. and thiophthene, CHH 4 S 2 , were formed in addition to thiophene. Acetylene, 
hydrogen sulphide and purified coal gas (largely methane) gave a- and ) 3 -thio- 
tolene. The use of oxides of aluminum, iron, chromium, nickel, titanium, zinc and 
thorium as catalysts was studied by Chichibabin.*®* With these contact agents 
2 volumes of acetylene and one volume of hydrogen sulphide at 425-450®C. gave 
thiophene (35 per cent of total yield), ethyl mercaptan, jrc-butyl mercaptan and 
a- and ) 9 -ethylthiophene. Tomkinson*®® pointed out that sulphides rather than 
oxides are the catalysts in the aliove reaction, since in every case the oxide is con¬ 
verted to the sulphide with the formation of water. Using ferric oxide as contact 
agent one volume of hydrogen sulphide and two volumes of acetylene at 300-350®C. 
yielded an oily liquid containing acetaldehyde and thiophene (30-40 per cent) and 
its homologues. The ferric oxide “catalyst** was largely converted to the sulphide 
during the reaction. Acetylene in contact with iron pyrites at 280-310®C. formed 
a dark conden.sate 40 per cent of which was thiophene.*®® 

Liquid hydrogen sulphide and gaseous acetylene give a small percentage of 
thioacetaldehyde, according to Guest.*®® Reaction of hydrogen sulphide in aqueoas 
solution with acetylene under 10-20 atmospheres pressure and at 100 ®C. is said to 
form a-trithioaldehyde. Ethyl mercaptan and vinylethyl sulphide result if equal 
volumes of hydrogen sulphide and acetylene are passed through diethylene glycol 

♦^C. T. bhatt, K. S. Nargund. D. B. Kanga and M. S. Shah. /. Univ. Bombay, 1934, 3, 159; 
them. Abe., 1935, 29, 4762; Brit. Chew.. Abe. A. 1935. 325. 

»«V. Meyer and T. Sandmeyer, Bcr., 1883. 16, 2176; J.C.S.. 1884. 46, 45 

Capcile (Bull. toe. ekim.. 1908, (4) 3, 150; Chem. Abe., 1908. 2, 1562; J.C.S., 1908, 94 
(1). 201) reported that the prineipal product of this reaction is thiophthene, r«H,S 3 . This wa* 
conhrmed by W. O. de Coninck. BmU. acad. roy. Beigique, 1908, 303; Chem. Abe., 1909. 3, 643; 
J.CS., 1908. 94 (1>. 750. 

B. Peel and P. L. Robinson. J.C.S., 1928, 2068; Brit. Chem. Abs. A. 1928, 1112; Chem. 
Abs.. 1928. 22. 4460. 

»"«H. V. A. Briscoe and J. B. Peel. J.C.S., 1928. 1741; Chem. Abt., 1928, 22. 3657; Bnf. Chem. 
Abs. A. 1928. 1021. 

‘'«K. A. McMahon. T. G. Pearson and P. L. Robinson. J.C.S.. 1933, 1644. 

»*-R. Meyer and H. Wesche. Ber., 1917, 50. 422; J.C.S., 1917. 112 (1), 313. 

w" A. E. ChichibaWn. /. Ruse. Pkys. Chem. Soc., 1915, 47. 703; Chem. Abs., 1915, 9. 2512. A. E. 
Chiebibabin and O. S. Bagdassarjans, /. prakt. Chem., 1924, 108, 200; Chem. Abs.. 1925. 19, 34. 

‘•"M. C. Tomkinson, /.C.S., 1924, 125. 2264; Chem. Abs., 1925, 19. 463; J.C.S., 1925, 128 (1).* 

»**W. Steinkopf and G. Kirchboff, Ann., 1914. 408. 1; Chem. Abs., 1914, 8. 1416; J.C.S., 1914. 
106 (1). 425. W. Steinkopf and J. Herold, Ann., 1922, 428, 123; Chem. Abs., 1922, lA 3653; 

1922, 122 (1). 850. 

H. P. Citieat. iotfxt .^tete Cotf. /. Sci., 19.1.1. 8. 197; CJiem. Abs., 1934. 88, 2631. 
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containing a small percentage of potassium hydrosulphide.^®^ With an excess of 
acetylene the main product is the diethyl ether of ethanedithiol. 

Gustafson^®^ pointed out that acetylene reacts at 70-80®C. with ethylaceto- 
acetate in the presence of mercuric sulphate and sulphuric acid. The products 
obtained were identified as ethyl 3,5-dimethyl-2-cyclohexene-l-one-4-carboxylate 
(b.p., 102-104®C. at 0.12 mm.) and diethyl 3,5-dimethyl-2-cyclohexene-l-one-4,6- 
(licarboxylate (b.p., 128-130°C. at 0.12 mm.). The latter compound is represented 
below: 

H CHa 

! • 

C==C 

/ 

()=C CH—COOC.Hs 

\ / 

c—c 

/i !\ 

C',H,0()C H H CHa 

According to Das-Gupta,^’^'* acetylene reacts with dichloroniethylarsine, CHj^- 
As(']._.. in the presence of anhydrous aluminum chloride at 10-15°C. The products, 
/^-chlorovinylmethylchloroarsine (b.p. 112-115®C. at 10 mm.) and /^,^-dichloro- 
vinylmethylar^ine (b.p.. 140-145®C. at 10 mm.) are shown in the following equa¬ 
tion representing the reaction: 

HCsCH -f- HaCAsCl, - ClC=C-AsCl -f C1C=C - As—C-=Cn 

' ■ i ; ’ ’ ! 1 

H H CHa H H CHaH H 

1‘he second product was also obtained by further reacting the first product with 
acetylene at 5 to 10®C\. using the aluminum chloride catalyst. 

Dimethylethinylcarbinol, CH^CC(CH 3 )mOH, is produced when acetone (1 
mol), potassium hydroxide (1 mol) and calcium carbide (1 mol) are suspended 
in ether for 24 hours at 0®C., with subsequent addition of water.Oxidation of 
this carbinol by passing it over anhydrous magnesium sulphate at elevated tem¬ 
perature yields isopropenylacctylene, according to F'avorskii.^®*'' Reaction of iso- 
propenvlacetylene with hydrochloric acid, using cuprous chloride as catalyst, gives 
chloroisoprene.*’^*^ By catalytic addition of hydrochloric acid to dinicthylethinyl- 
carhinol, dimethylchlorovinylcarbinol is formed.Methyl /5-chlorovinyl ketone 
results from reaction of acetylene with acetyl chloride at 15®C., using aluminum 
chloride as cataly.st.'^^ Schroeter^^® reports that crystalline acetaldehydedisul- 
phonic acid is prepared by saturating fuming sulphuVic acid with acetylene and 
allowing to stand for several weeks in the absence of moisture. 

Rk.actions of Acktylexk Homologuks 

Becau.se of their relative difficulty of preparation, the homologues of acetylene 
have received only slight attention as compared with acetylene itself. One method 

»•» French P. 79.1.151. 19.16. to I. (>. Farbenind. A. C.; Chem. /lbs., 19.16. 30, 4240. 

’•**0. Gustafson, Fitnka Kemistsamfundets Mcdd., 1935. 44, 85; Chem. Aos., 1936. 30. 5561. Sec 
also B. Ciocca and M. Scattola. (iass, chim. ital., 1936. 66, 394; Brit. Chem. Abs. A, 1936. 1249. 

H. N. Oas-Gupta. J. Indian Chem. Soc., 1936. 13, 305; Chem. Abs., 1936, 30. 7098; Brit. 
.Chem. Abs. A. 19.16. 1097. 

Kazarian. J. (ien. Chem. (V.SS.R.). 1934, 4, 1347; Brit. Chem. Abs. A. 1935. 729; Chem. 
Abs.. 1935, 2SC 3978. 

’•"A. E.* Favorskii. Russian P. 31,015. 1933; Chem. Abs., 1934. 28, 3425. 

•'"’A. E. Favorskii, Russian P. 31.016, 1933; Chem. Abs., 1934. 28, 3425. 

A. E. Favorskii. Russian P. 34,544. 1934; Chem. Abs., 1935. 28, 2976. 

C'ornillot and R. Alnuicr. Comfit, rend., 1935, 201, 837; Chem, Abs., 1936, 30, 1735. 

(;.;^hro< 4 cr. German V. 632.610. 1936; Chem. Abs.. 1937, 31, 117. 
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of preparation is by the reaction of organic halides with sodium acetylide.^^ The 
latter is made by passing acetylene into a solution of metallic sodium in liquid 
ammonia until the blue color has disappeared. In this manner, methyl iodide and 
sodium acetylide yield methylacetylene (allylene). Likewise, methylacetylene 
added to sodium in liquid ammonia gives sodium methylacetylide, which in turn 
reacts with methyl iodide to form dimethylacetylene: 

2CH,C=CH 4- 2Na —>• 2CH,C=CNa -f CH,CH=-CH, 

CHjCsCNa 4- CHJ - CHaC^CCH, 4* Nal 

Calcium acetylide may be obtained either by passing acetylene into a solution of 
metallic calcium in liquid ammonia or by adding the latter solution to one of 
acetylene in liquid ammonia. The second method is the more rapid, according to 
Vaughn and Danehy.^^^ These workers obtained pure 1-butyne in theoretical 
yield from diethyl sulphate and calcium acetylide in liquid ammonia. Amyl chlo» 
ride, amyl bromide and butyl bromide likewise react with calcium acetylide to 
give amylacetylene and butylacetylene, respectively. 

Another method of preparing alkylacetylenes is by dehydrohalogenation of cer¬ 
tain organic halides by sodium^^^- or sodamide-®^ in liquid ammonia. With sodium, 
phenylacetylene was obtained in 96 per cent yield from ^-bromostyrene and in 66 
per cent yield from styrene dibromide. Also, by the same method />-methyl-a- 
chlorostyrene gave a 63 per cent yield of tolylacetylene. By employing sodamide, 
phenylacetylene may be procured from a-chlorostyrene, ^-bromostyrenc and styrene 
dibromide, butylacetylene from butyliodoacetylene, amylacetylene from 1,2-dibromo- 
heptene, hexylacetylene from 2-bromo-l-octene and octylacetylene from 1.2-di- 
bromodecane. The sodamide was prepared from sodium in liquid ammonia, using 
ferric nitrate as catalyst. Bachman and Hill-^"* made 1-heptyne by delialogenation 
of various bromo and chloro derivatives of heptane and heptcne. Vapor-phase 
dehalogenation was effected with soda lime: liquid-phase with potassium hydrox¬ 
ide suspended in mineral oil. In Table 152 the boiling points of a number of 
allene and acetylene hydrocarbons are given.^^ 

Although acetylene polymerizes to mono- and divinylacetylcne in an acid solu¬ 
tion of cuprous and ammonium salts,some of the monosubstituted acetylenes do 
not act in an analogous way.^^^ For instance, when phenylacetylene is heated in 
an acid solution of cuprous chloride and ammonium chloride, a yellow complex, 
CjflHio'CuCl, is formed, which is readily decomposed by ether to diphenylbi- 
acetylene, QH.^C^CC^CQHr,. 

The condensation of alkylacetylenes wtih methanol, employing a mercuric oxide- 
boron trifluoride catalyst,yields kctals (2,2-dimethoxyalkanes). With acetic 
acid in place of methanol, a-alkylvinyl esters result.-^^^ In acid solution ketals are 

P. Lcbcau and M. Picon. Compt. rend, 1913. 156. 1077; Chem. Ahr, 1913. 7, 2386. 
T. Y. Lai, Bull. soc. chim.. 1933. (4) 53, 687; Brit. Chem. Abs. A. 1933, 1270. O. Maa^ atid 
J. RumHI, J.A.C.S., 1921, 43, 1227. F. R. Morrhou»<* and O. Maans. Can. J. Research, 1931. 5, 
306; 1934. 11. 637; Chem. Abs., 1932. 26. 354; 1935. 29. 1059. 

T. H. V’^aufthn and J. P. Danehy, Proc. Indiana Acad. Sci., 1934. 44, 144; Chem. Abs.. 1936. 30, 428. 

••T. H. Vauifhn. J.A.C.S., 1934, 56. 2064; Chem. Abs., 1935. 29. 1 15; Brit. Chem. Abs. A, 
1934. 1330; J. Inst. Pet. Tech., 19.34. 20. 609.\. 

T. H, Vausfhn. R. R. Vo^t and J. A. Nienwand, J.A.C.S., 1934, 56, 2120; Chem. Ab.t., 1935, 
29, 115; Brit. Chem. Abs. A. 19.34. 13.30. 

»*G. B. Bachman and A. T. Hill. J.A.C.S.. 1934. 56. 2730; Brit. Chem. Abs. A. 1935. 19.3; 

Chem. Abs., 1935. 29, 724; /. Inst. Pet. Tech., 1935. 21. 47A. A. T. Hill and F. Tywm. J.A.C.S., 

1928. 50, 172; Chem. Abs., 1928, 22. 380; Brit. Chem. Abs. A, 1928. 269. 

** O. Nicodemufl, Anaew. Chem., 1936, 49. 787; Chem. Abs., 19.37, 31. 477. 

*• CJ. disenwon of this in forepart of thi» chapter. 

^ Y. S. Zalkind and F. B. Fundiiiler, Ber.. 1936. 69, 128; Chem. Abs., 1936. 30, 2932. 

A proposed mechanism for mercury catalysis in acetylene addition han hern made by C. F. 
Ilennion. R. R. Vofft and J. A. Nieuwland (/. Orp. Chem.. 1936. 1, 159; Chem. Abs., 1936, 30, 7097). 

»* fi. F. Hennion. D. B. Killian, T. H. Vaughn and J. A. Nieuwland. J.A.C.S., 1934, 56, 1130; 

Chem. Abs., 19.34. 28, 4374; Brit. Chem. Abs. A. 1935. 19.3. D. B. Killian. G. F. Hennion and 
J. A. Nieuwland. J.A.C..^., 19.34. 56, 1.384; Chem. Abs. 1934. 28. 4374; Brit. Chem. Abs. A, 1934, 
867. r#. F. Ilennion and T. A. Nieuwland, J.A.C .S.. 1935. 57. 2006; them. Abs., 1935, 29. 7939; 
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Table 152 .—Allene and Acetylene Hydrocarbons. 

ni 

Empirical 



Boiling 

Point 

Formula 

Name 

('< >n.stitution 

®C. 

C,H, 

Acetylene. 

CH=CH 

-83 

C.H. 

'Methylallene ... 

CH3CH==C=CH2 

18 

Ethylacetylenc. 

CHj—CH,—C=CH 

8 5 


Dimethylacetylene . . 

CHj—C=C—CH, 

27-28 

1 

n - Propy lacety lene 

CH 2 —C^CH 

40 


Methylethylacetylene , 

C'Ha—CHj—C^C—CH, 

55 

C.H. . 

I .sopropy lacety len e 

CH,. 

>CH—C=CH 
(TI,/ 

28 


^Dimethylallene ... 

C H,—CH=C=CH—CHj 

41 

C.H, 

Diacetylenc. 

CH=C—C=CH 

9.5 

C.H. 

Vinylacetylene. . . 
a-Methyl-z^-vinyl- 

C'H2=CH—C=CH 

5 


acetylene. 

('H2=CH—C=C—CH, 

59 

C.H, 

2-Methyl-vinylacetylene 

CH,=C—C=CH 

33 

1 

iQ-Ethyl-^-vinylacetylene 

ch, 

CH2=CH—C^C—CjHi 

85 

C.H, 

2-Ethyl-vinylacetylene. . 

i 

0 

ill 

c 

X 

66 


1 Dipropargyl . 

Methylpropargv’l- 

CH=C—CH 2 —CH,—CsCH 

86 

C.H. . 

acetvlene. 

CH3~C=C -CH 2 —C=CH 

78-83 

Butadienylacetylene 

CH2=CH-~CH=CH—C=CH 

84 


Divinylacetylene.. 

CH2=CH—C=C-CH==CH2 

83-84 


Diniethyldiacetylene 

CH 2 -C-C—C=C—CH, 

129-130 

C.H, 

Vinylbutadicnyl- 

acetylene 

CH,=CH—C=C~CH==CH—CH=CH, 

43-45 
(11 mm.) 

C.H. 

Divinyldiacetylene 

CH,=CH—C=C—C=C—CH=CH, 

33 

(9 mm.) 


quite unstable, hydrolyzing to methanol and the corresponding ketone. The mecha¬ 
nism of ketal formation is thought to be stepwise, the intermediate products being 
vinyl ethers. Reaction of nionohydric alcohols (other than methanol) with alkyl- 
acetylenes, employing the above-mentioned catalyst, yielded polymeric products 
only, from which no ketals could be isolated. It was then found that with the addi¬ 
tion of a small percentage of trichloroacetic acid to the catalyst, high yields of 
2,2-dialkoxyalkanes were obtained from straight-chain monohydric alcohols and 
alkylacetylenes.2^^ It is reported that under peroxide-free conditions methyl- 
acetylene adds hydrogen bromide to form 2,2-di-bromopropane, but in the presence 
of peroxides 1,2-bibromopropane results.^^i Similar experiments were conducted 
with butylacetylene.^^^ In the absence of peroxides, the products were 2-bromo-l- 
hexene and 2,2-dibromohexane, but 1-bromo-l-hexene and 1,2-dibromohexane were 
found with peroxides present.^^s 

Alkylacetylenes have been found to condense with polyhydric alcohols and 


Brii. Ckem. Abs, A. 1935, 1480. D. B. Killian. G. F. Hcnnion and J. A. Nicuwland, J.A.CS., 1936. 
Si, 892; Chem, Abs., 1936, 30, 5174; Brit. Chetn. Abs. A, 1936, 961. 

D. B. Killian, G. F. Hennion and J. A. Nicuwland. J.A.C.S., 1936, 58, 80. 

•*' M. S. Kharaach, T. G. McNab and M. C. McNab, J.A C.S., 1935, 57, 2463; Brit. Ckcm. Abs 
A. 1936, 310; Ckem. Abs., 1936, 30. 1734; J. Inst. Pet. Tech., 1936. 22. 87A. 

*'*C. A. Young, R. R. Vogt and J. A. Nicuwland, J.A.C.S., 1936, 58, 1806; Chcm. Abs., 1936 
30, 7542; Brit. Chem. Ahs. A, 1936, 1359. ... 

For a ditcuation of the peroxide effect on addition of hydrogen bromide to acids having triole 
bondt, tee P. L. Harris and J. C. Smith, J.C.S., 1935, 1572; Brit. Chem. Abs. A, 1936, 53; Chem. Abs., 
1935, 29 , 7278. 
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a-hydroxy acids to form dioxolanes and dioxolones.-'^ For example, with cata¬ 
lysts of mercuric oxide and boron trifluoride in methanol, mannitol and butyl- 
acetylene yielded 2"butyl-2-methyl-4,5-bis- (2-butyl-2-methyl-l ,3-dioxolan-4-yl) - 
dioxolane (b.p., 210-212°C. at 9 mm.). This reaction is represented as follows: 


CHi()H(CH0H)4CH20H -h HC^C- -C4H« 
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CH 3 C 4 H 9 CH 3 C 4 H» CH, C 4 H, 


The investigation of the reaction between acetyl chloride and alkylacetylenes 
has been carried out by Kroeger, Sowa and Nieuwland.-*’* The main reaction in¬ 
volving the formation of chloro-olebnic ketones is represented as follows: 

RC=CR' -h H,C ('Cl >- RC-—C CCH, 

‘ ' ! •! 

0 n R' 0 


'riiese workers found stannic chloride, in 2 to 4 per cent concentrations, to be the 
most effective catalyst. The experiments of Ryden and Marvel-'*' show that sul¬ 
phur dioxide reacts with monosubstituted acetylenes to form polysulphones, whereas 
the disubstituted derivatives do not add in this manner. 

fVimary acetylenic alcohols of the type RC^CCHoOH may be prepared by the 
action of formaldehyde vapor on the Grignard derivatives of the corresponding 
alkylacetylenes.-'" Reaction of acetylene with alkyl mercury bromides yields the 
corresponding bis-(alkylmercury) acetylides.-'*^ 

Grignard reagents enter >everal other reactions involving acetylenes.-'® For 
example, allyl bromide reacts with //-butylacetylenemagnesium bromide in the pres¬ 
ence of anhydrous cu{)rous chloride to yield H-butylallylacetylene (b.p., 58°C. at 
22 mm.). This may be represented as follows: 

C4H9—CsC—MgBr -f H3C--CH- CH,Br >- C4H, C=C—CHr“CH=CH, 

The addition of alkyl sulphates to acetylenic Grignard reagents has been described 
by Thorn, Hennion and Nieuwland.-^'* Gsing metal halides, Danehy and Nieuw- 
land--' prepared diacetylenes, such as diphenyldiacetylene from cupric bromide 
and phenylacetylene magnesium bromide. 

The i.solation of the hydrogen isotope, deuterium.'^-*- and the possibility of ob¬ 
taining significant quantities of heavy water (deuteriowatcr) as a source of deu¬ 
terium---' have led to some investigation of the synthesis and properties of deuterio- 

D. It, Killian, G, F. Hennion and J. A. Nicuwland, J.A.C.S.. 19J6, 58, Kj.SH; them. Ahs.. 
19.t6, 30, 7541. 

W. Kroeger. F, J. .Sowa and J. A. Niruwland, 7. Org. Chem., 1936. 1, 163; Chem. Ahs., 
19.t6, 30. 7097. 

“'•♦L. L. Ryden and C’. S, Marvel. J.A.C.S.. 1936. 58. 2047; Chem. Ahs., 1936. 30, H184; Brit. 
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A, 1936. H19; Chem. Abs.. 1936, 30, 4807; 7. Inst. Pet. Tech., 1936, 22. 298A. 
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-«H. ( . Trey. hid. ling. Chem., 1934. 26. 803; Chem. Abs., 1934. 28. 4977. 
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acctylc*nc. One method of preparation is by the action of heavy water on calcium 
carbide. Clenio and McQuillen*--^ state that the action of 99 per cent heavy water 
on calcium carbide results in a 60 per cent yield of deuterioacetylene. The latter 
compound is made also by isotopic exchanj^e between acetylene and heavy water 

C2H2 -f D2O QD, + H2O 

It lias been noted that deuterioacetylene. under the influence of x-rays, under- 
j(oes polymerization at about the same rate as ordinary acetylene.^-® Clemo and 
NTcQuillen--^ reported that deuterioacetylene under controlled conditions may be 
polymerized to hexadeuteriobenzene. Deuterioacetaldehyde has been prepared by 
the hydration of deuterioacetylene in an acid solution of mercury salts in heavy 
water. 

19.U. 156. r,, X. I.cwis, J.A.C.S.. 55, 1297; Brit. Chan. Abs. A, 1933, 442: Chem. Abs.. 

1933. 27, 2092. ('». X. Lewis and R. K. (ornish. J.A.C.S., 1933, 55, 26l6; Chem. Abs., 1933. 27. 
^194; Brit. Chem. Abs. A. 1933. 793. (I. X. Lewis and R. T. MacDonald, J.A.C.S., 1933. 55. 3057; 
./. Chem. rhys.. 1933. 1. 341; Chem. Abs.. 1933. 27. 3664, 4147; Brit. Chem. Abs. A. 1933. 894. 

••"M;. R. Clemo and A. McUuillen. J.C.S.. 1935. 851; Chem. Abs., 1935, 29. 5820; Brit. Chem. 
.ihs A. 1935. See also A. Kletnenc and (>. R. von FruRnoni, Naturwissenschaftcn, 1934, 22, 

465; Chem. Abs., 1934. 28. 7243; Bnt. Chem. Abs. A, 1934, 990. 

L. H. Rcyer?on and S. T, Yuster. J.A.C.S., 1934. 56, 1426; Chem. Abs., 1934. 28, 4373; 
Brit. Chem. Abs. A. 1934, 853. R. P. Bell. J.A C.S., 1935, 57. 778; Chem. Abs., 1935, 29. 3596; 

Brit. Chem. Abs. A, 1935, 713. Kquilibiium .studies of this reaction and others involving deuterium 

compounds of water and acetylene have heen contributed by L. H. Reyerson (J.A.C.S.. 1935. 57, 
779; Brit. Chem. Abs. A. 1935. 713; Chem. Abs., 1935, 29, 3596), L. H. Reyerson and B. Gillespie 

t.f.A.C.S., 1935. 57. 225(1; 1936, 58. 282; Chem. Abs., 1936, 30, 1288, 2469; Brit. Chem. Abs. A, 

1936. 29. 427) and K. Hirota and (i. Okamoto (Bull. Chem. Soc, Japan, 1936, 11, 349; Chem. Abs., 
1936. 30. 6269). 

.'s. C‘ Lind. .1. (' juuKers and C. H. Schiflett, J.A.C.S., 1935, 57, 1032; Chem. Abs.. 1935. 
29. .5350; Brit. Chem .-lbs. A. 1935. 943. Cf. polymerization of acetylene by light ray.s, in first 
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•--"'J. F. /anetti and 1). V. Sickman. J A.C.S' . 1935, 57. 2735; Chem. Abs., 1936. 30, 1737; 
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Chapter 29 

Halogenation of Methane. Properties and Uses of 
Halogen Derivatives 


Methods of chlorination of methane may be conveniently subdivided into three 
main divisions, viz.: thermal, catalytic and photochemical.^ In all of these methods 
it is essential that temperature control be rigorously maintained, otherwise reac¬ 
tion between methane and chlorine may proceed with formation of carbon and 
hydrogen chloride, often with explosive violence. In purely thermal operations 
temperatures of 250-300°C. are generally employed, though with short times of 
contact as high as 1400°C. has been recommended. Inert diluents, such as nitro¬ 
gen, are helpful in controlling the rate of reaction. Many types of catalysts have 
been suggested, as for example, antimony pentachloride, ferrous or ferric chloride, 
partially reduced cupric chloride, activated carbon and pumice. Combination of 
methane and chlorine is accelerated also by light radiation, such as sunlight, actinic 
rays, light from a carbon arc, metallic filament, or mercury vapor lamp. The ad¬ 
vantage of photochemical chlorination appears to be that it can be effected at room 
temperature or lower. However, in most instances careful control of illumination 
is necessary to prevent the reaction from getting out of hand. 

In all cases the products consist of a mixture of chlorinated hydrocarbons, 
though by selecting proper conditions a preponderance of one chloro-methane may 
be obtained. Thus, Giordani^ reports that methane and chlorine, in the ratio of 
9:1, conducted over a catalyst at 450°C. furnished an. 89 per cent yield of methyl 
chloride. The contacTagent was partially reduced cupric chloride containing 1 per 
cent of cerium chloride. Dilution of the reactants with hydrogen chloride and use 
of higher temperatures yields mainly carbon tetrachloride. In this manner Kipri- 
anov and Kusner^ secured a 90 per cent yield of the tetrachloride by passage of 
methane, chlorine and hydrogen chloride (16:64:[80-100] liters) over activated 
carbon at 525-530°C. Tomasik^ recommends employing air in place of chlorine. 
For example, 70 per cent of the chlorine in a gaseous mixture of methane, hydro¬ 
gen chloride and air (2:9:18) was converted, at 400°C. in the presence of cupric 
chloride, into chlorinated products. Of the latter 90 per cent was carbon tetra¬ 
chloride. 

Properties and Uses of Chloroethanes 


Methyl chloride, CH 3 CI, is a colorless gas possessing a characteristic odor 
and burning with a white flame. It can be condensed to a liquid boiling at —24°C. 

* For reviews of these methods, nee Carleton EIH». “The Chemistry of Petroleum Derivative*/’ 
The Chemical Catalogs Co,, New York. 1934. See also, T. S. Wheeler. /. Indian Chrm. Soc., 
Prafulla Chandra Ray Commemoration Vol., 1933, 53; Chem. Abs., 1934, 28, 93; Brit. Chem. Ahs. 
B, 1933. 539. J. H. Frydiender, Fcv. prod, chim., 1934, 37, 707, 737; Chem. Ahs., 1935, 29, 7935. 
F. C. Whitmore, “Organic Chemistry,” D. Van Nostrand Co., Inc., New York, 1937. J. v. Braun, 
Bull. soc. chim., 1936, 3. 1919. 

•M. Giordani. Ann, chim. applicata, 1935, 25, 163; Chem. Abs., 1935. 29, 6206; Brit. Chem. Abs. 
B. 1935, 617. IX Congr. intern, quim. pnra appticado, 1934, 4, 371 ; Chem. Abs., 1936, 30, 3914. 

•A. I. Kiprianov and T. S. Kusner, /. Applied Chem. (U.S.S.R.), 1935, 8, 673; J. Inst. Pet. 
Tech., 1936, 22, 142A; Chem. Abs., 1936, 30. 1^15; Brit. Chem. Abs. B. 1935, 938. 

*Z. Tomasik, Prtemysl Chem., 1934. 18. 598; J. Inst. Pet. Tech., 1935, 21, 202A; Brit. Chem. 
Abs. B. 1935, 137; Chem. Abs., 1935, 29, 6206. 
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at 760 mm. Its critical temperature and pressure are 143.1 ®C. and 6S.8 atmos¬ 
pheres, respectively. This chloromethane may be employed as a refrigerant, par¬ 
ticularly when dissolved in a solvent such as a mixture of a- and )3“Chloronaph- 
thalenes® or jS,^“dichloroethyl ether,® and (under pressure) as a diluent in the 
dewaxing of mineral oils,*^ Stabilization, or prevention of development of acidity, 
of liquid methyl chloride is accomplished by incorporation of a small proportion 
(0.001 to 1 per cent) of phenolic substances, such as phenol, resorcinol, />-cresol, 
or a-naphthol.® 

Hydrolysis of this chloride with steam at 400®C. furnished 16 per cent methyl 
alcohol and a like percentage of formaldehyde.® The ratio of chloride to steam 
should be 1:10 and the yields can be increased by recycling the residual gases. 
Tin phosphate on pumice was a satisfactory catalyst, but titanium dioxide or a 
mixture of tin and iron phosphates proved unsatisfactory. Also, it has been re¬ 
ported that methyl chloride may be condensed with aldehydes to produce saturated 
liydrocarbons.^® Thus, the above halide was heated with formaldehyde to 350®C. 
A small proportion of cupric oxide was incorporated in the reaction zone to aid in 
the condensation. The interaction of methyl chloride and carbon monoxide has 
been utilized in the production of acetyl chloride.^®*' In the procedure, the two 
reactants, at a temperature of 860°C., are led over a copper catalyst for a period 
of 0.3 second. 

By progressive chlorination of chloromethane there are obtained methylene 
chloride, chloroform and carbon tetrachloride.^^ Mixed with one-third its volume 
of chlorine and heated to 360-380®C., methyl chloride gives principally methylene 
chloride.On the other hand when a larger proportion (46 per cent by volume) 
of chlorine and temperatures of 400® to 650®C. are employed, followed by further 
addition of the halogen (85 per cent by volume of the halides present) and reheat¬ 
ing, both methylene chloride and chloroform are secured.^® Levine^^ recommends 
using a mixture of methyl chloride, ethylene chloride and chlorine (in the volume- 
ratio of 2:2:1 to 4:3:1) and temperatures of 400° to 500°C. When chlorination 
is complete the gases are cooled to 200®C., 1 to 1.5 volumes of chlorine added and 
the reactants again subjected to the higher temperatures. This procedure results 
in a 15 to 30 per cent yield of chloroform. 


«G. F. Zcllhoefcr, U. S. P. 1.991.188. Feb. 12. 1935; Chem. Abs., 1935, 29. 2034. A comparison 
of the dehydrators which may he used in refrigerating lines employing monochloromethane is given 
by G. H. Clark. Refrigerating Eng,, 1936, 31, 366; Chem. Abs., 1936. 30, 5467. Cf. H. D. Edwards, 
Refrigerating Eng., 1936. 31, 356; Chem. Abs., 1^36, 30, 5681. 

•G. F. Zellhoefer, U. S. P. 1,991.240. Feb. 12. 1935; Chem. Abs., 1935, 29, 2034; Brit. Chem. 
Abs. B, 1935, 1074, For a discussion of the toxicity of methyl chloride, see A. Weinstein, /. Am. 
Med. Assoc., 1937, 108, 1603. A. H. Kegel, W. D. McNally and A. S. Pope, /. Am. Med. Assoc., 
1929, 93, 353; Chem. Abs., 1930, 24, 4561. Report of the Committee on Poisonous (iases of the 
American Medical Association, J. Am. Med. Assoc.. 1930. 94, 1832. H. B. Portcous, Brit. Med. J.. 

1930 (1), 414. B. B. Sharp, Brit. Med. J.. 1930 (1), 336. A. P. Gorham, Brit. Med. J.. 1934 (1). 

529. A. Van der Kloot, fllinois Med. J., 1934, 65. 508. C. A. Birch, Lancet, 1935 (1), 259; Chem. 
Abs., 1935, 29, 2233; Brit. Chem. Abs. A. 1935, 525. O. Roth, Schxveis. Z. Unfdllk. 1923, 17. 169. 

^ H. Ramser, U. S. P. 2.009.454. July 30. 1935. to Edcleanu G.m.b.H.; Chem. Abs.. 1935, 29, 
6418; /. Inst. Pet. Tech., 1935. 21, 383A. The properties of halogenated hydrocarbon solvents are 
reviewed by P. J. Wierevich and H. G. Vesterdal, Chem. Rev., 1936, 19, 101; Chem. Abs., 1937, 31, 
175; /. Inst. Pet. Tech., 1937, 23. 32A. 

■ P. J. Carlisle .md C. R. Harris, Canadian P. 341.792, 1934, to Canadian Industries, Ltd.; Chem. 
Abs., 1934, 28. 5076. For the toxicity of methyl chloride and other chlorine deriv.itives of methane, 
see K. B. Lehman and L. Schmidt Kehl, Arch. Hyg. Bakt., 1936. 116, 131; Chem. Abs., 1937, 31. 477. 

•A. Abkin and S. Medvedev, /. Ind. Chem. {Moscow), 1934, No. 1. 34; Chem. Abs., 1934, 28, 
3050; Brit. Chem. Abs. B. 1934. 616. 

‘“German P. 629,897. 1936. to Standard Oil Development Co.; Chem. Abs.. 1936, 30, 6006. 

P. J. Wieievich and P. K, FroHch, U. S. P. 2,062.344, Dec. 1, 1936, to Standard Oil Develop¬ 
ment Co.; Chem. Abs.. 1937. 31. 708. , ^ ^ 

Descriptions of such procedures are given by Carleton Ellis, ‘The Chemistry of Petroleum 

Derivatives.'* The Chemical Catalog Co.. Inc., New York. 1934. 

VV. Berndt and O. Ernst, U. S. P. 1,964,868, July 3, 1934, to 1. G. Farbenind. A.-G.; Chem. 


Abs.. 1934, 28, 5080. 

*• P. J. Carlisle. U. S. P. 1.939,292, Dec. 12, 1933, to E. I. du Pont de Nemours & Co.; Brit. 
Chem. Abs. B, 1934. 872. 

A. A. Levine. U. S. P. 1,975.727, Oct. 2, 1934, to E. I. du Pont de Nemours & Co.; Bril. 
Chem. Abs. B, 193S» 839; Chem. Abs., 1934, 28. 7268. ' 
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Diclilorometlianc, (nwtliyleue chloride), CHoClj. is a colorless liquid (d. 1.337) 
having: a chloroform-like odor. Its vapor, or saturation, pressure over the rang:e 
of —20° to 4-16®C. may be represented by the formula 

log, p, = 17.89600 - (4.1191 X W/T) -f (3.573 X lOV TO - (5.386 X 10^''^‘) 

in which />. is the saturation pressure in mm. of mercury, and 1' is the temperature 
in deg:rces absolute.Calculations, according: to this formula, indicated its boiling 
point to be 40.18°C., critical temperature 216°C., and critical pressure 49.7 kg. 
per sq. cm. At 460°C., in the presence of a large excess of steam and tin phos¬ 
phate on pumice (as a catalyst), it is hydrolyzed to give a 75 per cent yield of 
formaldehyde.When mixed with methyl chloride and the mixture hydrolyzed 
under the same conditions, methylene chloride reacts to the extent of 90 per cent 
while only v30 per cent of the methyl chloride is affected. Also, it has been pointed 
out that the dichloride may be condensed with formaldehyde to furnish chloro- 
acetaldehyde.y The reaction was effected at 300°C. in the presence of sulphuryl 
chloride, which served as a promoter. 

Admixed with other solvents (e.g., naphtha or butyl alcohol) this dichloro- 
methane has been suggested as a dewaxing agent for lubricating oils.'* It may 
be employed also a constituent of compositions for the preparation of films 
from acetylcellulo.se,'” and for cleaning paints, varnishes or enamels.^” When 
mixed with benzene it furnishes a composite solvent applicable for extraction of 
lecithin and fat from corn or soy beans.^' Collier^- points out that methylene 
chloride can be used with safety only when ventilation is adequate. Development 
of acidity and corrosion of metals by this dichloride are inhibited by incorporation 
of 0.5 to 2 per cent of an unsaturated hydroaromatic compound, e.g., pinene.-*' 
Chloroform, C'HCl^, because of its well-known applications as an anesthetic,-^ 
solvent and extraction agent, is an important chlorinated derivative of methane. 
It is also miscible with many organic liquids. Bottecchia-’^ rei)orts that when 
mixed with nitrobenzene maximum contraction occurs with 50 per cent (by weight) 
of chloroform at — 16°C*. or with 65 per cent at 40°C'. The greatest expansion 
(between 16° and 4B‘°C.) of chloroform-benzene mixtures is obtained with one 
containing 27 per cent (by weight) of the chloro-hydrocarbon.-” When mixed witli 
butane and ethyl ether, chloroform is reported to furnish an effective dielectric for 
electric cables.-'^ Zappi and Degiorgi-* believe that the hydrogen (in chloro- 

.S. SuK^wara. J. Soc. Mcch. Unt/rs.. Tokyo, 1934. 37, 491; Cht tn, .lbs , 193'^. 29. !(»; Hril. 
Chem. Abs. A. 1935. 437. 

A. Abkin anrl .S. .Me<lvcacv. loc. cit. 
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Chem. Abs. B. 1935. 892; J. hist. Hct. Tech.. 1935, 21, 27A; Chem. Abs., 1935, 29. 335. Canadian P. 
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and W, Gruber, (ierman P. 627,729. 1936, to Alexander Wacker Gesellschaft fur cIcKtrochemiHcbe 
Industrie (J.m.b.H.; them. Abs., 1936. 30, 6195. Also A. Lubkc and K. Muller, German P. 629,589. 
1936. to C. F. Bo:hrinKcr & .Soehne (i.ni.h.H,; Chem. Abs.. 1936. 30, 6194. 

■»A. Abraham and M. I.. A. PhilipiKm. French P. 780,494. 1935; Chem. Abs., 1935. 29, .5954. Cf. 
F. Fauentt and T. M. Herl^-rt. British P. 446.147 1936; them. Abs.. 1936. 30. 6856. 
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Cf. G. Urhain, Bull. soc. chim., 1932, 51, 853; Chem. Abs., 1932, 26, 5508. A. Tchaktrian, BnU. soc. 
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form) is in an active state, and that the structure of this chloro-derivative may ht 
represented by the coordination formula (CCl 3 )H. On the other hand, the hy¬ 
drogens in bromoform and iodoform are, respectively, 50 and 3 per cent active, 
thus indicating a mixture of coordinated and normal structures. 

According to Rozeboom,^® chloroform may oe distinguished from carbon tetra¬ 
chloride in the following manner. A small crystal of iodine is dissolved in the 
liquid and then a few milligrams of papaverine hydrochloride added. If the sol¬ 
vent is carbon tetrachloride no reaction occurs, otherwise the alkaloid salt dis¬ 
solves and the violet color of the solution is changed to a yellowish red. Another 
test comprises the reduction of boiling Fehling’s solution with chloroform.^® Also, 
when a drop of carbon tetrachloride is heated in a loosely corked test tube (flame¬ 
less combustion) it is converted into phosgene and chlorine, and the latter detected 
by potassium iodide and starch. Madsen^^ has developed a method for showing 
the presence of carbon tetrachloride in chloroform. Twenty grams of the liquid 
are carefully evaporated until 0.5 cc. remains. This is shaken with 150 times its 
weight of water. A distinct opalescence indicates 1 per cent of the tetrachloride: 
if none of the latter is present, complete dissolution occurs in 2 minutes. 

Fractionation of primary tars with chloroform furnishes neutral oils, resinous 
bodies and phenols.'^- Danaila and Soare**-* report that the only method, which is 
technically and economically advantageous, for making chloropicrin is the nitra¬ 
tion of trichloromethane. They obtained a 58 per cent yield by heating equal 
volumes of chloroform and nitric acid (d. 1.52) at 140-150°C. for 2 hours under 
pressure. The action of Friedel-Crafts condensing agents upon chloroform has 
been investigated.'^'* It was stated that the trichloride will react with /)-dichloro- 
benzene in the presence of aluminum chloride. When solvents are excluded from 
the reaction zone and the temperature maintained at 20°C. the product is said to 
be tri-(2.5-dicblorophenyl) methane. When admixed with dimethyl ether and 
conducted over alumina gel at 280°C., chloroform is said to furnish methyl chlo¬ 
ride.'* 

The preparation of chloroform-d (deuteriochloroform) from chloral deuterate 
and sodium deutroxide is described by Hreuer.-*' .\l>o. it has been suggested that 
chloral (trichloroacetaldehyde) he treated with calcium oxide and deuterium oxide 
(heavy water) to furnish heavy chloroform. A\ 7^2 mm. this trichloro compound 
boiled 0.5°(\ higher than its lighter analogue. Some of the other physical properties 
of these two trichloro derivatives are given in l ahle 153. 


Tahi.F. \S2. -~Physiiiil Properties of Chloroform and Chloroform-d. 




C'hloroform 

Chloroform-d 

M.P. 

. -6.1 

77° to -65.33°C. 

-64,69“ to -64.15“C 

F.P. 

. 

4<)° to -63 92°C. 

-64.12°C. 

. 


1.4450 

1 .44.S0 

rff. 


1 4880 

1 5004 
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Carbon tetrachloride, CCI 4 , is a heavy, colorless liquid (sp. gr. 1.595) boil¬ 
ing at 76.7®C at 760 mm. As previously mentioned it can be prepared by chlorina¬ 
tion of methane. Another method consists in saturating carbon disulphide with chlo¬ 
rine and warming the mixture to 40-60®Catalysts such as iron, manganese, 
chromium or silicon may be used. A 68-80 per cent yield is reported to be 
obtained by passage of sulphur dichloride over carbon at 1000®C.^® Weiler®® 
reports that the volatile reaction products from the exhaustive chlorination of coal 
for 6 days at 200 °C. consisted of carbon tetrachloride, hexachloroethane and hexa- 
chlorobenzene. According to Davies^^ the dielectric constants for the tetrachlo¬ 
ride at 20°C. and 25°C. are 2.236 and 2.227, respectively. He recommends it as 
a secondary standard for calibrations. The crystalline forms of both the tetra- 
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Fig. 154.—Apparatus for Quantitative Determination of Carbon Tetrachloride Vapor. 
(J. C. Olsen, H. F. Smyth, Jr., G. E. Ferguson and L. Scheflan) 


chloride and tetrabroniidc are bimolecular while those for ethylene chloride or 
bromide are tetramolecular.^' 

Carbon tetrachloride and other chlorinated hydrocarbons, particularly when 
moist, slowly undergo decomposition in contact with metals stich as iron, zinc, 
copper or Monel metal. Numerous agents have been suggestefl as stabilizers or 
inhibitors of such action and include mercaptans,^^ e.g., butyl mercaptan, ethyl 
acetate,natural resins,such as gum mastic or rosin, alkyl or aryl cyanamides,^*’ 

•'German P. 604,347, 1934, to Firma Stahilimenti di Rumianca: Chem. Abs., 1935, 29, 817. 
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**J. F. Weiler, J.A.C.S.. 1936, 58, 1112; Chem. Abs., 1936. 30. 6165. 

«®R. M. Davies, Phil. Mag., 21, 1; Chem. Abs., 1936, 30, 2062; Brit. Chem. Abs. A. 19.P.. 

271. 

E. I. K. Verstraete, Butt. soc. chim. Belg., 1934, 43, 513; Chem. Abs., 1935, 29, 725; Brit. Chem. 
Abs. A. 1935. 156. 

^British P. 401.210, 1933, to Dow Chemical Co.; Brit. Chem. Abs. B, 1934, 53; Chem. Abs., 1934, 

28, 2363. 

*» P. S. Bratller, TJ. S. P. 2.002,168. May 21, 1934, to Niagara Smelting Corp.; Chem. Abs., 19.15, 

29, 4381; Brit. Chem. Abs. B. 1936, 683. 

C. Stewart and L. de Pree. U. S. P, 1,971.318, Aug. 21. 1934, to Dow Chemical Co.; Chem. 
Abs., 1934, 28. 6443; Brit. Chem. Abs. B. 1935, 715. 

^ R. C. Min^tbach, U. S. P. 2,043,257, June 9, 1936, to Stauffer Chemical Co,; Chem. Abs., 1936, 
SO, 5240. 
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thiocarbamides,'*® ureides,^®* hexamethylenetetramine^^ and ethyl cyanide.'*® 

The tendency of carbon tetrachloride to undergo decomposition when mixed with 
moist air has been made the basis of a quantitative method of determining the 
tetrachloride.^® The apparatus consists of a glass funnel connected to an electric 
furnace through a silica tube. At the outlet of the latter are placed a series of 
absorption bottles containing aqueous caustic soda and an aspiration bottle (see 
Fig. 154). In the procedure a weighed amount of carbon tetrachloride is placed 
in the funnel. The furnace is then heated to 1000-1100®C. and a mixture of 
vaporized carbon tetrachloride and moist air drawn through, forming hydrogen 
chloride and carbon dioxide. 

ecu -f 2 H 2 O — CO 2 + 4HC1 

To insure the presence of a sufficient quantity of water a small porcelain boat con¬ 
taining water is placed at the entrance to the furnace. As the gases leave the 
furnace, the hydrogen chloride is absorbed in a known volume of the aqueous 
caustic soda. The excess hydrochloric acid may then be determined by titration 
of these solutions with silver nitrate. 

Uses suggested for carbon tetrachloride are, as a dewaxing®® and refining 
agent,®^ either alone or blended with other halogenated hydrocarbons; in the proc¬ 
essing of lubricating oils; as a decarbonizing reagent for internal combustion 
engines ;®2 in the preparation of sand molds as a cleaning agent for metals ;®2** 
in the preparation of cosmetics;®® and mixed with wax-like ketones in the manu¬ 
facture of waxing and polishing compositions for automobiles, furniture and 
floors.®^ A die lubricant, to be employed in the extrusion of magnesium alloys, is 
made by suspending finely-ground graphite in the tetrachloride.®® The production 
of chloral is said to be effected by the interaction of carbon tetrachloride and 
formaldehyde.®® The condensation may be carried out at temperatures in the 

range 200-500°C. and at pressures from 20 to 200 atmospheres. Passage of the 

vapors of tetrachlorometliane through granular carbon at 600-1500°C. (best at 
800-900°C.) furnishes tetra- and liexacldoroethane.®* These may be separated by 

fractional distillation, or the mixture subjected to chlorination to increase the 

yield of the hexachloro compound. Also, a phthalyl chloride is stated to be fur¬ 
nished by admixing phthalic anhydride and carbon tetrachloride and heating the 


^ E. C. Missbach, I’. S. P. 2.04v^,258. June 9. 1936, to Stauffer Chemical Co.; Chem Ahs.. 1936, 
30. 5240. 

E. C. Missbach, I’. S. P. 2.069.711, Feb. 9, 1937. to Stauffer ('hemical Ct). 

E. C. Missl)ach, U. S. P. 2.043.259, June 9, 1936, to Stauffer Chemical Co.; Chem. Abs.. 1936, 

30, 5240. 

** E. C. Mis.^bach, U. S. P. 2,043,260, June 9, 1936, to Statjffer Chemical Co.; Chew. Abs., 1936, 
30, 5240. 

*'*]. C. Ol.sen, H. F. Smyth, Jr.. G. E. Ferguson and L. Scheflan. hid. Hmj. Chem., Anal. Ed., 
1936, 8. 260; Chem. Abs., 1936, 30, 5906. 

French P. 790,852 and 790.853, 1935, to Standard Oil Development Co.; Chem. Abs., 1936, 30, 
3223. British P. 446.607, 1936; Chem. Abs., 1936, 30, 6937. L. C. Kcttenring and L. H. Robertson, 

U. S. P. 2,055,627, Sept. 29, 1936; Chem. Abs., 1936, 30, 7839. 

»» French P. 790,326, 1935, to Vacuum Oil Co. (Soc. anon, francaise); Chem. Abs., 1936, 30, 3225. 

“ E. Bagnall-Bull, British P. 397,849. 1933; Chem. Abs., 1934, 28. 1843. 

“•A. Y. Gregory and E. E. Seeley, U. S. P. 2.056,048, Sept. 29, 1936; Chem. Abs., 1936. 30, 8137. 

•**» G. W'olff, German P. 635,757, 1936, to Alexander Wackcr Gcs. fiir elektrochemische Industrie 
G.m.b.H.; Chem. Abs., 1937, 31, 580. 

“ B. Hauck (nee Hosp), Orman P. 622,i72, 1935; Chem. Abs., 1936, 30, 1524. 

** A. W. Ralston and C. W. Christensen, U. S. P. 2,033,544, Mar. 10, 1936, to Armour & Co • 
Chem. Abs., 1936, 30. 3134. 

R. T. Wood. U. S. P. 1.946.121. Feb. 6, 1934, to Magnesium Development Corp.: Brit Chem 
Abs. B, 1935, 274. ’ . v, em. 

“P. K. Frolich and P. J. Wieievich. T. S. P. 2,042,303, May 26, 1936, to Standard Oil Develop, 
ment Co.; Chem. Abs., 1936. 30, 4871. i^eveiop- 

WC. J. Stroaacker and C. C. Schwcgler, U. S. P. 1.930,350, Oct. 10. 1933, to Dow Chemical Co • 
Brii. Chem. Abs. B. 1934, 750; Chem. Abs., 1934, 28, 180. » o i/ow cnemicai Co., 
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resulting composite to 250-280®C.’** A resin applicable in molding is reported to 
be formed by the reaction of petrolatum with carbon tetrachloride in the presence 
of aluminum chloride/'^*® In one example 100 g. of petrolatum were admixed with 
a like amount of anhydrous aluminum chloride and heated to 80®C. Carbon tetra¬ 
chloride (100 g.) was then incorporated and the mass heated until all gaseous 
products were evolved. In this manner 94 g. of a resin which contained 3 to 13 
per cent of chlorine was said to be formed. 

Because of its non-inflammable properties tetrachloromethane has found appli¬ 
cation in the preparation of insecticidal sprays, dry-cleaning compositions and 
fire-extinguishers. A spray for use as an insecticide in airplanes consists of 1 part 
of pyrethriim extract in kerosene and 4 parts of carbon tetrachloride.^'^ Badert- 
scher®'^ suggests suspending talc in such preparations, so that after spraying plants 
the latter become coated with a fine insecticidal dust. 

Dry-cleaning li(|uids may comprise the tetrachloride incorj^orated with another 
halogenated hydrocarbon such as ethylene chloride.'*' or blends of petroleum naph¬ 
tha with sutficient carbon tetrachloride or acetylene tetrachloride.'*- or mixtures of 
these chlorides,to render the composition non-flammable. The addition of a 
small proportion of an oil-soluble alkali sulphonate, called mahogany soap, to a 
petroleum naphtha-carbon tetrachloride blend has been suggested to increase the 
detergent properties of the cleaning fluid.'‘‘' To eliminate fire and explosion 
hazards connected with the handling of hexane, heptane, octane, gasoline and 
naphtha, Jones and Kennedy""* recommend incorporation of at least 70 per cent 
by volume of tetrachloride. With pentane 80 per cent is required. Although re¬ 
covery of dry-cleaning solvent by distillation is the usual practice, Stout and Till¬ 
man"'* point out that continuous adsorption and filtration processes have certain 
advantages as for instance reduction in cost and time required for reclamation. 
They state that it is necessary to remove saponifiable materials and acids, but that 
the presence of mineral oils (in moderate concentrations) in the fluids is helpful 
in cleaning operations. With an azeotropic mixture of carbon tetrachloride and 
ethylene chloride, it was found that activated carbon and magnesium oxide re¬ 
moved saponifiable oils and acids, and that silica gel eliminated both saponifiable 
and unsaponifiable substances. 

The use of carbon tetrachloride, either alone f)r incorpf>rated with other halo¬ 
genated hydrocarbons, in fire-extinguishers is well-known."^ The development of 
phosgene during the application of this Ii(|uid to fires has been measured by Yant, 

^ J. R. ^farr^. U. S. P. 2.051.096, Atir. 18. 19.16, to Monsanto Chemical Co.; Chvm j-ibs., 1936. 
30, 6762. 

H. G. Berger, I’. S. P. 2,043,825, lune 6, 1916. to Soconv-N'.icuum Oil Co ; Chrm. Abs., 19.36. 
30, 5327. 

C. L. Williams and W. C. Dresden, .9 Pub. Health Repts., 1935. 50. 1401; Chem. Abs., 1936. 

30, 188. 

® A. E, Badertscher, U. S. P. 1,940,899. Dec. 26. 1933, to McCormick 9c Co.; Inc.; Brit. Chem. 
Abs. B, 1935, 74; Chem. Abs.. 1934. 28. 1460. 

«A. Mohn, V. S. P. 1,940.688. Dec. 26. 1933. to Rhf>.les Perrv .Martin, Inc.; Brit. Chrm. Abs. B. 

1935, 59; Chem. Abs., 1934, 28. 1552. 

«*M. A. Youtz, U. S. P, 2,031.144 and 2.031,145. Feb. 18. 1936, to Standard Oil Vo. of Indiana: 
Chem. Abs., 1936, 30, 2408; Brit. Chem. Abs. B. 1937, 16. Cf. A. C. Coge«». U. S. P. 2.015.943, Oct. 
1, 1935; Brit. Chem. Abs. B, 1936, 1058; Chem. Abs.. 1935, 29. 8393. 

• J. J. Grebe, S. M. Stoesser and L. E. Mill.s. t’. .S. P, 1.989.478. Tan. 29, 1935. to Dow Chemical 
Co.; Brtt. Chem. Abs. B. 1936. 90; Chem. Abs., 1935. 29, 2000. 

•*G. L. Parkhur»t, U. S. P. 2.053.007, Sept. 1. 1936. to Standard Oil Co. of Ind.; Abs.. 

1936, 30, 7362. 

• G. W. Jones and R. E. Kennedy. Bur. Mines, Inf. Circ. No., 6805, 1934; Chem. Abs., 1935, 29, 
1985; /. Inst. Pet. Tech., 1935, 21, 181A. 

•L. E. Stout and A. B. Tillman, Ind. Eng. Chem., 1936, 28, 22; Brit. Chem. Abs. B, 1936. 315; 
Chem. Abs., 1936. 30, 1237. The u«e of carl)on tetrachloride in various drydeaninK processes is dis¬ 
cussed by D. H. Kitleffer, Ind, Eng. Chem., 19.36. 28, 640; Chem. Abs., 1936, 30, 4678. 

•^See for example, J. Neumann. British P. 437,156, 1935; Chem. Abs.. 1936, 30, 3128. F. .Stowrner 
and J. Kine, German P. 608,037. 1935. to I. G. Farbenind. A.-G.; /. Inst. Pet. Tech., 1935. 21. 216A; 
Chem. Abs., 1935, 29, 2634. A review of various chemical fire extina^uishers has t)een given bv F. 
Boye, Chem. Ztg., 1935, 59, 155. 513; Brit. Chem. Abs. B. 1935, 433; Chem. Abs., 1936, 30, 31 ll 
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Olsen, Storch, Littlefield and Scheflan.^*** These investigators observed that in the 
case of fires with excelsior (as the inflaniniahle material) 4 to 92 parts per million 
(by volume) of phosgene were formed, an average value being about 23.6 parts 
per million. However, when carbon tetrachloride was dropped onto a red-hot iron 
l)eam the proportion of phosgene rose to 119 parts per million. Malzac^® suggests 
that the fire-extinguishing liquid may be stabilized and the formation of carbonyl 
chloride and hydrogen chloride prevented by incorporation of aniline. The mecha¬ 
nism of the extinguishing power of carbon tetrachloride on coal-gas flames was 
investigated by Dufraisse and LeBas.^‘* They believe the action to be complex, 
a combination of dilution of the surrounding atmosphere and consequent cooling, 
a definite antioxygenic influence, and a combustion-supporting efifect du to hy¬ 
drogen (of the combustible material) reacting with the chlorine in preference to 
oxygen. 

The toxic properties of carbon tetrachloride have been studied by Lehnherr.’^^ 
Ciaravino,'^- Ldwy,^^ VoungJ'*** and Maiofis, Shusterovich and Bibikov,Ac¬ 
cording to Okunevskii^’* the efficiency of insecticides depend^i upon the lethal con¬ 
centration of the toxic material and the rate at which it is capable of producing 
that concentration, l.icjuids which are particularly applicable for this purpose arc 
carbon tetrachloride and benzene, since they are' sufficiently volatrlc at ordinary 
temperatures. The use of this tetrachloride as a parasiticide was investigated b; 
Ackert and Graham.'^®. 


Prf.paratio.v of C'iilorofluorometh.\^;es 

f 

These mixed hah)genated hydrocarbons, particularly dichlorodifluoromethane, 
are usually prepared by the action of antimony trifluoride on carbon tetrachloride, 
using antimony pentachloride as a catalyst.'''^ The reaction is represented as 

ShCl 

3CC14 -h 2SbF, -3CCbF. -f- 2SbCb 

McNary"^^ points out that the presence of a small proportion of antimony dichloro- 
trifluoride increases the speed and the efficiency of the reaction. This latter com¬ 
pound can be obtained by the interaction of chlorine with the metallic fluoride at 

•• \V’. P. Vant. T. C. Ohen. H H. Storch. T. B. Littlefield and I.. .Scheflan. Ind Eun. Chem .4iial 
Ed.. 1936. 8. 20; Chem. Abs.. 1936. 30. 145H;’/?n7. Oirm. Abs. B. 1936. 232. 

••A. Malzac. French P. 7S9.462. 193.S; Chem. Abs.. 1936. 30. 190.S. 

C'. Uvjfrais'i.e and 1. I/eBas. Cotnpt rcud.. 1936. 202, 227; Chem. Abs. 193(>. 30. 2004. Bnf. 
C/tem. Abs. B, 1936. 4S2. Comft. rend.. 1934. 199. 75; Chem. Abs. 1934. 28. ^b72; Em. Chem. Abs. 
B. 1934. HI.5 

F. K. I.ehnherr. Arch. Iiiternol Med . 1935. 56. 9.vt; ( Ji^m. .tbs . 1935. 29, 6648; Prit. Chem. 
Abs. A. 1935. 1276. 

E. C'iaravino. Pol/, e/iim faim . 1935. 74. 7 41; chem. .lbs. I93(i. 30, 409; Prif. C7hem. Abs. A, 

1935, 1533. 

“^J. Lowy, Arch. Cnrrrbepoth. (•t'soerbehyfj . 1935 . 6. 157. Chem. .■ib\.. 1936. 30, 143<i. 

C. Younjf. Can. Med. Assoc, .f.. 193b. 35. 419; (hem Abs. 1936. 30, 8390. 

L. S. Maiofi*!. M. Shusterovich and N. X. Bihikov. Inins .State lust. Applied Chem. 
(C.SS.R.). 1935. 24. 128; Chem. Abs . 1935. 29. 7272. (7. H. F Snnth. H. F. Smyth. Jr., and C. P. 

Carpenter, .1. Ind. ff\a. Torieol.. 19.16. 18. 277; Put. Chem. .Abs. A, 1936. 893; Chem. Abs., 1936, 

30. 6844. 

^ I. Okunevskii and V. Khakh.iexa. Mt’d. PiTrusififliu/v /\tra.\itic Diseases (Moseoxv), 1934. 3. 
82; Chem. Abs . 1936. 30, 2b64. 

wj. K. Ackert and C. T.. (ivaham. /Vi»/0 v .S'ei.. 1935, 14. 228; Chem. Abs., 1936, 30. 1869; Brit. 
Chem. Abs. B. 1936. 38. 

For a re\iew of thes«- methods st*e Larleion Kllis. “'Fhe Chemistry of Petroleum Derivatives.” 
The Chemical Catalog f'o.. Neu York. 1934. A1 m» K. H. Kee<i and (i. C. Finger. Chem. Industries, 

1936, 39. 577; Chem. Ah.i.. 1937. 31, 1 167. Trans. Illinois State Acad Sci., 1935. 28 (2). 129; Chem. 
Abs., 1936. 30. 3949. An upi>aratus for effecting such reactions is described by T. Midgley. Jr.. A. 1., 
ifenne and R. R. Mc.Vary, ('anadian P. 35.5.052. 1935. to Frigidaire Corp.; Chem. Abs., 1936, 30, 
2579. Sec also T-. Holt. M. A. Youker an«l R. V. Laird. l\ S. P. 2.058,453, C>ct. 27. 1936, to 
Kinetic Chemicals. Tnc.; Chem. Abs.. 1937. 31, 113. 

R. R. McN’aiv. Cau.adinu P. 350.603. 1935. to Frigidaire Corp.; Chem. Abs., 1935, 29, 5123. 
A. T*. Henne. U, S. P. 1.978.840.• Oct. 30. 1934. to (lenera! Motors Corp.; Chem. Abs., 1935, 29, 
175; Brit. Chem. Abs. B, 1935, 839. 
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temperatures above 70®C. Lead or zinc fluoride may be employed in a similar 
manner. Another procedure for effecting fluorination comprises treatment of the 
chloro-hydrocarbon, carbon tetrachloride or tetrachloroethane^® with antimony tri¬ 
fluoride and simultaneously introducing chlorine into the reaction zone. In the 
procedure carbon tetrachloride was pumped to a reaction chamber containing 
antimony trifluoride. At the same time chlorine was introduced into the chamber. 
The latter was heated by passage of steam through a jacket which surrounded it. 
During the time of interaction the temperature was maintained at 60-65° F. and 


OftORffiC ChLORtNArtNG 

k/LCT Chamber /ronFiunc^ 




Fig. 155. 

Flow Diagram for Manufacture 
of Dichlorodifluoromethanc, In¬ 
volving Intermediate Formation 
of Difluoromethane. (T. Midp- 
ley, Jr., A. L. Henne and R. K. 
.MeNary) 


the pressure at 55 pound.> gage (697 pounds per .sq. in.), i'he ga.seous products, 
including dichlorodifluoromethanc, trichlorofluoromethane and unrcacted carbon 
tetrachloride were then led to a dephlegmator, where the trichloro and tetrachloro 
compounds were condensed and returned to the fluorinating chamber, while di- 
fluorodichloroniethane was washed with aqueous caustic soda, dried with concen¬ 
trated sulphuric acid, and condensed. Also, it has been suggested that methylene 
chloride be reacted with antimony trifluoride.®^ In this instance antimony penta- 
chloride rather than chlorine was incorporated in the reaction zone. When the 
temperature was maintained at 80® F. and tlie pressure at 1.50 pounds gage (144.7 
pounds per sq. in.) difluoromethane was stated to l)c the main product. The di- 


™ A. L. Hcnnc. U. S. P. 1,990,692, Feb. 12, 1935, to (leiieral Moiors Corn.; Brit. Chttn. /Ih.t. B, 
19.16, «8; Chrm. y1h.f., 19.1.5. 29, 2174. 

T. Mtdgley. Jr., A, L. Henne and K. R. .McN'ary, U. S. P. 2.007,208, July 9, 1935, to (ietieral 
.Motors Corp.; Chem. Abs., 1935, 29, 5459; Brit. Chem. Abt. B, 1936, 632. 
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fluoride was then conducted, together with chlorine, through a tube packed with 
iron filings (see Fig. 155). In this manner, dichlorodifluoromethane was reported 
to be secured. 

In place of the above-mentioned metallic fluorides, hydrogen fluoride (mixed 
with a hydrogen halide) may be employed as the fluorinating agent and activated 
carbon as the catalyst.When operations are carried out in the vapor phase at 


OcPHirCMAJOR Caustic Concentratld 



Motor LtQi/toRtcaveR 


I'm,. 150—.Sketch of Metliod for Makinjz; Dichlorodifluoromethane by Direct Fluorination 
of kartxjii I'etrachloride. (T. Mid^ley, Jr., A. 1.. Henne and R. R. MeXary) 


slightly elevated temperatures (110-170°C.) in the absence of contact materials, 
aralkyl halides are converted into fluorides.®- An example of this is the prepara¬ 
tion of benzotrifluoride from the corresponding trichloride. The latter procedure 
is a|)plicablc also to the transformation of trifluorotrichloroethane into pentafluoro- 
chloroethane.®® However, other catalysts which may be used with hydrogen 
fluoride (and chloromethanes) include antimony tri- and pentachloride,®'* antimony 

nritish P. 428,445. 1933, to Kinetic Chemicals, Inc.: Brit, Chem. Abs, B, 1935. 664; Chem. Abs., 
1935. 29, 6901. C/. H. W. Daudt and M. A, Youker, U. S. P. 2,062,743, Dec. 1, 1936; Chrm. Abs., 

1937. 31. 700. 

L. C. Holt and E. L. Mattison, U. S. P. 1.967.244. July 24, 1934. to Kinetic Chemicals. Inc.; 
Bril. Chem. Abs. B, 1935, 616; Cftem. Abs., 1934. 28, 5831. British P. 428.361. 1935, to Kinetic 
Chemicals. Inc.; Ckrm. Abs., 1935. 29. 6605; Brit. Chem. Abs. B, 1935, 664. 

H. W. Daudt and M. A. Youker, U. S. P, 2,005,706, June 18, 1935, to Kinetic Chemicals, Inc.; 
Cbrm. Abs., 1935. 29, 5123. 

H. W. Daudt and M. A. Youker, U. S. P. 2,005,705, 2,005,707, 2,005,708, 2,005,709, 2,005,710, 
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fluorochlorides,®® a mixture of phosphorus pentachloride and antimony penU* 
chloride,®® and ferric chloride.®^ For example, carbon tetrachloride, antimony 
trifluoride and antimony pentachloride may be admixed in a reaction vessel at 
atmospheric pressure. The gaseous products are then conducted to a dephlegmator 
which is cooled by a refrigerant to --20®C. Tn this manner all partially fluorinated 
and unreacted hydrocarbons are condensed and returned to the fluorinating cham- 



Conrti'fy Kmctw ihemicals. Inc. 

I'n., 157.—Dichhinxlifliuirunietlianc Plant. Showinii .St()raj*e Racks. 


Ikt. 1 be (liclilorcxliHuorometbaiie is UmI from the tn|> of the (lephleginalor, wa.sbeil 
and compressed. .Silicon tetratluoride^^ and bromine trifluoride”’’ ha\e aNo been 
j)ropose(l as fluorinating agent.s. 

Another procedure tor the manufacture of chlorofluoromethanes consists in 
conducting the vapors of carbon tetriichloride over calcium fluoride at a tempera¬ 
ture of 350°C. or higher.'*^’ \ salt of antimony other than the fluoride (e.g., the 

2.005,711, June 18. 19.35. to Kinetic Chemicals, Inc.; Chem. Abs., 19.3.3, 29, 512.3. L, C. Holt ami 
K. L, Mattifwn. I’. .S, F. 2.005.712. June IH, 19.35, to Kinetic Chemicals, Inc.; Chem. Abs., 19.35. 29. 
5123. T, Midgley. Jr., A. I.. Henne and R. R. .McNary, C. .S. F. 1.9.30,129, Oct. 10, 19.3.3, to 
Frigidaire Corp,; Brit. Chem. Abs. B, 1934, 750; Chrm. Abs., 1934, 28, 179. 

** H. W. Haudt. M, A, Youkcr and H. H. Reynolds, U. .S. P. 2,024.095, Dec. 10, 1935, to Kinetic 

Chemicals. Inc.; Chem. Abs., 1936, 30, 1067; Brit. Chem, Abs. B, 1936, 1192. 

L. C. Holt and E. L. Matti.son, U. S. F. 2,005,712, June 18, 19.35, to Kinetic C'hemicals. Inc.; 

Chem. Abs., 1935, 29. 5123. 
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Chem. Abs., 1935. 29. 5123. Cf. H. W. Daudt and E, L. .Mattison, C. .S. F. 2,004,931, June 18, 
1935, to Kinetic Chemicals, Inc.; Chem. Abs., 1935, 29, 512.3. 
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28, 6723. 

^ H. S. Nutting and P. S. Petrie, U. S, P, 1,961,622. June 5. 19,34. to Dow Chemical Co.; Chem. 
Abs., 1934, 28, 4746; Brit. Chem. Abs. B, 1935, 347. 

B. S. Lacy, Canadian P. 353.775, 1935, to Canadian Industries Ltd.; Chem. Abs., 1936, 30, 2199, 
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sulphate) may be incorporated with the calcium compound.®^ Slow passage of 
chloroform vapors over mixed calcium and silver fluorides at 100®C. yielded about 
57 per cent of monofluorodichloromethane.®^ At 250®C. approximately 48 per 
cent of difluoromonochloromethane is obtained, and at 340®C. only 10 per cent of 
fluoroform is secured. Lead fluoride at 500®C. gave only a small proportion of 
monofluorodichloromethane. Croco®^ observed that treatment of fluorotrichloro- 
methane with aluminum chloride (at 45®C.) yielded difluorodichloromethane and 
carbon tetrachloride. Similarly, fluorodichloromethane furnished difluoromono¬ 
chloromethane. 

It is interesting to note that trichlorofluoromethane and dichlorodifluoromethane 
may be prepared from carbon disulphide.®^ Thus, the latter substance was com¬ 
bined with hydrogen fluoride in the presence of antimony pentachloride and free 
chlorine. The resulting compound was said to contain a mixture of the two fluorine 
derivatives mentioned above. 

Acidic impurities may be eliminated from fluorochloro derivatives by the action 
of an amine, such as aniline or triethanolamine.®*^ The refined product afterwards 
is separated by fractional distillation. 

Iodoform, mercurous fluoride and calcium fluoride (in the proportions of 
20 : 33.4 ;40) heated to 80-150®C. yielded a mixture of fluoroform, iododifluoro- 
and di-iodofluoromethane which could be separated by distillation.®® The di- and 
trifluoro derivatives were gases at room temperature while the monofluoride was 
a liquid. Some of the physical constants of these compounds are given in Table 154. 

Table 154 .—Physical Constants of the Fluorine Derivatives of Iodoform. 


d (at liquid 

Compound B.P. M.P. air temperature) 

CHI,F. 100.3®C. -34.5®C. 3.604 

CHIP, . 21.6®C. -122.0®C. 3.238 

CHF,. -84.4®C. -160.0®C. 1.935 


Fluoroform appeared to be the most stable as it was not decomposed on heating 
to 1150®C. It was not attacked by nitric acid (alone or mixed with sulphuric acid), 
nitrogen trioxide, or silver nitrate at 150®C. for 14 hours. At temperatures above 
175®C. fluoroform was decomposed by the trioxide. When affected by oxidizing 
agents it was changed into carbonyl fluoride and hydrogen fluoride. lododifluoro- 
methane was very sensitive to light and air, reacted with silver nitrate and was 
decomposed by platinized asbestos at 700®C. Diiodofluoromethane also was sensi¬ 
tive to light and air, slowly liberated iodine when warmed, and was almost com¬ 
pletely decomposed at 250®C. The diiodo compound yielded ammonium iodide and 
fluoride on treatment with ammonia. With sodium sulphite in 50 per cent alcohol 
complete removal of fluorine was observed. 

Uses of Chlorofluoromethanes 

Because of their relatively low boiling points, non-flammability and low toxicity 
these halogenated methanes, especially dichlorodifluoromethane.®^ have been em- 

T. Midglcy, Jr. and A. L. Hcnnc. U. S. P. 2.013,062, Sept. 3, 1935, to Frigidairc Corp.; CMrm. 
Abs., 1935, 29, 6901; Brit. Chem. Abs. B, 1936, 919. 

”0. Ruff, O. Bretschneider, W. Luchsinger and G. Miltschitzsky, Bcr., 1936. 69, 299; Brit. Chrm. 
Abs. A, 1936. 452; Ckcm. Abs.. 1936. 30, 2869. 

“C. W. Croco, U. S. P. 1.994,035, Mar. 12, 1935. to Kinetic Chemicals. Inc.; Chem. Abs., 1935. 
29, 2974. 

•* H. W. Daudt, M. A. Youker and H. L. Tones. U. S. P. 2.004,932. June 18, 1935. to Kinetic 
Chemicals, Inc.; Chem. Abs.. 1935. 29, 5123. Cf. J. P. Baxter. British P. 454.577. 1936. to Imperial 
Chemical Industries Ltd.; Chem. Abs., 1937, 31. 1045; Bril. Chem. Abs. B, 1936, 1192; /, Inst. Pet. 
Tech.. 1936, 22. 553A. 

«« H. W. Daudt. U. S. P. 1.946.195, Feb. 6. 1934. to Kinetic Chemicals. Inc.; Brit. Chem. Abs. B. 
1935. 218; Chem. Abs.. 1934. 28. 2365. 

••O. Ruff, O. Bretschneider, W. Luchsinger and G. Miltschitzsky. ior. rit. 

^ For a comparison of this comfiound (also known as Freon or F-12) with ammonia as a refrigerant. 






738 


CHEMISTRY OF PETROLEUM DERIVATIVES 


ployed as refrig^^rants. A diester, such as dibutyl phthalate, may ))e used in con¬ 
junction with thrill as the ahsorlK'iit.^^ Also, a nunihcr of rtlicrs and esters of 
jrlycol may he incorporated for the same purpose.'*** Incorporation of a small pro¬ 
portion of a suhstaiice which fumes in contact with moisture in the atmosphere 
(e.g., boron triduoride, silicon tetrachloride or titanium tetrachloride) serves to 
detect leaks in the refrigerating system.***** Another method of detecting leaks in 
refrigeration machines which contain dichlorodifluoroniethane consists of passing 



C'i>urtr.iv Kinctu' L'Ucmuals, Inc. 

l^Ki. 157A.—\'iew of Plant f<»r Manufacture of DichlonKlitluoronietliane. 


a sample of air obtained from the vicinity of the suspected leak tlirougli a spark 
lietween copper electrodes.**** In this manner a metallic halide which is volatile 
and has a distinctive color is formed. 

Other uses for these fluorine-containing compounds are as fillers for fire extin^ 


sec G. C. Hodson, Ice and Cold Storage, 1936, 39. 23; Chem. Abs.. 1936. 30. 32H3. Trichlorofluoromc- 
thane i» designated F ll. Its use as a refrigerating medium is descrilied hy W. H. ('arrier and K. \V. 
WaterfUI. U. S. P. 2.041,045. May 19. 1936. to Carrier Engineering (’orp.; Chem. Abi., 1936. 30. 4.l6<i. 
A discussion of the refrigerants in common use is given hy J. S. Beanienstlerfer. Ind. linu. Chem.. 

1935, 27. 1027. Brit. Chem. Abs. B, 1935, 881; Chem. Abs., 1935, 29, 6475. See aUo. Kste, Kdlte, 

1936, 12. 25; Chem. Abs. 1936, 30. 5075. 

J. Fleischer, U. S. P. 2,035,541, Mar. 31, 1936, to General Motors Corp.; Chem. Abs., 1936. 30. 

3286. 

*»G. F. Zellhoefer, U. S. P. 2,040,894. to 2.040.912, May 19. 1936; Chem. Abs.. 1936. 30. 4.166. 

C. Danuizen, U. S. P. 1,967,871. July 24, 1934, to General Electric (o.; Brit. Chem. Ahs. B. 
1935, 1074; Chem. Abs., 1934. 28. 5904. 

T. Midgley, Jr,, U, S. P. 1,990,706, Feb. 12, 1935, to General Motors Corp.; Brit. Chem. Ahs. 
B. 1936, 815; Chem. Abs., 1935. 29. 2265. 

*«W. Ursum, German P. 587,932, 1933; Chem. Abs., 1934, 28. 1826. 

»“A. C. Malzac, French P. 782,140, 1935; Chem. Abs., 1935, 29, 6984. German P. 630,838, 19.16; 
Chem. Abs., 1937, 31, 12. See also B. C. Oldham, lee and Cold Storage, 1936, 39, 85; Chem. Abs.. 

1937, 31, 600. L. S. Morse. Refrigerating F.ng., 1936, 32, 17. 86; Chem. Abs.. 19.16, 30, 739.1, 

H. V. Atwell, U. S. P, 2,006.010. June 25, 1935, to Standard Oil Co. of Indiana; Brit. Chem. 
Abs. B. 1936, 629; Chem. Abs., 1935, 29. 5647. 
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guislicrs,^®^ solvents for cleaning operations,^®-* and diluents, either alone^®^ or 
mixed with methyl or ethyl chloride,^®® for the dewaxing of lubricating oils. Getz 
and Smith^®® suggest charging cream with dichlorodifluoromethane under pressure 
in a specially constructed siphon bottle and ejecting the mixture as a froth. In 
this manner whipped cream can he made provided the material initially contains 
22 to 36 per cent of fat. 

Ramscr, U. S. P. 2,009.454. July 30. 1935, to Edeleanu G.m.b.H.; J. Inst. Fct. Tech., 1935, 
21, 383A; Chem. Abs.. 19.15. 29. 6418. 

C. A. (Jetz and G. F. Smith. Trans. Illinois State Acad. Sci., 1934, 27, 71; Brit. Chem. Abs. B. 
1936, 41; Chem. Abs,, 1935, 29, 3414. 



Chapter 30 

Halogenation of Methane Homologues. 
Properties and Uses of Halogen Derivatives 


As the number of carbon atoms in the memt)ers of the paraffin series becomes 
greater, the number of possible halogen-substituted derivatives increases enor¬ 
mously,^ and efforts to control chlorination and thus obtain a preponderance of one 
halogen derivative to the exclusion of others become a matter of importance. 

Hass, McBee and Weber^ have given the following general rules for chlorina¬ 
tion of the saturated hydrocarbons: 

1. Carbon skeleton rearrangements do not occur during photochemical or ther¬ 
mal chlorination if pyrolysis temperatures are avoided; every possible monochloride 
is always formed. 

2. At low temperatures the secondary and tertiary hydrogen atoms are substi¬ 
tuted more quickly than are the primary. 

3. At increasing temperatures the rates of substitution approach equality in the 
liquid and vapor phase. 

4. Liquid phase chlorination gives relative rates of primary, secondary and 
tertiary substitution which arc obtainable only at much higher temperatures in the 
vapor phase. 

5. The presence or absence of moisture, carbon surfaces or light has no appre¬ 
ciable effect upon the* rate of substitution. 

6 . Excessive temperatures or reaction times cause pyrolysis of the tertiary, 
secondary and primary chlorides in that order. 

7. If a molar excess of hydrocarbon is used and the chlorinating conditions are 
maintained constant, the yield of monochlorides vs. polychlorides may be calculated 
from the equation: 


X = KV 

where X — weight ratio of monochlorides over polychlorides, V = ratio of moles 
of hydrocarbon over moles of chlorine, and K — a constant peculiar to the hydro¬ 
carbon and the conditions. 

iH. P. Heme and C. M. Blair (J.A.CS., I9.H. 56, 157; Rrit. Chem. Abs. A, 19.14. 276; Chem. 
Abs., 1934, 28, 1656.) have calculated the numljer of dt!iuh<«tituted prr)ducts of the paraffin seriei. 
Some of their values are as follows: 


No. of 

Nf». 

No. of 

No. 

Carbon 

of Di- 

C arhon 

of Hi- 

Atoms 

chlorides 

Atoms 

rblorirlrs 

1. 

. 2 

7. 

_ 339 

2. 

. . . . 4 

8. 

HM7 

3. 

. 9 

9 . . . 

... 2 .338 

4. 

. 21 

10 

6.220 

5. 

. 52 

15. 

888.467 

6. 

. 132 

20. 

. 135.567.103 


For a discussion of the number of mono-substitution products nee Carleton Ellis, “The Chemistry of 
Petroleum Derivatives,” The Chemical Catalog Co.. Inc.. New York. 1934. 

*H. B. Hass. E. T. McBee and P. Weber. Ind. Eng. Chem.. 1935, 27. 1190; 1936. 28. 333; Chem. 
Abs.. 1936. 30, 78. 2913; Brit. Chem. Abs. B. 1935. 1084; A, 1936, 587; J. Inst. Pet. Tech., 1935, 
21. 449A; 1936, 22, 202A. 
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8 . Dichlorination proceeds by two mechanisms: (1) loss of hydrogen chloride 
followed by addition of chlorine to the resulting olefin and (2) progressive 
substitution. 

9. In vapor phase chlorination the presence of a chlorine atom on a carbon 
atom tends to hinder further reaction upon that carbon atom during the second 
substitution. 


Chlorination of Ethane 

In general the chlorination of ethane can be accomplished by three methods, 
thermal, catalytic and photochemical.^ Temperatures from 300-500°C. are employed 
with 1 volume of chlorine and 8 volumes of ethane, both in the gaseous phase. If 
the reaction is carried out in the dark the temperature range may be limited to 



Fig. 158.— Sketch of Method for Chlorination of (ia^cous Hydrfx:arh<»n>. ( G. h'gloff) 


360-380°C. Contact agents such as iron, thallium, alkaline-earth chlorides, char¬ 
coal and pumice impregnated with cupric chloride, which promote chlorination, are 
also used. Exposure to diffused daylight at 5°C., to ultraviolet rays at 80-100°C. 
and to the light from a mercury vapor lamp have been recommended. In the latter 
method ethyl chloride is not the only product; di-, tri-, tetra,- penta-, and hexa- 
chloroethane are also present, together with some ethylidine chloride. 

The chlorination of still gases to secure ethyl chloride is reported by Egloff.^ 
He passed a mixture of chlorine and gaseous hydrocarbons through a reaction zone 
which was heated to 250-750°?'. The temperature of the exit gases was lowered 
quickly by the injection of a cooling medium consisting of some of the unreacted 
gases, the purpose being to prevent formation of carbon and hydrogen chloride. 
The products were then conducted through a bubble tower to which some fresh 


• See Carleton Ellis, “The Chemistry of Petroleum Ucrivatives.” The Chemical Catalog Co.. Inc.. 
New York, 1934. For a review of the photochemical reactions l)etween halogens and aliphatic hydro- 
cirboni, tee H. J. Schumacher. Anffnv. them., 19.16, 49. 613; Chem. Abs,, 1936. SO, 7041. 

• G. Egloff, U. S. P. 1.950,720. March 13. 1934, to Universal Oil Products Co.; Brit. Chrm. Abs 
B, 1935, 92; Chem. Abs., 1934, 28, 3576. 
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cold gases were added. The liquid chlorides and non-condensed materials were 
separated, tlie former being removed from the bottom of the tower. To effect 
chlorination in liquid phase, a solvent such as carbon tetrachloride or benzene for 
the above reactants has been recommended.^ 

The preparation of alkyl polyhalides is often effected by halogenation of alkyl 
mono- or dichlorides. According to Hamai,« ethylene chloride (dichloroethane) 
and chlorine do not combine at 25-50®C., but if a trace of hydrogen chloride is 
added, trichloroethane is formed. The reaction is preceded by an induction period. 
To obtain hexachloroethane, Levine and Bond^ treat percbloroethylene (CX'M 
with chlorine using a contact agent of pumice inipregnated with cupric cblori<le 
and excluding light. 



a. (icnfratinR flask 

a'. DroppiiiK funnel 

I), I)', I)", b'". StoraKe hulbn 

c. c'. Reaction tubes 

el, (!'. Receivers 

e. Terminal bubble counter 

f Pressure regulateir 

K. Rubble counter 

ni. .Manometer 


Courtesy Journal of American Chemical Society 

Fig. 159.—-Apparatus" Employed for Formation of .yym-Dideuteriotetrachlorocthane. 

(F. W. Breuer) 


Other means of preparing ethyl chloride include the treatment of ethyl alcohol 
with hydrogen chloride, both in the liquid** and vapor® phases. Also, it has been 
suggested that gaseous ethylene be reacted with chlorine vapor to secure dichloro- 
ethane.^® The two gases are conducted together over a promoter consisting of a 
mixture of zinc and stannous chlorides. 

The formation of a tetrachloroethane containing two atoms of deuterium (sym- 
dideuteriotetrachlorocthane) has been investigated.” The halogen compound was 
prepared by uniting heavy acetylene (dideuterioacetylene) with chlorine. The 
apparatus consisted of an acetylene-generating flask, a storage system of four bulbs 
to hold the acetylene, and two reaction chambers of heavy-walled tubing joined 


•French P. 773,679, 19.14, to I. Cl. Farhenind. A.(I.; Chem. Abs., 1935. 29, 1430 

Hiinai, Bull. Chem. Soc. Japan, 1934, 9, 542; Brit. Chem. Abs. A, 1935, 325; Chem. Abs.. 
1935, 29. 1771. 

2.037.419, April 14. 1936. to E. I, du Pont de Nemour* 

and Co.; Cham. Abs., 1936, 90, 3837. 

S' 13 19.34. to I. a F.rl»emnd. A.-d.; Chem. Abs,, 1934. 

^s^l936 W *45*14^’ 594,551, 1934; Chem. Abs., 1934, 28. 4434. French P. 793.731, 1936; Chem. 

•P. Ernat, U. S. P. 1,937.269. Nov. 28, 1933, to A. Wacker Gen. fiir elcktrochemitche Induatrie; 
Chsm. Abs., 1934, 28, 1052; Bnt. Chem, Abs. B, 1934. 824. 

Parbenind. A.-G.; Chem. Abs., 1936, 30, 7127. French P. 
V'1*** reactioni of oleflnt with halogeni, see Chapter 20. 
“ F. W. Brener, J.A.C.S., 1936, 58. 1289; Chem. Abs., 1936, SO, 5936. f • •v. 
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to receiving flasks (see Fig. 159). A chlorine-purifying train was connected to the 
reaction chamber at the same point that the heavy acetylene entered. The rate of 
acetylene was maintained constant by employing mercury as a confining liquid in 
the storage flasks. In the procedure a catalyst consisting of ferric oxide, reduced 
iron, aluminum oxide, powdered antimony and sand was employed. The heavy 
acetylene was generated by allowing deuterium oxide (heavy water) to fall upon 
calcium carbide. The chlorination was then effected by conducting chlorine at the 
rate of 16 cc. per minute and acetylene at 4 cc. per minute into the reaction 
chamber. The latter was heated by a 100 watt incandescent lamp at a distance of 
40 cm. A yield of 78 per cent of the theoretical amount of jy;i^-dideuteriotetra- 
chloroethane was reported to be obtained. 

The properties of this “heavy*' tetrachloroethane were compared with those of 
the compound containing ordinary hydrogen. Some of these proi>erties are indi¬ 
cated in Table 155. 


'rAliLli 155 .—Physical Properties of Tetrachloroethanes. 


iyw-DidcutcHotctrachlorocthanc 

CUCbCUCb 

H.p. {IM inni.j . . 145.7° ±0 05°C. 

df . 1.6118 

nf?. 1.4924 


iym-'rcLracblor(x;tha]ic 
CHCI,CHCb 
145.2° =b0.05°C. 
1.5943 
1.4940 


I'Koi’KkTiES OF Chlorinated Ethane 


'riic work ot van dcr Lee*- indicates that over the range 62.1 to 239.1 °C. the 
va|)or ])ressure of lie.xacbloroetbane is inversely proportional to the temperature 
and may be reproented by the e(|uations: 

^ 4“ 8 640 for the liciuid and 

+ 7 483 for the soli.l 

where /> —vapor pressure and 7'= absolute temperature. The same inve.stigator 
found the triple point** to be 186.8°C. and calculated the heats of sublimation, 
vaporization and fusion as 12.0, 9.6 and 2.4 kilogram calories per mole, respectively. 
The same figure for the triple point was obtained by Wiebenga.^^ 

To stabilize tetracliloroetbane and to prevent development of an objectionable 
degree of acidity a number of agents have been suggested. They include phenolic 
substances*’’ (hydr(x|uinone, />-cresol, resorcinol), propanol,^® a mixture of a free 
fatty acid and soap,*^ butyl oxide,*® and small proportions (0.05 per cent) of 
caffeine.*** To determine the applicability of stabilizers, Dietrich and Lohrengel-'* 

»«• l*. J. v.in der Lee. anonj. alli/cm. Chem., 19.15, 223, 213; Brit. Chem, Ahs. A, 1935, 1064; 
C /rrm. Ahx.. 19.LS. 29. The toxjcitv of a numlKrr of chlorohydrocarbons is di.scussed by K. B. 

Lehman and L. .Schmidt Kehl. Arch. Hyp, Bakt.. 1936. 116, 131; Chem, Abs„ 1937, 31, 477. 

** The triple |)oint is the temi>eralurc at which the solid, liquid and vaiior phases of a substapcc 
are in equilihi ium. 

“ E. H. \Virl>enRa, /. anorp. allpcm. them., 1935. 225, 38; Brit, Chem. Abs. A, 1936, 20; Chem. 
Ahi.. 1936. 30. 672. 

F*. J. Carlisle and C. R. Harris, Canadian P. 341,792. 1934, to Canadian Industries Ltd.; Chem. 
Abs., 1934. 28. 5076. Cf. British P. 397.915. 1933. to Roessler and Hasslacher Chemical Co.; Chem. 
Ab.t.. 1934. 28. 1046; Brit. Chem. Abs. B. 1933. 956. 

French P. 794.(».>3. 193(). to 1. (L Farlienind. A.-G.; Chem. Abs., 1936. 30, 5235. 

*• J. S.ivage and A. V. Fitter, Canadian P. 343.936, 1934, to Canadian Industries Ltd.; Chem. Abs., 
l‘»34. 28. 7260. 

>'‘1. M. G. dc Schacken and M. F.. A. .Schmidt, French P. 794.878. 1936; Chem. Ahs.. 1936, 30, 
543<l.' 

***1*. J. Cai lisle, Can.nUnn P. 353,451, 1935, to Canadian Industries Ltd.; Chem. Abs., 1935, 29, 
7999. 

»K. R. Dietrich and W. Lohrengel. AH{retv, Chem., 1934. 47, 830; Chem. Abs.. 1^35. 29, 2504- 
Brit. Chem. Abs. B. 1935, 137. 




744 


CHEMISTRY OF PETROLEUM DERIVATIVES 


treat the chlorinated hydrocarbon (both with and without incorporation of stabi¬ 
lizers) with oxygen at 25 atmospheres and 100®C. for 4 hours in the presence of 
water. The quantity of hydrogen chloride liberated is afterwards ascertained. 
Water prevents the formation of any appreciable proportion of phosgene by hydra¬ 
tion of the chloride. 

A proposed method for the quantitative deterinination of gaseous dichlorocthane 
and ethyl chloride has been reported.-^ It is based upon the oxidation of the 
halides to form carbon dioxide, water and chlorine. 

C,H4C1, -f 30, —> 2C0, -f 2H,() + Cl. 

The latter may then be absorbed in an appropriate reagent. The apparatus con¬ 
sisted of two electrically heated furnaces containing a quartz tube which was con¬ 
nected at one end to the incoming vapors and at the other to absorption bottles 
(see Fig. 160). A gas meter was employed to measure the rate of flow, which was 



A, Quartz tube 

B, B'. Electric fur¬ 
naces 

C, C'. Resistance units 
F. Absorption bottles 
(i. (ias meter 


Courtesy Industrial and Engineering Chemistry 


Fig. 160. — Apparatus fqr Combustion Method of Determining Gaseous Chlorinated Hydro¬ 
carbons. (M. J. Martinek and W. C. Marti) 


controlled by a suction pump. The absorption bottles contained sodium arsenate 
to remove the chlorine. The gases under investigation were drawn through the 
combustion furnaces at the rate of 20 liters per hour. During the periotl of con¬ 
tact the furnace was maintained at temperatures in the range 900-950°C. When 
the combustion was completed, the apparatus was blown with air to remove all 
chlorine, and the amount of the latter held in the absorption licpiid was deter¬ 
mined. It was stated that the estimation of dichlorocthane was accurate within 
0.04 per cent by volume. However, it was said that the ethyl chloride determina¬ 
tions had an accuracy of ±10 per cent if 2 per cent or more of ethyl chloride was 
present. 


Uses of Chlorinated Ethanes 


The chlorides of ethane have many varied applications, being employed in the 
preparation and purification of organic compounds, in refining and dewaxing lubri- 

M. I. Dement’eva and E. K. Serebryakova, Materials on Cracking and Chemical Treatment of 
Products Obtained, Khimteoret (Leningrad), IW5, No. 2, 146; Chem. Abs., 19.15. 29, 60.1.1; Brit. Chem. 
Abs, B, 1936, 625. The apparatus employed ta deacribed by M. J. Martinek and W. C. Marti, Ind, 
Eng. Chem., Anal. Ed., 1931, 3, 408; Chem. Abs,, 1931. 25, 5875. 
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eating oils, as refrigerants, in the manufacture of insecticidal compositions and as 
dry cleaning agents.** 

Monochloroethane. To secure ethylated cellulose, Nikitin and Rudneva*® 
recommend cellulose and ethyl chloride. They report that a temperature of lOQ- 
120®C. causes complete reaction in 5 hours and that a large excess of concentrated 
sodium hydroxide favors the production of a highly ethylated compound. The 
suggestion has been made that this chloroethane be used in a refrigerant mixture. 
For this purpose methylene chloride and monochloroethane are said to possess the 
advantage, according to Davenport,** that at room temperature (20®C.) they have 
a vapor pressure of less than 1 atmosphere. The two latter halides are also used 
as solvents for insecticidal compositions.*® 

Dichloroethane. Reilly*® reports that when chlorine (containing 20 per 
cent of air) and dichloroethane are separately preheated to 120-180®C. and passed 
over coke at 375°C. they yield tetrachloroethylene. Dichloroethane may be em¬ 
ployed as a solvent for crude naphthalene when the latter is refined with sul¬ 
phuric acid*^ and as an extractant for sulphur in gas-purification residues.** 
Ethylidene chloride mixed with kerosene or benzene may be used as a dehydrating 
agent for aliphatic acids, such as acetic, and for the acid-anhydride product of 
thermal decomposition of these acids.** Ethylene chloride, alone** or incorporated 
with benzene,*^ isopropyl ether or amyl alcohol,** is a dewaxing agent for lubri¬ 
cating oils. In one dry cleaning process, a mixture of 75 per cent of dichloro¬ 
ethane and 25 per cent of trichloroethylene may be employed.** MacLang** 
effects selective extraction of caffeine with dichloroethane. The coffee is heated 
with water until a 16 per cent moisture content is attained, then the pressure is 
raised to 5 atmospheres and the temperature to 125®C. At the end of 30 minutes 
preheated dichloroethane is introduced and extraction brought about. The caffeine 
content of the coffee is lowered to 0.08 per cent by this means. It is also interest¬ 
ing to note that when incorporated with paraffin wax and resin the halide is re¬ 
ported to furnish a scouring agent for painted and waxed surfaces.*® 


“The narcotic effect of chlorinated derivatives of ethane has been studied by P. Schwander, Arch. 
Cewerbepath, Getverhehyg., 1936, 7, 109; Brit. Chem. Abs. A (3), 1937, 64. 

« N, I. Nikitin and T. I. Rudneva, J. Appl. Chem. {U.S.S.R.). 1933, 6, 45; Chem. Abs., 1933, 27. 
5964; Brit. Chem. Abs. A. 1933. 812. 

•* R. H. Davenport, U. S. P. 1.986.959. Jan. 8. 1935, to Chicago Pneumatic Tool Co.; Chem. Abs., 
193'; 29 1294; Brit. Cbrm Ah^. B. 1935, 1074. 

• L. Hcm, German P. 587,747, 1933, to J. D. Riedel-E, de Haen A.-C.; Chem. Abs., 1934, 28. 
1810. 

“J. H. Reilly. U. S. P. 1.947,491. Feb. 20. 1934, to Dow Chemical Co.; Brit. Ch-m. Abs. B. 1934, 
1094. For the purification of tetrachloroethylene see G. H. Coleman, U. S. P. 2,000,881, May 7, 1935, 
to Dow Chemical Co.; Chem. Abs., 1935. 29. 4039. 

K. Fujiki and G. Royama, Japanese P. 100,609, 1933. to The Head of the Tokyo Kogyo Shikenjo; 
Chem. Abs., 1934, 28, 3427. Extraction of oils and fats with dichloroethane is reported by M. Pour- 
baix, 15me Congr. chim. ind. (Bruxelles. Sept,, 1935), 1936, 567; Chem. Abs., 1936, 30, 5822. 

•British P. 430,110, 1934, to I. G, Farbenind. A.G.; Brit. Chem. Abs. B, 1935, 948; Chem. Abs., 
1935. 29. 8257. 

»H. Dreyfus. British P. 403.075. 1933; Chem. Abs., 1934. 28. 2729; Brit. Chem. Abs. B, 1934. 312. 
»A. I. Voronov, N. I, Logvinova. Neft. Khos., 1934, 26 (4), 57; Chem. Abs., 1934. 28, 7507. 
French P. 790.852, 1935. to Sundard Oil Development Co.; Chem. Abs., 1936, 30. 3223. P. Astrak¬ 
hantsev, Masloboino Zhirovoe Delo., 1933, 9 (8), 10; Chem. Abs., 1935, 29, 3183. 

L. D. Jones, British P. 447,415, 1936, to Sharpies Specialty Co.; Brit. Chem. Abs. B, 1936, 916; 
Chem. Abs., 1936, 30, 7326. 

•B. Y. McCarty and W. E. Skelton. U. S. P. 1,988,397 and 1,988.398, April 16, 1935, to Texas 
Co.; Ckem. Abs., 1935. 29, 3822; J. Inst. Pet. Tech., 1935, 21, 221 A. 

“French P. 785,864, 1935, to Compagnie des produits chimiques et electrometallurgiques Alais, 
Proges et Camargue; Chem Abs., 1936, 30, 629. The use of chlorinated solvents in dry cleaning is 
discussed by D. H. Killeffer, Jrsd, Eng. Chem., 1936, 28, 640; Chem. Abs., 1936, 30, 4678; Brit. Chem. 
Abs. B. 1936, 787. See also R. G. Harry, Paint Manuf., 1936 6, 288; J. Inst. Pet. Tech., 1936, 22. 
514A; Chem. Abs., 1936, 30, 7718. 

“J. MacLang, U. S. P. 2,023.333, Dec. 3, 1935, to Coffex A.-G.; Chem. Abs., 1936, 30, 784. 

“A. Abraham and M. 1.. A. Philippon, British P. 440.525, 1935; Brit. Chem. Abs. B, 1936. 285: 
Chem. Abs., 1936, 30. 3912. 
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Higher Chloroethanes. imjvwi-Tetrachloroethane reacts with concentrated 
sulphuric acid, at 100-160®C., to ffive nionochloroacctic acid/"*^ 

Anhydrous tctrachlorocthane may l)c employed as emdinj;: medium for coUl 
storage. To prevent evaporation of the halide, the latter is covered with a layer 
of glycerol or glycol, and to inhibit formation of corrosive acid, calcium, sodium 
or lead oxide is incorporated.^^ 

Starr and Bciswenger^® point out that a solvent mixture composed of phenol 
and tetrachloro derivatives is applicable for processing mineral oils. 

In one method for the manufacture of motion picture films, cellulose acetate 
is dissolved in dichloroethylene and propyl alcohol, to which is added tetrachloro- 
ethane. The function of the latter, which has a higher boiling point than the olefin 
chloride, is to improve the mechanical properties of the resulting film.^® 



Courtesy Industrial and Engineering Chemistry 

Fig. 161.—Method for Bromination of Saturated Gaseous Hydrocarbons. (W. J. Perelis) 


Sullivan^® suggested a combination of carbon tetrachloride, tetrachloroethane, 
naphtha and a small amount (0.1-2 per cent) of a chlorinated derivative of naphtha¬ 
lene as a dry cleaning fluid. Grebe and Mills^' recommended tetrachloromethane 
and tetrachloroethane for the same purpose. This latter composition was reported 
to be noninflammable and nonexplosive and to evaporate from the articles cleaned 
in less than 5 minutes. Lindner^^ gasoline and tetrachloroethane as a dry 
cleaning agent. Reddish^^* points out that the addition of water to chlorinated 
hydrocarbons used in dry cleaning will effect the removal of water-soluble soil and 
oil-soluble soil in one operation. To overcome the possibility of “water-spotting*' 
the fabrics during cleaning, he suggests an “ab.sorbefacient’***^ to maintain the 
moisture present in a dispersed state. One such “absorbefacient** consists of 25 
per cent oleic acid, 25 per cent naphtha and 50 per cent mahogany sodium sul- 

** French P. 774,172, 1934, to Compagnie des produits chimiques et ^lectrom^tallurgiquet Alai<«. 
Frocea et Camargue; Chem. Abs., 193S, 29, 2179. 

^ Britiab P. 409,844, 1934, to Platen-Muntera Refrigerating Syatem Aktielx>lag (to Electrolux Ltd.): 
Chem. Abs., 1934, 28. 6217. 

•J. V. Surr and G. A. Beiiwenger, Canadian P. 356,174, 1936, to Standard Oil Development Co.: 
Chem. Abs.. 1936, 80, 2745. 

• Britiah P. 421,768, 1934, to I. G. Farbenind. A. G.; Brit. Chem. Abs. B. 1935, 266; Chem. Abs.. 
1935, 29, 3836. 

^F. W. Sullivan, Jr, U. S. P. 2.017,327, Oct. 15. 1935, to Standard Oil Co. of Ind.; Chem. Abs.. 
1935, 29, 8362. 


"J. I. Grebe and L. E. Mtlla, U. S. P. 1.989,478. Jan. 29, 1935, to Dow Chemical Co.; Chem. 
Abs., 1935, 29, 2000. 

“D. Lindner, Hungarian P. 112,897, 1935; Chem. Abs., 1935, 29, 8187. 

^ W. T. Reddish, C. S. P. 2,061,211, Nov. 17, 1936, to Emery Industries. Inc.; Chem. Abs.. 
1937, 81, 888. 

«»^An '‘abaorbefacient** ia a composition which dissolves in a cleaning solvent and which, though 
it does not readily absorb any substantial amount of moisture, renders the cleaning solvent capable of 
absorbing moisture. 
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pho!iate>2c In the cleaning operation a concentration of 6 per cent of the above 
compound is employed, together with a quantity of moisture equal to 5-15 per 
cent of the weight of the garments to be cleaned. 

According to Balazs an atmosphere containing tetrachloroethane and trichloro¬ 
ethylene in the ratio 4:1 is very effective as an insecticide.**® Another agent con¬ 
sists of finely powdered derris root, solid hexachloroethane and chalk.**^ Yama- 
zaki^'’ prefers a mixture of borax, hexachloroethane and a hydrofluoric acid 
solution of glass for the same purpose. 

BrOMI NATION OF EtTIANE 


Merz and Weith^® predicted, from experiments on the bromination of ethyl 
iodide, that the bromination of ethane would lead to tetrabromo- and hexabromo- 
ethane. Perelis,^^ on the other hand, reports that at a sufficiently low halogen con¬ 
centration, mixtures of ethane and bromine (using an iron catalyst) lead mainly 
to the formation of monohalides, when the reaction temperature is maintained at 
350®C. In effecting such an operation gaseous ethane was bubbled through a layer 
of li(|uid bromine, and the resulting mixture conducted through the heated reaction 
zone. To maintain a constant depth of liquid, fresh bromine was added intermit¬ 
tently throughout the reaction. Some of his results are shown in Table 156. 


Tahi.k 156 .—Bromination of Ethane at 350°C. 


Conversion per Analysis of Products 



Passage 

r' 

,0 

Mono-Bromides 

Dibromides 

Bromine Layer Mm. 

Mole % 

Mole % 

9 5 . 


81.2 

18.8 

8.5. 

10.0 

88.3 

11.7 

8.5 . 

6.89 

88.89 

11.11 

9.5. 


92.94 

7.06 

11.5. 

U.7 

94.88 

5.12 

16.5 . 

13.58 

91.7 

8.3 

22 5 

15.03 

92 3 

7.7 

22 . 

21 2 

89.1 

10 9 

22 

23 2 

85.59 

14.41 

22 

23.61 

84.5 

15.5 


Fluorination of Ethane 


Direct fluorination of methane homologues has not been reported. However, 
the preparation of fluoro-halo derivatives has received attention. For example, 
hydrogen fluoride will unite with dichloroethane when a catalyst such as ferric 
chloride and activated carbon is used.^® Other contact agents include a halide of 
copper, silver, gold, zinc, cadmium, mercury, vanadium, manganese, cobalt, nickel 
or platinum dispersed in carbon which serves as a carrier.^® Daudt and Youker^*^* 

The mahoKany sulphonatcs arc di<icusscd in Chapter 46. 

BalazH. French P. 787.96.C 1935; Chem. Abs., 1936, 30, 1504. British P. 453,364. 1936; 7. 
Inst. Pet. Tech., 1936. 22. 516A; Chem. Abs.. 1937. 31. 1152; Bnf. Chrm. Abs. B, 1936, 1182. 

** British P. 410.364. 1934. to Akticngcsellschaft fur medizinische Produkte; Chem. Abs., 1934, 28. 
6260; Brit. Chem. Abs. B. 1934. 734. 

B. Yamazaki, Japanese P. 1 11.065. 1935, to K. K. Umeda Kimo Senshokii Kojo; Chem. Abs., 
1936, 30, 2407. 

♦•V. Merz and W. Weith, Ber., 1878. 11. 2235; J.C.S.. 1879. 36, 302. 

W. J. Perelis, ttid. Chem., 1933, 25, 1160; Brit. Chem. Ah.<. A. 1933, 1271; Chem. Abs., 

1933. 27. 5713. 

"British P. 428.445. 1935. to Kinetic Chemicals. Inc.; 7. Inst. Pet. Tech., 1935. 21. 313A; Chem. 
Abs,, 1935, 29, 6901. Canadian P. .149,160. 1935; Chem. Abs., 1935, 29. 3685. 

"British P. 428.361. 1935. to Kinetic Chemicals, Tnc.; 7. Inst. Pet. Tech., 1935, 21, 269A; Chem. 
Ah,t., 1935. 29. 6605; Brit. Chem. Abs. B. 1935. 664. 

If. W. Dnmit and .\f. A. Yonker, Canadian P. 349,159, 1935, to E. T. du Pont dc Nemoura Hr Co., 
to Kinetic Chemicals, Inc.; Chem. Abs., 1935, 29, 3685. 






748 CHEMISTRY OF PETROLEUM DERIVATIVES 

combined antimony pentachloride with hydrogen fluoride and added trichloroethanc 
to yield monofluorodichloroethane. The presence of a liquid medium which is not 
reacted upon by fluorine, such as anhydrous hydrogen fluoride at —40®C., is recom¬ 
mended for the substitution of fluorine in tetrachloroethane.®^ Henne®* prepared 
trichlorotrifluoroethane by reacting antimony trichloride with hexachloroethane and 
then treating the resulting compound with fluorine or hydrogen fluoride. The same 
investigator®® points out that antimony trifluoride and chlorine may be employed 
in a similar method. 

Also, it has been suggested that mercuric fluoride be employed to effect the 
substitution of fluorine in an alkyl halide.®^ Thus, the preparation of ethyl fluo¬ 
ride from ethyl bromide and mercuric fluoride was reported. The apparatus con¬ 
sisted of a copper reaction vessel equipped with a copper reflux condenser. The 
latter was kept at 0®C. throughout the reaction. Ethyl bromide was placed in the 
vessel and mercuric fluoride slowly added. During the incorporation of the mer¬ 
curic salt, the reaction vessel was immersed in an ice bath. It was stated that 
ethyl fluoride is generated as soon as the reagents come in contact. This halide 
passes through the reflux condenser and may be collected in a receiver cooled with 
solid carbon dioxide, while ethyl bromide is returned by the condenser to the reac¬ 
tion chamber. The yield of ethyl fluoride was said to be quantitative, all the salt 
left in the reaction vessel being mercuric bromide. 

Properties of Pluorinated Ethane. The work of Henne and Midgley®® 
indicates that the monofluoride and 1,2-difluoride of ethane are relatively unstable, 
readily undergoing hydrolysis and further fluorination. However, as soon as two 
fluorine atoms are attached to one carbon, the compound becomes stable and can 
be fluorinated further with difficulty. This effect is noticeable not only on the 
atom to which the fluorine is bound, but also upon the adjacent carbon. 


Table 157. — Properties of Fluorohaloethanes. 



M.P. 

B.P. 





Compound 

X. 

"C. 

T^C. 

di no 

ni> 

n^ 

CHCbCCbP. 

- 8l.6 

116 6 

20 0 

1.62232 1.44634 

1.44873 

1.45873 

CHCIFCCI, 

- 95.35 

117 0 

20 0 

1.62525 1 45005 

1.45253 

1 45861 

CHCljCClF, 


71 9 

25 0 

1.5447 

1 3889 


CHClFCCbF 

Glass 

72.5 

20 0 

1.55868 1 39216 

1.39419 

1.39873 

CHFjCCla 

Glass 

73.0 

20 0 

1 56613 1 39590 

1.39787 

1 40278 

CHClFCFjCl 


28.0 

10 0 

1 496 



CHF,CF,CI 


- 12 





CHsCClsF. 


31.7 

5 0 

1.2673 

1 38679 


CHjClCHClF 


73.7 

20.0 

1.3814 

1 41132 


CHjClCHF, 


35.1 

15 0 

1.312 

1.3528 


CHsBrCHClF 


96 6 

20 0 

1 82913 

1 45463 


CH,BrCH,F 


71.5 

25 0 

1 7044 

1.42261 


CHClBrCHClF 


124.7 

20.0 

1 932 

1 4776 


CHaBrCHF,.... 


82.3 

20.0 

1.879 

1.4173 


** W. S. Calcott 

and A. F. 

Benning 

s. P. 

2.013.030. Sept. 3. 1935, 

to E. I. dti 

Pont de 


Nemours k Co.; Chem. Abs., 1935. 29, 6900, 

“A. L. Henne, U. S. P. 2.013,050, Sept. 3, 1935, to Cieneral Motors Corp.; Chem. Abs., 1935, 29, 

6900; BrU. Chem. Abs. B. 1936, 919. Cf. U. .S. P. 2.007,198, July 9. 1935; Chem. Abs., 1935, 29, 

5459. U. S. P. 1,970,562, August 21, 1934; Brit. Chem. Abs. B, 1935, 715; Chem. Abs., 1934, 28, 
6159. British P. 378,324, 1932; Chem. Abs., 1933, 27, 3947; Brit. Chem. Abs. B, 1932, 1019. 
Gemuin P. 594,751, 1934, to Frigidaire Corp.; Chem. Abs., 1934, 28, 4430. 

“A. L. Henne, U. S. P. 1,987.840, Oct. 30, 1934, to General Motors Corp.; Brit. Chem. Abs. B. 

1935, 839; Chem. Abs., 1935, 29. 175. Cf. French P. 798,421, 1936, to I. G. Farbenind. A. G.; Chem. 
Abs., 1936, 80, 7121. 

•«A. L. Henne and T. Midgley, Jr.. J.A.C..S., 1936, 58, 884; Chem. Abs., 1936, 30, 5176; Brit. 
Chem. Abs. A. 1936, 961. 

•A. L. Henne and T. Midgley, Jr.. J.A.C.S., 19J6, 58, 882; Chem. Abs., 1936, 30, 5175; Brit. 
Chem. Abs. A, 1936, 961. 
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The melting points, boiling points, densities and indices of refraction (for the 
red, yellow and blue lines, respectively) of some fluorohaloethanes have been com¬ 
piled by Henne and his coworkers.®® They are listed in Table 157. 

The Chlorination of Propane 

The chlorination of propane has been achieved by two general methods, (1) 
thermal treatment in the absence of light and oxygen and (2) in the presence of 
catalysts. 

Chlorine and propane may be separately preheated to 100°C. and mixed in 
enameled metal or Pyrex glass chambers, without exposure to light. The product 
of the reaction is propyl chloride.®^ The process may be varied by passing a stream 



Caurtcsy Industrial and Engineering Chemistry 

Fig. 161 a. — Flow Diagram for Chlorination of Propane. (H. B. Hass, E. T. McBee, 
G. E. Hinds and E. W. Gluesenkamp) 


of chlorine into a current of the hydrocarbon at the above temperature.®® To 
avoid explosion, the propane is present in excess and the speed of the chlorine is 
greater than the critical velocity at which ignition would occur.®® Britton, Cole¬ 
man and Hadler®® report that during chlorination of propane some hydrogen chlo¬ 
ride and propene are formed. However, by raising the temperature to 195-199°C. 
these two can be combined to give the saturated halide. 

Deanesly®' has made a study of certain of the factors which influence the halo- 


“ A. L. Henne and E. C. I.add. J.A.C.S., 19.16. 58. 402; Chem. Abs.. 1936. 30. 2914; Brit. Chcni, 
Abs. A, 1936, 703. A. L. Henne and M. W. Renoll. J.A.C.S., 1936, 58, 887; Brit. Chem. Abs. A. 
1936. 961; Ckrm. Abs., 1936 30. 5175. , _ . . 

German P. 608,360, 1935, to Bataafsche Petroleum Mant^chappij; J. Inst. Pet. Teen., 1935, 21. 
224A; Chtm. Abs., 1935. 29. 2549. 

“German P. 610,660, 1935, to Sharpies Solvents Corp.; Chem. Abs., 1935, 29. 5855. 

“German P. 607.461, 1934. to Sharpies Solvents Corp.; J. Inst. Pet. Tech., 1935. 21, 269A. 

“ E. C. Britton, G. H. Coleman an'^ L. C. Hauler, U. S. P. 2,018.345, Oct. 22, 1935, to Dun 
Chemical Co.; Chem. Abs., 193o, SO, 106; Brit. Chem. Abs. B, 1936, 1192. 

•“ R. M. Deanesly. .I.A.C..^., 19.14. 36, 2501; Chem. Abs., 1935, 29, 724; Brit. Chem. Abs. A, 
19.15. 62. 
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g^nation of propane. He states that oxygen inhibits the reaction, whether the 
latter be catalyzed by light or by olefins siniultaneously reacting. This effect is 
utilized in one process in which addition, rather than substitution, is desired. Thus, 
a mixture of unsaturated and paraffin hydrocarbons is treated with a halogen and 
oxygen to give olefin halides.**^ According to the above investigator®^ chlorina¬ 
tion of propane can be brought about by adding free chlorine in the dark, in the 
absence of oxygen, and below 100®C. A small amount of an olefin (propene) in 
the reaction chamber is reported to increase the speed of substitution. The chlo¬ 
rination of a mixture of propane and 1-monochloropropane has been utilized to 
prepare 1,3-dichloropropane.®®* In the procedure an excess (10 :1) of the hydro¬ 
carbon and monohalide over chlorine was maintained to inhibit the formation of 
trichloro derivatives. The chlorine was allowed to react completely, so that the 
product flowing to the condenser and rectifying column (Fig. 161 A) consisted of 
1 - and 2-monochloropropane, 1,1-, 1,3-, 1,2-, and 2,2-dichloropropanes, as well as 
hydrogen chloride. Because of the widely separated boiling points of these sub¬ 
stances (Fig. 161B), removal of a relatively pure 1,3- derivative at 120.4®C. was 
.s;iid to be effectively accomplished. The latter compound was employed in the 
synthesis of cyclopropane, used as an anesthetic.®®^ 

The catalytic chlorination of di- and tri-chloropropanes has received attention,®^ 
but relatively few reports on direct halogenation of the hydrocarbon (propane) 
by the aid of contact agents have been noted. Sharp®® points out that cupric or 
ferric chloride will aid the chlorination of propane if mono- and dichloropropane 
are also present. The use of actinic rays and of successive reaction stages at pro¬ 
gressively higher temperatures is recommended in this procedure. 

In the monochloride fraction which Schorlemmer®® obtained by the photo¬ 
chemical chlorination of propane, he reported only 1-chloropropane. Later work 
by Hass, McBee and Weber®’ indicates that’with the use of more modern rectifica¬ 
tion equipment a yield of 60 per cent 2-chloropropane and 40 per cent 1-chloro¬ 
propane can be obtained. 

Yuster and Reyerson®® show that the homogeneous (single phase) chlorination 
of propane is of the chain type, as evidenced by an induction period, the inhibitory 
effect of oxygen and'lhe fact that a packed chamber reduces the extent of halide 
formation. They conclude that the complete picture is extremely complicated and 
is an eight-stage process with an enormous number of combinations in the inter¬ 
mediate stages. High partial pressures of propane eliminate explosions and favor 
the production of monochloropropane (75 per cent), with a conversion of 90 per 
cent of the chlorine input. 

The heterogeneous reaction in the presence of aluminum oxide, copper and 
cupric chloride deposited on a silicon dioxide gel is described by the same investiga¬ 
tors.®* The extent of chlorination increases with a rise of temperature, but when 
complete conversion is attained, the temperature can be reduced without diminish- 

•• BritUh P. 402,928, 1933. to Bataafschc Petroleum Maatschappij; J. Inst. Pet. Tech., 1934. 20, 
115A; Brit. Chem. Abs. B, 1934, 266. 

• R. M. Deanesly, U. S. P. 1.991,600, Feb. 19, 1935, to Shell Development Co.; Chem. Abs., 1935, 
29, 2174. Canadian P. 338,210. 1933; Chem. Abs., 1934, 28, 1714. 

••• H. B. Hats, E. T. McBee, G. E. Hind* and E. W. Gluetenkamp, Ind. Eng. Chem., 1936, 28, 
117^ /. Inst. Pet. Tech., 1936, 22. 551A; Brit. Chem. Abs. B, 1936, 1140. 

. •• See Cha^T 53, this text. 

•• Carleton Elli», "The Chemittry of Petroleum Derivative?!," The Chemical Cataloa Co., Inc., New 
York, 1984. 

•W. E. Sharp. U. S. P. 2,010,039, Aug. 6. 1935; Chem. Abs., 1935. 29. 6252. 

••r. Schorlemmer, Proc. Roy. Soc. (London), 1868, 17, 372; Ann., 1869, 150, 210; Ann. Chtm. 
Phys., 1870, 19 (4). 4^9. 

H. B. Haaa, E. T. McBee and P. Weber, Ind. Eng. Chem., 1935, 27. 1190; /. Inst. Pet. Tech., 
1935, 21. 449A; Chem. Abs., 1936. 80. 78; Brit. Chem. Abs. B, 1935, 1084. 

•S. Yuater and L. H. Reyerion, J. Phys. Chem., 1935, 89, 859; J. Inst. Pet. Tech., 1935, 21. 335A; 
Chem. Abs., 1935, 29. 6822; Brit. Chem. Abs. A. 1935. 1082. 

•L. H. Reyerton and S. Yuater, /. Phys. Chem., 1935, 89, 1111; Brit. Chem. Abs. A. 1936, 35: 
Chem. Abs., 1936, 80, 429. 




HALOGENATION OF METHANE HOMOLOGUES 


751 


ing the yield of halides. High partial pressure of chlorine, rising temperatures and 
greater rates of flow lead to di- and trichloropropanes, but tend to render the cata¬ 
lyst inactive. The view that secondary chlorination of the propene (arising from 
the pyrolysis of propyl chloride) takes place is supported by the fact that a large 
proportion of 1,2-dichloropropane is obtained. 

Uses of Chlorinated Propane. Propene chloride is used with methyl or 
ethyl alcohol in the preparation of lacquers containing cellulose acetate.*^^ 1,2-Di- 
chloropropane and methanol are not individual solvents for cellulose acetate, but 
solvent action is obtained when a composite of the two containing 70 per cent of 


I'k;. UAU. 

Rectification Curve inv l)uhl<»ro- 
propancs (H. I‘>. Hass. 1C 'V. 
McRec, G. 1C Hinds and 1C VV. 
Gluescnkamp) 


CottrlciY hidHstnul mu/ /: m/i tit > rino 
Chcmi\h y 



the halide and 30 |)er cent of the alcohol is employed. When mixed with carbon 
tetrachloride, the former is reported to be superior to carbon disulphide as a 
fumigant.Also, 1,2-dichloropropane has been employed together with dichloro- 
propene in dewaxing oils.^** As a dry cleaning agent, trichloropropane has been 
suggested.^- One of the reported advantages of this substance is its relatively low 
toxicity and the fact that it is non-flammable. 

Chlorination of Butane 


According to Deanesly^^* the formation of mono- and dichlorobutanes from 
chlorine and butane in the absence of light is induced if butene is simultaneously 
introduced into the reaction zone. Oxygen is excluded and the temperature range 
may be extended from —41® to 1(X)®C. Clark'^^^b points out that butane may be 

E. W. Reid. U. S. P. 1.969,183, Aug. 7, 1934, to Carbide and Carbon Chemicals Corn,; Chem. 
Abs., 1934, 28. 6328; Brit. Chem. Abs. B, 193.^. 599. 

J. A. Munro and A. C. Fox. N. Dakota Agric. Exf*. Sta. Bull., 1934, 278; Brit. Chem. Abs. B. 
1936, 38; Chem. Abs., 1935. 29, 5586. 

^‘■British P. 454.176. 1936, to Standard Oil Development Co.; Chem. Abs., 1937, 31, 1603; Brit. 
Chem. Abs. B. 1936. 1139; /. Inst. Pet. Teeh., 19.36. 22, 548A. 

«W. E. Sharp, U. S. P. 2.010.038. Aug. 6, 1935; Brit. Chem. Abs. B. 1936, 930; Chem. Abs. 
1935. 29. 6440. 

^ R. M. Deanesly. British P. 399.991, 1933. to Rataafsche Petroleum Maatschappij; Brit. Chem 
Abs. B. 19.33, 1046; Chem. Abs.. 1934, 28. 1714. 

”^1... H. Clark, U. S. P. 2,064,413, Dec. 15, 1936, to Sharpies Solvents Corp.; Chem. Abs., 1937 
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halogenated in the vapor phase by admixing the hydrocarbon and chlorine. The 
products are led to a fractionating column where the halogenated derivatives are 
separated. Hydrogen chloride and unreacted butane may then be recycled to act 
as a reflux. For a continuous-flow process involving vapor phase operations and 
acceleration by actinic light, isobutane and chlorine are conduct^ at 250^C. 
through a reaction chamber, the walls of this chamber being maintained at 200*C. 
The vapors are kept in contact for a period of 10 seconds and the products 
rapidly cooled at 100®C. at the end of that time. In this manner the production of 
oleflns and chlorooleflns is said to be prevented.*^*® 

According to Nutting, Britton, Huscher and Petrie,^* <er-butyl chloride may be 
obtained by heating jsobutyl chloride (vapor) to 3(X)®C. with a catalyst (anhydrous 
ferrous chloride) to dissociate it to isobutene and hydrogen chloride. These vapors 
are passed over aluminum oxide at 150®C. to form the desired product. 

Hass, McBee and Weber^^ show that the chlorination of n-butane yields 
1-chloro and 2-chlorobutane as monochlorides and a mixture of 1,2-dichloro- and 
1,3-dichlorobutane as dichlorides, indicating the lack of evidence for carbon skele¬ 
ton rearrangement such as an isobutyl chloride resulting from the chlorination of 
n-butane. 

Further chlorination of 2-chloro-2-methylpropane is reported to lead to a 
number of chlorine derivatives of isobutane."^® The halogenation was effected in 
the liquid phase under a reflux condenser employing ordinary incandescent lamps 
for activation. The hydrogen chloride formed in the process was absorbed in ice 
water to prevent loss of the volatile halides. The products secured from the reac¬ 
tion may be represented by 
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^ E. C. Britton. G. H. Colemin and B. C. Hadler, U. S. P. 1.9$4,438. April 10, 1934, to Dow 
CImka! Co.; Cltfm. Abi., 1934. 2f, 3739; Brit, Chem. Abt. B. 1935. 182. Cf. Dutch P. 31.269. 
I9JJ, to Bataafachc Petroleum Maaticbappij: Ckem, Aba,, 1934, 28. 2363. 

»H. S. Nuttinf. E. C. Britton. M. E. Huiclier and P. S. Petrie. U. S. P. 1,993,719. March 5. 
1935. to Dow Chemical Co.; Ckem. Aba., 1935, 29, 2549. 

Teek., 

19.35. 21, 449A; Ckem. Aba.» 1936, SO. 78; Brtt. Ckem. Aba. B, 1935, 1084. 

« A. O. Rofer and R. E. Nelaon, J.A.C.S., 1936, SO, 1027; Ckem, Abe., 1936, SO, 5175. 
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Uses of Chlorinated Butane. Among the uses for which monochlorobutane 
has been proposed is the preparation of butylcellulose.'^® In the procedure, 10 moles 
of monochlorobutane, 1 mole of mercerized cellulose, and 8 moles of aqueous caustic 
soda, containing 40-50 per cent of sodium hydroxide, are heated together to 123- 
125°C. The temperature is maintained at this point for 12 hours. The butyl- 
cellulose formed is said to contain 2 butyl groups per molecule and to constitute 
80-89 per cent of the theoretical yield. l,3-Dichloro-2-methyl propane is employed 
as a diluent in removing wax from mineral oils.*^^ 2,3-Dichlorobutane is recom¬ 
mended as a solvent for fats, for its corrosive action on metal containers, while 
slightly greater than that of dichloroethane, is reported to be less than trichloro¬ 
ethylene.'^® To de-ink paper containing a carbon ink, Hass^® uses an aqueous 
soap solution containing 1,3-dichloroisobutane. 

Fluorination of Butane 

Desreux®® reports the formation of butyl fluoride from butyl iodide and mer¬ 
curous fluoride, the reaction taking place in a copper flask. According to the 
above investigator some of the properties of the halide are as follows: boiling 
point (745.8 mm.) = 31.95-31.98°C., density at .20®C. = 0.7761, indices of re¬ 
fraction, n^® = 1.3404, n|^ = 1.3419, n^^ = 1.3457, n^® = 1.3488 and the viscosity 
at 20° C. = 0.002845. 


Chlorination of Pentane 

To secure monochloro derivatives of pentane, Teichmann, Klein and Rathe- 
macher®^ treat pentane with liquid polychloro hydrocarbons (trichloropentane) by 
exposure to ultraviolet light. The products are reacted with chlorine under pres¬ 
sure (to prevent inception of a vapor phase) and the monochloropentanes separated 
from the dichloropentanes by fractionation. At a temperature of 86-90®C., the 
pentane fraction of gasoline, combined with chlorine in the proportion 6:1 by 
volume, yields 90 per cent of monochloropentane. A rise in the concentration of 
chlorine favored the formation of dichloropentane.®^ 

When Wertyporoch®® chlorinated «-pentane he obtained a monochloride boiling 
at about 97°C., and reported the presence of both primary chlorides of isopentane. 
Hass and Weber,®^ on the other hand, point out that no derivatives of isopentane 
can be present in the chlorides obtained from «-pentane. They support their con¬ 
tention with two considerations: (a) the very much slower rate of metathesis with 
potassium iodide shown by the secondary chlorides of n-pentane as compared to 
those of the primary chlorides of isopentane®® and (b) the fact that the mixtures 


S. N. Uthakov and V. A. Kon’kova, Plastichrskic M<usui, 1934, No. 5, 1; Chem. Abs., 1935, 29, 
3151; Brit. Chem Abs. B. 1935. 1 135. 

” L. D. lone#, U. S. P. 2,053.337. Sept. 8. 1936, to Sharpies Specialty Co.; Chem. Abs., 1936. 
SO. 7321. British P. 445,908, 1936; Chem. Abs., 1936, SO. 6937. French P. 788.328, 1935; Chem. 
Abs., 1936, SO, 1553. 

* M. V. Likbosberstov, S. V. Alekseev and T. V. Shalaeva, J. Chem. Ind. (Moscow), 1935, 12. 
705; Chem. Abs., 1935, 29. 8174. 

^ H. B. Haas, U. S. P. 1,990,376, Feb, 5, 1935, to Purdue Research Foundation; Brit. Chem. 
Abs. B, 1936, IS; Chem. Abs., 1935, 29, 1986. 

•>V. Deareux, BuU. set. acad. roy. Belg., 1935, 44. 1; Chem. Abs., 1935. 29. 2505. 

“C. F. Teichmann, H. Klein and C. P. Rathemacher, U. S. P. 2,015,044, Sept. 17, 1935; Chem. 
Abs., 1935. 29, 7342. 

**A. Dobryanakit, M. Davuidova and E. Margulea. J. Applied Chem. (U.S.S.R.), 1933, 6, 1122; 
Brit. Chem. Abs. B. 1934, 231; Chem. Abs., 1934, 28. 4035. 

“E. Wertyporoch. Ber., 1933, 66, 732; Chem. Abs., 1933, 27, 3443; Brit. Chem. Abs. A. 1933, 590. 
••H. B. Haaa and P. Weber, Ber., 1934, 67. 974; Brit. Chem. Abs. A, 1934, 863; Chem. Abs., 
1934, 28, 5038. 

“H, B. Haaa and P. Weber, Ind. Eng. Chem., Anal. Ed., 1935, 7. 231; /. Inst. Pei. Tech., 1935, 
21, 372A; Brit, Chem, Abs. A, 1935, 1103; Chem. Abs., 1935, 29. 5774. 
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of anilides derived from the secondary chlorides of n-pentane have melting points 
which correspond exactly to the composition calculated from the rule which states 
that secondary and tertiary hydrogen atoms are always substituted more quickly 
than primary.^® For if any of the chlorides of isopentane were present they would 



Courtesy Dow Chemical Co. 

Fig. 162.—View of Plant for Hydn^arbon Chlorination. 


cau.se the melting pc^ints to differ from the values j)reviously determined with 
varying proportions of the chlorides of «-pentane. 

Whitmore and Fleming®^ report that when neopentane (tetramethylmethane) 
and chlorine are allowed to react by exposure to the rays of a 1,000 watt tungsten 
lamp, neopentyl chloride, (CH3)3CCH2C1 is formed. It nwy also be prepared from 
the same reactants at 0®C. in diffused daylight. 

Pure neopentyl chloride has the following pro|>erties: f.p. ~ — 20 ± 1®C\, = 

•* H. B. Ha*«. E. T. McBee and P. Welier, htd. Enp. Chem., 19.U>. 21 , 3.13; Chem, Ahs,, 1936, 
SO, 2013; Brit. Chem. Abs. A. 1936. ,SH7; J, Inst. Het. Tech., 1936, 22. 202A. 

WP. C. Whitmore and H. FlrmiiiK, J.A.C.S.. 1933. 55, 4161; Brit. Chem. Ahs. A, 1933, 1271; 
Chem. Abs., 1933, 27, 5715. 
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0.866, = 1.4042, b.p. (740 mni.) = 83.5^C., b.p. (750 mm.) = 83.9‘^C., b.p. (760 

mm.) = 84.4® C. 

Uses of Chlorinated Pentane. The substitution of chlorine in mixed pen¬ 
tanes leads to the formation, in addition to the paraffin halides, of 3,5,5-trimethyl- 
heptene-2 and 3,4,5,5-tetramethylhexene-2.®® Dichloropentane, containing small 
proportions of phenol, ethyl alcohol and benzene, has been suggested as a paint and 
varnish remover.***^ A process for the production of alcohol from pentyl chloride 
has been reported.*^ The halide is treated with a salt of a non-corrosive fatty 
acid of high boiling point (sodium stearate) to form the ester of an alcohol. The 
latter is subse(|uently recovered by hydrolysis.®^ Also, the halogenated pentane 
may be admixed with caustic solution and amyl oleate®^ to secure amyl alcohol.®^ 
Cracked gasoline, when chlorinated and treated with a lead-sodium alloy, fur¬ 
nishes a metallo-organic derivative which is said to be valuable as an antiknock 
agent for automobile fuels.®^ These metallo-organic compounds may be formed 
by reacting the chlorinated gasoline with magnesium to form a Grignard reagent, 
which is then united with the lead-sodium alloy. One of the reported advantages 
of this procedure is that the antiknock compound may be prepared in the gasoline, 
thus minimizing the danger of industrial poisoning associated with the manufac¬ 
ture of lead compounds employed to suppress knocking.®^ 

C'hlorinated gasoline has been proposed as a partial solvent for substances used 
in coating compositions.®® Thus, aluminum stearate and aluminum hydroxide are 
incorporated in a quantity of halogenated gasoline sufficient to dissolve a portion 
of the mixed salt and base and to maintain the remainder in suspension. 

Monochlorof>entane has been reported to be an anisotropic substance.®*^ Evi¬ 
dence for this conclusion was obtained by measuring the amount of depolarization 
of polarized light when the latter was diffused by the halide. It was found, in 
this instance, that the light was only partially polarized on diffusion.®^ 


Chlorination of Higher Paraffin Hydrocarbons 


The increment in molecular volume upon chlorination of higher paraffins has 
l>een utilized to determine the mechanism of reaction.®® With a paraffin melting 
at 46-51 °C. the increase in molecular volume on halogenation was stated to be 
directly proportional to the chlorine content of the product. From this the infer¬ 
ence was drawn that chlorination of a saturated long chain hydrocarbon is a sub¬ 
stitution, rather than an addition, mechanism. Further, halogenation of high- 

•*N. L. Drake, G. M. Kline and W'. G. Rose, J.A.CS., 1934, 56. 2076; Brit. Chem. Ahs. A. 1934. 
U29; Cfirm. Ahs.. 1935. 29. 113. 

*• M. M. Wilson, U. S. P. 1,918.224. July 7, 1933, to Sharpies Solvents Corp.; Brit. Chrm. Abs. 
B, 1934, 413; Chem. Abs.. 1933. 27. 4e,42. 

w British P. 119,249, 1917, to E I. «lu Pont cle Nenumrs & Co.; J.S.C.I., 1918. 37 (22), ;i7A; 
Chtm. Abs.. 1919. 13. 134. 

See also, Carleton Ellis, “The Chemistry of Petroleum Derivatives,” The Chemical Catalog ('o., 
Inc., New York, 1934. 

*»C. L. Campbell. U. S. P. 1.953. 74.S. Anril 3. 1934. to E. B. BadRcr A Sons (o.; Chem. Abs., 
1934. 2S. 3740; Brit. Chem. Abs. B, 1935, 138, 

••For further treatment of the hydrolv'^is of alkyl halides, see Chapter 33, this text, 

•«S. Shappirio, U. S. P. 2.012,356, Aur. 27. 1935; Chem. Abs.. 1935. 29, 6752; Brit. C/irtv Ah.t. 
B, 1936, 869. 

•See alto. Chapter 34. this text 

• E, H. Bucy, L’. S. P. 2,077,875, April 20, 1937, to Atlas Powder Co,; Chem. Abs., 1937. 31. 
4023. 

• An anisotropic substance is one which exhibits the property of double refraction. See K. M. 
Chamot and C. W. Mason. “Handbook of I'hemical Micro.scopy.” John Wiley A Sons, Inc., New 
York, 1931. 276. Cf. J. W. McBain, in J. Alexander, “Colloid Chemistry,” The Chemical Catalog 
Co., Inc.. New York. 1926, I. 137. 

• E. Canals and P. Peyrot, Bm//. soc. chim., 1933, 53, 741; Chem. Abs., 1934, 28, 944; Brit. Chem. 
Abs. A, 1933, 1229. 

Y. Tanaka, R. Kobayasht and T, Nishi. /. Soc. Chem. Ind., Japan, 1934. 37, Suppl. binding 
208; Chem, Abs., 1934, 28, 5399; Brit. Chem. Abs. A, 1934, 866. 
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molecular-weight paraffins was reported to result in a pronounced lowering of 
the melting point and increase in viscosity of the product.'^® 

Tanaka, Kobayashi and Furihata^^^ plotted the chlorination curves of liquid 
paraffins to relate reaction time, temperature and the amounts of hydrogen chloride 
formed. They pointed out that these reactions show an induction period, a gradual 
increase in the velocity, a maximum reaction velocity, and a sharp decrease in 
speed to a constant value. This indicates a chain mechanism consisting of a 
period of activation and one of chain reaction, with the maximum velocity at the 
transition point of the two. 

Formation of resins by chlorination of petroleum tar and subsequent removal 
of the halogen as hydrochloric acid have been effected.^®^ For example, a cracked 
tar boiling between 330® and 600®F. at 1 mm. was chlorinated at 72-150® F. until 
the weight of the paraffin increased 10-15 per cent. The chlorinated product was 
distilled at 660®F. at 760 mm. and then at the same temperature under a pressure 
of 1 mm. The overhead was said to consist mainly of hydrochloric acid and the 
oily constituents of the halogenated tar. The residue was cooled to 200® F. and 
extracted with naphtha to remove the resinous products. 

A liquid paraffin from the refining of a Russian engine oil, when combined 
with chlorine, furnishes a mono-chlor substitution derivative.The product is 
heavier and more viscous than the original oil, yellowish-green in color, odorless 
and tasteless. Gallsworthy^^ secured a saturated halide by subjecting lubricating 
oil to the action of a mixture of hydrochloric and hypochlorous acids at 150®F. 
(65®C.) under a pressure of 25 pounds per square inch. In the procedure, water 
and chlorine are admixed in equivalent proportions to form chlorine water (a 
mixture of hydrochloric and hypochlorous acids). The latter is then conducted to a 
reaction chamber where it is united with the oil under the conditions mentioned 
above. The products of the reaction are conducted to a settling chamber where 
the partially used chlorine water is separated. This chlorine water may be em¬ 
ployed to halogenate in part another portion of the oil. (See Fig. 163.) Barth^®® 
utilizes the reaction of chlorine and a liquid paraffin to secure a substituted halide. 
The two are united at 180®F. over water containing magnesium or calcium car- 
lionate; the purpose of the latter is to unite with the hydrochloric acid liberated. 

Sulphur dioxide and chlorine have been employed to effect the preparation of a 
halogen derivative of a paraffin wax which was assumed to consist mainly of 
tetracosane, C 24 H 50 . Thus, the paraffin was heated to 90-95®C. and a mixture 
of sulphur dioxide and chlorine bubbled through the resulting liquid.^®® When 
the weight of the paraffin had increased 20-25 per cent, the temperature was re¬ 
duced to 40-50®C. for further chlorination. The product was a moderately 
viscous oil, light yellow in color, and liquid at 20®C. The presence of sulphur 

dioxide was said to promote substitution on adjacent carbon atoms, so that the 

resulting paraffin halide could be hydrolyzed to a polyhydric alcohol. 

To chlorinate the isomers of hexane and octane in a mixture of normal and 

Y. Taiuka, R. Kobayashi and I. Nttht, J. Soc. Chem. Ind., Japan, 1934, 37, Suppl. binding 

209: Ck€m, Abt., 193^ 28, 5399; Brit. Chem. Abs. A. 1934, 866. 

^ Y. Tanaka, R. Kobayashi and M. Furihata, J. Soc. Chem. Ind., Japan, 1936, 39, Suppl. binding 
S9; Brit. Chem. Abs. B. 1936, 435; Chem. Abs., 1936. 30, 4385. 

“•S. C. Fulton, U. S. P. 1,981,824, Nov. 20, 1934, to Standard Oil Development Co.; Chem. Abs.. 
1935, 29, 589; Brii. Chem. Abs. B. 1935. 1005. 

E. Andr8 and A. Maorel, Ann, eomhusiibles Kquides, 1935, 10, 807; J. Inst. Pet. Tech., 1936. 
22, 143A; Brit. Chem. Abs. B, 1936. 728; Chem. Abs., 1936, 30. 1217. 

Gallsworthy, U. S. P. 2,022,619, Nov. 26, 1935, to Texas Co.; Chem. Abs., 1936, 30. 847; 
Brit. Chem. Abs. B, i936, 1192. 

J. Barth, U. S. P. 1,953,286, April 3, 1934, to Sinclair Refining Co.; Brit. Chem. Abs. B. 
1935, 90; Chem. Abs., 1934 28. 3888. 

^C. F. Reed, U. S. P. 2.046,090, June 30, 193, one half to C. L. Horn; Chem. Abs., 1936, 30, 
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isomeric types, Moldavskii and Livshitz^®^ recommend a O.SAT solution of antimony 
pentachloride in chloroform. This will react with the isohexanes and isooctanes, 
but not with the n-paraffins. A process for preparing pure alkyl chlorides of high 
molecular weight from the corresponding aliphatic alcohols is reported by 
Schrauth,^®® who states that all chloro-paraffins with an even number of carbon 
atoms, from octyl to docosyl (C 22 ) have been synthesized. These higher-molecular 
halogen alkyls are water-white oils of high boiling point and relatively high flash 
point, and can be heated to 250-300® C. without decomposition. The density of the 
oils diminishes with increase in molecular weight and varies between 0.875 and 
0.860. 


He A reoMuuNe OiAktseRS 



ChLORIMt 

Watcr 

f\aaN6 

MAJeitlAL 


hkrtRlNUT 


Oil 

SfORAce 


^CTTUHG 

Cmaubcr CtKORmnoOH. 


PA/tnvJpenT OjLOnmt 
CmjMiNtVHaiR 
Cmior0MtcoOil 

3 tORA 6£ 


Fig. 163.— Diagram of Methcxl for Chlorination of Hydrocarbon Oils. (B. Gallsworthy) 


Properties of Higher Chlorinated Paraffins. Strauss^®® compared the 
chlorine compounds obtained from soft with those from hard paraflin waxes and 
found that for the same percentage of chlorine the products from soft wax have 
lower specific gravities, viscosities and flash-points than those obtained from hard 
waxes. For both classes these properties increase with further chlorination. The 
chlorinated waxes are miscible in all proportions with heavy oils, and promote the 
solubility of castor oil in mineral oils. 

Uses of Chloro Derivatiyes of Higher Paraffin Hydrocarbons. 

Herbsman'^® reports the use of “chlorocosane’' (chlorinated paraflin wax) for 
breaking petroleum emulsions. A small quantity of the former is added to the 
emulsion, and the resulting composite is electrically dehydrated. 

A method of manufacturing lubricants consists of separation of a mixture of 
hard or soft paraffins of high carbon content into two fractions with different mean 
molecular weights. Halogenation and subsequent condensation by the action of a 


B. L. Mold«vtkit and S. E. Livshitz, Compt. rend. acad. set. iU.R.S.S.), 1935, 1, 507; Brit. 
Chem. Abs. A, 1935, 728; Chem. Abs., 1935. 29, 4731. 

“•W. Schrtuth, Chem. Zta., 1934, 58, 877; Brennstoff Chtmit, 1934. IS. 473; Brit. Ckem. Abs. 
B, 1934, 1049; CArm. Abs., 1935. 29, 2505. 

“•R. StrauM, Or/, Erdoel, Tter, 1935. 11. 83; J. Injt. Pet. Tech., 1935. 21, 127A; Chem 

Abs., 1935, 29, 7935. 

M. lierbsman, U. S. P. 1.931,112, Oct. 17. 1933, to Industrial Patents, Ltd.; BHt. Chem 
Abs. B, 1934, 748; Chem. Abs., 1934. 28, 307. For preparation of **chlorocosane,** see Carleton Ellis, 
“The Chemistry of Petroleum Derivatives,*' The Chemical Catalog Co., Inc., New York, 1934. 
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catalyst (e.g., alumina)''^ bring about the formation of the lubricant. A small 
portion of a synthetic oil, obtained by condensing chlorinated paraffin wax and 
benzene in the presence of a contact agent (aluminum chloride) is added to heavy 
transmission gear lubricants to increase the effectiveness of the latter.This 
synthetic product (of the "Paraffow” ty|)e) is recommended by Anderson'^* for 
dewaxing oils of large molecular weight. The separation of the more active “Para- 
flow’* from the remaining reaction products is said to he accomplished by extrac¬ 
tion with a wax precipitant such as butanol or pentanol.'^^ Zimmer, Davis and 
Frolich^^^ report that small amounts of wax cause congealing of oil at relatively 
high temperatures by a twofold action: (a) interlocking wax crystals prevent the 
free flow of the lubricant and (b) they retain adsorbed oil, causing the formation 
of a type of gel. The action of “Paraflow** consists in its adsorption on the surface 
of the wax particles, inhibiting the growth of larger crystals of the latter and caus¬ 
ing it to lose its attraction for the oil. ‘‘Paraflow’* lowers the pour point of Diesel 
fuels of low paraffin content to —30°C. if an excess of aromatic oils with high 
melting points is not present.'Condensation of diphenylene oxide with a chlori¬ 
nated paraffin in the presence of aluminum chloride is recommended to prepare 
a pour point depressant for lubricating oil.^^^ In some cases, metallic aluminum 
is employed to effect condensation.^^* Thus, chlorinated decane is treated with 
benzene or naphthalene in the presence of the zibove catalyst to secure a colored 
substance which is sai<l to impart fluorescence to lubricating oils. To procure wet¬ 
ting and emulsifying agents, Keller and Gofferje''^ treated polychlorinated hydro¬ 
carbons with alkalies and sulphonates, obtaining products containing sulphonic and 
bisulphate groups. A high or “extreme** pressure lubricant of one process com¬ 
prises mineral lubricating oil, free sulphur and chlorinated paraffin wax.’-® Also, 
chlorinated hexane is stated to improve the lubricating properties of mineral oil.’^’ 
Chlorinated hydrocarbons containing more than 9 carlxm atoms and at least 2 

’"French P. 766,516, 1934, to I. C, Farl>enin<l. Chem, 1934, 28, 7519. For a discun* 

sion of the refining and proiierties of lubricants, see A. R. Bowen, J. lust. Tech.. 1934, 20, 419; 

J. lust. Pet. Tech.. 1934. 20, 408A; Chem. Abs.. 1934, 28, 4581. 

G. .M, ^^averick, British P. 396,147, 1933. to Standard Oil Development Go.; Chem. Abs.. 1934, 
28. 632. Cf. H. Rohe, German P, 603,269, 1934, to I. G. Farbenind. A.-G.; Chem. Abs., 1935, 29, 
596. P. K. Frolich. U. S.'T. 2,015,748, Qct. 1. 1935. to Standard Oil Development Co.; Chem. Abs.. 

1935, 29, 8320; Brit. Chem. Abs. B. 1936, 1139. Dutch P. 63.597, 1932, to Standard Oil Develop¬ 
ment Go,; /, /nst. Pet. Tech.. 1935. 21, 28A. Y. Tanaka and R. Kohayashi. Japanese P. 109.419. 
1935; Chem. Abs.. 1935, 29, 4574. K. S. Ramayya and S. Khaiman, hfeit. Khos.. 1934, 26 (12), 37; 
Chem. Abs., 1935. 29. 4928. A. Berne Allen. G. S. P. 2.008.674. July 23. 1935, to Standard Oil 
Development Go.; Brit. Chem. Abs. B. 1936, 779; Chem. Abs., 1935, 29, 6043. O. M. Reiff, V. S. P. 
2,052,003, Aug. 25, 1935. to .Socony-Vacuum Oil Co.; Chem. Abs,, 1936, 30, 6940. M. T. FUucman, 
r. S. P. 2.010,297. Aur. 6. 1935. to Gnion Oil Co. of Calif.; Brit. Chem. Abs. B. 1936, 750; Chem. 
Abs., 1935. 29, 633.1. G. H. B. Davis. U. S. P. 2.062,354, Dec 1. 1936, to Standard Oil Develof. 
ment Go,; Chem. Abs., 1937, 31, 853. Cf. F. H. Macl,aren and T. E. Stockdalc, U. S. P. 2,057,104. 
Oct, 13. 1936, to Standard Oil Co.-of Ind.; Chem. Abs.. 1936. 30, 8600. 

’"J. A. Anderson, G. S. P. 1.998.648, April 23. 1935; J. lust. Pet. Tech.. 1935. 21. 222A; Chem. 
.4hs., 1935. 29, 3822. British P. 456,422. 1936, to Standard Oil Development (*o. , J. Inst. Pet. Tech., 
1937. 23, 31 A: Bnt. (hem. Abs. B, 1937. 16. 

R. (/. Sioane, G. .S. P. 2,045,806, June 30. 1936, to .Standard Oil Development Go.; Chem. Abs., 

1936. 30. 5782. 

"*J. C. Zimmer. G. H. B. Davis and P. K. Frolich. Penn. State Coll.. \fin. lud. Pxpt. .^ta. Bull.. 

1933. 12. 57; J. hist. Pet. Tech., 1934. 20, 232A; Chem. Abs., 1934. 28, 2512; Brit. Chem. Abs. B. 

1934. 662. 

"'‘A, I. Doladugin, M. A. Solodovnik and B. A. Knglin, Xeft. Kho:., 1935, 28 (4), 68; J. Inst. 
Pet. Tech.. 1936. 22, 163A; Chem. Abs.. 1936. 30. 3988. 

F. Hofmann and E. Dietzel, German P. 626,602, 1936, to Obcr»chlcsi.scher Berg- und Hutteii* 
manniacher Verein e. v.; Chem. Abs., 1936. 30, 5782. 

""A. W. Nash. T. G. Hunter and W. R. Wiggins. British P. 447.778. 1936; Chem. Abs., 1936, 
30, 7324. 

»**K. Keller and E, Gofferje, German P. 622.296. 1935, to I. G. Farbenind. A.-<;.; Chem Abs., 
1936, 30. 1467. 

**British P. 431,434, 1935, to Standard Oil Development Co.; J. lust. Pet. Tech., 1935, 21, 382A; 
Brit. Chem. Abs. B. 1935. 794. 

C. F. Prutton, U. S. P. 2,0.51,744, Aug. 18, 1936, to T.iihri-Zol Develofiment Corp.; Chem. Abs.. 
1936, 30, B9.39. Similar use of cblorocyclohexanc and of pinene hydnxrhioridc ha.** liecn proiMi-iCil. See 
B. If. fdncoln and A. Henriksen, (j. S. P. 2,063.880, Dec. 8. 1936; W. I.. Striiirr. G. .S. I*. 2,063.- 
857, Dee. 8, 1936, both to Labri-Zol Development Corp.; them. Abs., 1937, 31. 852. 
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halogen atoms in a molecule may be reacted with alkalies to obtain a drying oil.^-- 
For example, a chlorinated solid paraffin having a molecular weight of 367 and 
containing 14 atoms of chlorine per molecule was heated for 10 hours in an auto¬ 
clave with aqueous calcium hydroxide. At the end of the reaction pericxl, the prcxl- 
ucts were cooled to 20®C. and the oil separated from the alkaline solution. The 
oil was then washed with slightly acidulated water and dried. On exposure of the 
oily product in a thin layer in the air, an elastic film of high luster was said to be 
secured. Monohalogenated paraffin wax may be reacted with a mixture of potas¬ 
sium acetate and acetic acid, or potassium stearate, butanol and sodium iodide, or 
of dibutylamine and xylene to yield plasticizing or impregnating agents. 

Also, it has been suggested that the addition of a small proportion of chlori¬ 
nated paraffin with a molecular weight above 200 to castor oil will render the latter 
soluble in mineral oil.^^^ A coating composition applicable to metals is reported to 
be furnished by admixing 20 parts of chlorinated rubber and 15 parts of chlorinated 
paraffin in 65 parts of carbon tetrachloride.^^^ 

Bromination of Higher Hydrocarbons 

According to Andre and MaureB-® the bromination of liquid paraffins is more 
difficult than chlorination, and at best only two-thirds of the theoretical amount of 
bromine necessary to form a monobromo substitution product can be introduced. 
Attempts to accelerate the halogenation with various metals were unsuccessful. 
The product was a brown viscous liquid, which, on standing in a stoppered flask, 
deposited a powder redissolvable on shaking at 30-35®C. This powder contained 
33.5 per cent of bromine, corresponding to a replacement of two hydrogen atoms 
in a substance of a mean molecular weight of 3^. 

Uses. Whitmore, Stehman and Herndon^^^ report a yield of 10 per cent 
hexamethylethane from pentamethylethyl bromide in a xylene solution of methyl- 
magnesium chloride (Grignard Reagent) and one of 50 per cent from the same 
bromide in a xylene solution of zinc dimethyl. The product' was employed in 
studying intramolecular arrangement. 

FlUORINATION OF HiGHER HYDROCARBONS 

Paraffin wax is fluorinated by treatment, at the boiling point of the solvent 
(benzene), of a chlorinated solid paraffin with antimony trifluoride and antimony 
pentachloride, avoiding an excess of the fluoride. The resulting halide is a chemi¬ 
cally stable liquid which may be used as a dielectric.'^* Also, it has been stated 
that a mixture of petroleum hydrocarbons may be fluorinated by conducting a 
finely divided solution of fluorine gas into the petroleum.The fluorine is pre¬ 
pared by electrolyzing fused potassium bifluoride which contains less than 0.05 
per cent of water. 
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Abs. A, 1933, 1138; Chem. Abs., 1933. 27. .5051. 

British P. 443.340, 1935. to British Thomson-Houston Co., Ltd.; Brit. Chem. Ahs. B. 19.36. 
487; Chem. Ahs., 1936. 80, 5333. The dielectric properties of fluorinated paraffin wax are deacrlM 
in Chem. Trade J., 1936, 98, 306; J. Inst. Pet. Tech.. 1936, 22. 360A. 

‘•»0. T. Kreflft. British P. 452,6.56. 1936. to 1. G. Farbenind. A.-G.; Chem. Ahs., 1937, 31. 1042; 

Brit. Chem. Abs. B, 1936, 1140; J. Inst. Pet. Tech., 1936, 22, 515A. 



Chapter 31 

Halogenation of Cycloparaffins 

Halogenation of the cycloparaffin hydrocarbons occurring in crude petroleum 
apparently has not been investigated to the same extent as that of the straight 
chain and aromatic compounds. A possible reason for the scarcity of information 
may be that the proportion of such saturated cyclic hydrocarbons in many crude 
petroleums, or their distillates, is much less than that of either paraffins or aro¬ 
matics. Furthermore, separation of individual cycloparaffins from other admixed 
hydrocarbons is a difficult operation. Most of the available information is the 
result of work done with a petroleum fraction having a narrow boiling range, 
generally from Russian or Rumanian oils, and containing a preponderance of one 
hydrocarbon.^ 

The name naphthene has been applied as a general term to include all satu¬ 
rated cyclic hydrocarbons. Originally this term was meant to specify only those 
substances which contained a saturated 5-membered or cyclopentane ring. As a 
matter of convenience, naphthene has been extended to cycloparaffins in general, 
such as cyclopropane, cyclobutane, cyclopentane, cyclohexane and cycloheptane. 

The action of halogens on naphthenes seems to be similar to that with straight 
chain hydrocarbons and leads to the production of chloro or bromo compounds 
containing one or more halogen atoms. However, this similarity exists particularly 
in the 5- and 6-membered rings, for in the case of cyclopropane and cyclobutanc 
and their homologues, halogenation is frequently associated with an addition re¬ 
action leading to the rupture of the ring and the formation of halogenated straight 
chain hydrocarbons. For example, cyclopropane yields not only the monochloro 
derivative but also 1,3-dichloropropane. 

Chlorination of the cyclopentane and cyclohexane rings appears to take place 
much more readily than does bromination, especially in the presence of sunlight 
or other actinic light. The reaction appears to be of a cumulative nature, pro¬ 
longed treatment giving rise to the formation of polychlorinated products. The 
presence of catalysts also favors multiple substitution. Bromine will replace hy¬ 
drogen in cyclopentane or cyclohexane if reactions are carried out above 100®C., 
but the yield of monobromides is rather poor. In the presence of contact agents, 
such as aluminum bromide or iron wire, bromination takes place more readily and, 
if a large proportion of bromine is employed, frequently converts cyclohexane hy¬ 
drocarbons into polybrominated derivatives of benzenoid hydrocarbons. F'urther- 
more, chlorine and bromine derivatives of the naphthenes may be prepared from 
the corresponding alcohol by the action of hydrochloric or hydrobromic acids, 
phosphorus pentachloride or bromide, and phosphorus trichloride or bromide. 
Addition of bromine or chlorine to an unsaturated naphthene, such as cyclopen- 
tene or cyclohexene, will likewise result in the formation of halocycloparaffins. 

The substituted derivatives of the naphthenes exhibit a degree of reactivity 
which is comparable to that of the halogen derivatives of the straight chain hydro- 

‘ Sm, Caricton Ellit, “The flMniiMr, of Petroleum Oeriv»livct,“ The Chemical Catalog Co„ Inc., 
New York. I»»4. 
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carbons. For example, they may be hydrolyzed to yield a secondary alcohol, de¬ 
composed to unsaturated naphthenes by the action of quinoline, converted into 
cycloalkylamines by reaction with aniline, or combined with niag^nesium to form 
Grignard reagents. 


C’YCL01*k0l»ANK 


Investigations on the photochemical chlorination of cyclopropane show that 
although no chlorination occurs in the dark, in direct sunlight the reaction is ex- 
plosive.2 Accordingly, diffused daylight has been employed to activate the reac¬ 
tants. Under these conditions the compounds produced included not only mono- 
and 1,1-dichlorocyclopropanes, hut also 1,3-dichloro- and 1,1,3-trichloropropane, 
showing that there is a tendency of the ring to be ruptured. Halogenation of 
cyclopropane in diffused daylight may be summarized in the following scheme: 


H, 

C 

H,C- 


CH: (^CU) 



CH.C1CH,CH.,C1 


H: 
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C 



-CHCl f+ Cl,) —> 


I 

CHjClCHClCHjCl 

and 

CHCljCHjCHjCl 

Bromination of cyclopropane in actinic light leads to the formation of a straighv 
chain compound, 1,3-dibromopropane. Halogen carriers, such as aluminum halides, 
hydrogen bromide, ferric and zinc chlorides, materially increase the rate of addi¬ 
tion in the absence of light. In this case also the products consist of 1,3- and 1,2- 
dibromopropane. It will be seen, therefore, that the cyclopropane ring structure is 
rather easily ruptured by the action of bromine under the conditions which have 
been studied.® Nicolet and Sattler^ have proposed a mechanism to account for 
the addition of bromine when hydrogen bromide is em])loyed as a catalyst. They 
state that the reaction proceeds by two stages: (1) substitution of bromine in the 
cyclopropane ring, followed by (2) addition of hydrogen bromide to the substi¬ 
tuted naphthene, with a resulting rupture of the ring structure and formation of 
a dibromopropane. 

It is of interest to note that indirect methods have also been proposed for the 
preparation of halogenated cycloparaffins. For example, cyclopropene is reported 
to react vigorously with bromine to yield dibromocyclopropane. The reaction is 
carried out in the cold and in the presence of carbon monoxide, which serves as 

• Carleton Ellis, “The Chemistry of Petroleum Derivatives,” The Chemical Catalog Co., Inc.. 
New York, IM4. 

* The relative instability of rings of less than 5 or 6 members is indicated by R. Willstatter and 
J. Bruce, (Ber., 1907, 40. 4456; J.C.S., 1907. 92 (1), 1018; Chem. Abs., 1908, 2. 398), who suted 
that the hydrogenation of cyclopropane in the gaseous phase over a nickel caulyst at 120*C. jnve 
propane. In this connection, see Carleton Ellis, “Hydrogenation of Organic Substances,” Third 
EdtUtm, D. Van Nostrand Co., Inc., New York. 1930, Chapter 20. 

*B. H. Nicolet and L. Sattler, J.A,CS., 1927, 49, 2066; Chem. Abs,, 1927, 21. 3046; Brit, Chtm, 
Abi. A, 1927, 1068. 
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» diluent.® The resulting dihalogenated cyclopropane boils at 4S®C. under 27 mm., 
at 135-136®C. under 743 mm., melts in the range —1® to + 1®C., has d\^ 2.1040 and 
1-5369. 

The action of water upon the dibrominated derivatives of cyclopropane does 
not seem to result in the formation of an alcohol. Dem'yanov and Doyarenko® 
reported that heating dibromocyclopropane with water (in sealed tubes) at tem¬ 
peratures between 105 and 165®C. gives acrolein (acrylaldehyde) and a dark hard 
substance, insoluble in ether or ethanol and containing 76 per cent of carbon, 6.4 
per cent of hydrogen and 17.6 per cent of oxygen. Since this analysis corresponds 
to the formula CeHeO, these investigators believed the solid was formed by the 
condensation of two molecules of acrolein. A mechanism was proposed to show 
the action of water on dibromocyclopropane as follows: 

H,c-CH, 

\ / 

C 


o 


^ 1I,C—CllCIlO 


When distilled in the presence of zinc dust, dibromocyclopropane is said to lose 
bromine and form cyclopropene.^ 

Cyclobutane 

Apparently very little is known about the halogenation of cyclohutane or its 
homologues, though this hydrocarbon is said to l>e stable to halogens in the cold.'* 
However, a number of indirect methods for preparing the chlorides or bromides 
have been proposed and the reactions of the resulting halides have been studied. 

Dem'yanov* reports that cyclobutanol w'hen treated with concentrated hydro- 
bromic acid at 70°C. for a period of 20 minutes yields a monobromide, C 4 H 7 Br. 
This was converted into the magnesium derivative and then reacted with carbon 
dioxide to furnish a carboxylic derivative said to be cyclopropyl acetic acid. Thus 
it appears that the ring structure is changed from one of 4 carbons to one of 3 by 
the action of hydrobromic acid. Cyclobutene docs not suffer degradation of the 
ring structure upon treatment with chlorine or bromine, but readily forms dichloro- 
and dibromocyclobutane when diffused daylight is employed to energize the 
reactants.^® Acids have also been suggested for the preparation of dibromocyclo¬ 
butane. For example, bromine and caustic potash combine with a-bromotetra- 
methylenecarboxylic acid to furnish cyclobutanone and 1.1-dibromocyclobutane.^^ 

Hydrolysis of mono- and dihalocyclobutanes to produce alcohols has not been 
reported. Kishner'* states ihat dibromocyclobutane is converted to cyclobutanone 

• N. J. Dem'yanov and M. N. Doyarenko, Ber., 1923, 56, 2200; Chem. Abs., 1924, 18, 974; J.CS., 
1923, 124 (n. 1188. 

•N. J. Dem'yanov and M. N. Doyarenko. Bult. acad. set. U,R.S.S., Ctasse sci. phys, math., 
1929, No. 7. 653; Chtm. Abs., 1930, 24. 1848; Brit. Chem. Abs. A. 1930, 331. 

‘'N. J. Dem'yanov and M. N. Doyarenko. Bcr., 1923, 56, 2200; Chem. Abs., 1924, 18, 974; J.C.S., 
1923, 124 (1), 1188. 

• Carleton Ellif, he. cit. 

•N. T. Dem'yanov, Ber., 1908. 41. 43; Chem. Abs., 1908. 2, 1123; J.C.S., 1908. 94 (1). 56. 

"R. WilUtatter and /. Bruce, Bcr., 1907, 40. 3979; J.C.S., 1907, 92, 1018; Chem. ^entr., 1907, 
2, 2039. 

KUhner, /. Russ. Phys, Chem. Soc., 1907, 89, 922; Chem. Abt., 1908, 2, 264. 

N. Ktshner. /or. cit. 
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when heated with lead oxide and water at 100®C. The dibromide will react with 
quinoline to furnish butadiene, and with potassium hydroxide at 210®C. to form 
acetylene. If the temperature is lowered to 100®C. then 1-bromocyclo-l-butene is 
furnished. The latter may be oxidized with potassium permanganate in neutral 
alcoholic solution, and the intermediate product oxidized with chromic acid to 


succinic acid. The various steps may be represented by: 


CHBr—CHBr 

+ KOH CBr=CH 0 


1 1 

1 1 


C'H,- Clh 

Cfb-CH, 


HOCBr—CHOH 

CO—CO COOH 

COOH 

CHr-CH, 

1 1 — >- 1 

CHj—CHj CHj 

-in, 


Dibroniocyclobutane is said to react with bromine in the presence of iron with 
subsequent ring rupture to yield tetrabromobutane.^^ This may be further bromi- 
nated in the presence of iron, in which case it splits off a molecule of hydrogen 
bromide, forming an oily product containing hexabromocyclobutane. 

The stability of the cyclobutane ring has been investigated by Rozanov'^ who 
subjected methylcyclobutane to the action of a number of reagents. When it w'as 
agitated with fuming hydrobromic acid for 5 hours, methylcyclobutane reacted to 
form 2-bromopentane. With hydriodic acid. 2-iodopentane was obtained. Bromine, 
mixed with the methylcyclobutane in sunlight, gave 1.4-dibromopentane. From 
these experiments the conclusion was drawn that a ring containing 4 carbon atoms 
is no more stable to the three reagents mentioned above than was cyclopropane, a 
3-carbon ring.^® 


Cyclopentane 


The published data on the preparation of halogen derivatives of cyclopentane 
do not present any methods for the direct chlorination or bromination of this 
cycloparaffin. Nevertheless, a number of halogen substituted cyclopentanes have 
been prepared by indirect methods. 

Monochlorocyclopentane can be made by heating cyclopentanol with concen¬ 
trated hydrochloric acid (under reflux) for a period of 3 hours.^® A trichloro- 
cyclopentane has been obtained from the interaction of monochlorocyclopentene and 
chlorine, and a tetrachloride by chlorination of cyclopentadiene in chloroform solu¬ 
tion at —15®C.^^ 

Among the uses which have been suggested for monochlorocyclopentane are 
included the preparation of methyl cyclopentyl carbinol and of cyclopentene. Ed¬ 
wards and Reid^* state that the alcohol may be secured by combining the chloride 
with magnesium to form a Grignard reagent which is then reacted with acetalde¬ 
hyde. In the procedure, 150 cc. of ether and 18 g. of magnesium turnings were 
placed in a flask fitted with a reflux condenser. To this was added an ethereal 

«R. WilUt&tter and J. Briicc, Bcr., 1907. 40. 3979; J.CS., 1907, 92, 1018; Ck^m, Zrntr.. 1907. 
2. 2039. 

N. A. Roianov, /. Pftys. Chem. Soc., 1929, 61. 2291; Chcm, Abs., 1930, 24, 3763; Brit. 

Ckem. Abs. A. 1930. 587. 

'•The theory of the stahility of five or six memljeretl rinsfs is discussed by A. Baeyer iBcr., 
1885, 18. 2269; 1885, 48. 1198). A discussion of the inevitability of formation of five and 

six membered rings, and of the fortuity of larger and smaller rings in polymerization is presented 
by W. H. Carothers, S.A.C.S., 1929. 51. 2548; Chfm. Abs.. 1929, 23, 4438; Brit. Chrm. Abs. A. 
1929, 1165. 

»*W. R. Edwards. Jr., and E. E. Reid. /.A.C.S., 1930. 52, 3235; Chem. Abs., 1930, 24, 4767; 
Brit. Chem. Abs. A. 1930, 1286. 

Carleton Ellis, **The Chemistry of Petroleum Derivatives,” The Chemical Catalog Co., Inc.. 
New York. 1884. 

tt W. R. Edwards, Jr., and E. E. Reid. he. cit. 
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solution of monochlorocyclopentane containing 77 g. of the latter substance. The 
mixture was cooled, refluxed on a water bath for 1 hour and again cooled, forming 
cyclopentyl magnesium chloride. A solution of 33 g. of acetaldehyde in ether was 
incorporated with the Grignard compound and allowed to stand for 12 hours. At 
the end of that period the mixture was refluxed for 15 minutes, acidified with 
hydrochloric acid, and the ethereal layer extracted. The ether was distilled off 
and the residue fractionated, the portion boiling at 85-85.5®C. being retained. The 
complete reaction may be expressed by the mechanism 
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-CHi 
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The preparation of cyclopciUenc is said to be effected by conducting chlorocyclo- 
I)cntane vapors, under a pressure of 15 to 20 mm., over a bed of barium chloride 
which is heated to 300-400®C.^® 

Monobromocyclopentane may be obtained by heating cyclobutylmethanol with 
hydrogen bromide at a temperature of 100°C.^® During this operation isomeriza¬ 
tion of methylcyclobutanol to the corresponding cyclopentane derivative apparently 
took place. This assumption was further substantiated by reduction of the bromide 
with zinc and palladium in hydrobromic acid to cyclopentane, b.p. 49-50° C. at 
a pressure of 750 mm. Noller and Adams^^ point out that cyclopentanol and 
phosphorus tribroniide may be employed to «iecure monobromocyclopentane. To 
172 g. of cyclopentanol, at 0®C., were added 192 g. of phosphorus tribroniide, the 
mixture being stirred to maintain the temperature at 0°C. When incorporation of 
the latter compound was completed, the temperature was allowed to rise to 20°C. 
and held at that point for 12 hours. Water was then added and the mixture steam 
distilled. The distillate separated into two layers, the lower one being removed, 
dried and fractionated. The cut boiling at 135-136°C. consisted of monobromo¬ 
cyclopentane. Dibromocyclopentane may be prepared by combining cyclopentene 
and bromine in chloroform^^ or carbon disulphide.^® 

Monobromocyclopentane can be converted into cyclopentyl magnesium bromide 
in a manner analogous to that employed for the corresponding chloride.^^ By 
treating this Grignard reagent with formaldehyde, cyclopentyl carbinol is said to 
be produced. The cyclopentyl magnesium bromide may also be combined with 

’•O. Schmidt. K. Hochfchwetidcr and T. Eichler, U. S. P. 1.221..182. April 3, 1917, to Badinche 
Anilin tt. Soda Fabrik; Chem. Ahs.. 1917. 11. 1885; J.S.C.I., 1917, 36. 521. 

**N. Y. Dem’raoov, /. Russ. Phys. Chem. Soe., 1910. 42. 837; Chem. Ahs., 1911, 5, 3832; /.C.5.. 
1910. 9f (1), 838. 

»C. R. Noller and R. Adamti. J.A.CS,. 1926. 48, 1080; Chem. Ahs., 1926, 20, 1598; Brit. Chem. 
Ahs. A. 1926, 597. 

“N. D. Zclinakii and R. Y. I-evina. Bcr., 1933, 66. 477; Chrm. Ahs., 1933. 27, 3199; Brit. Chem. 
Ahs. A, 1933, 495. 

•M. Godeboe and F. Taboury, B$t//. soe. r/iim., 1913. 13, 535; Chem. Ahs., 1913. 7, 3118. 

“C. R. Noller and R. Adama, J.A.C.S.. 1926, 48, 1080; Chem. Ahs., 1926, 20. 1598; Brii, Chem. 
Ahs. A, 1926, 597. 
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propionaldehyde or butyraldehyde to furnish propyl or butyl cyclopentyl carbinols, 
respectively.^® 


Cyclohexane 

Chlorination. Investigations on the chlorination of cyclohexane have re¬ 
vealed that substitution of hydrogen in the cycloparaffin takes place when the 
hydrocarbon and halogen are exposed to diffused daylight. In this manner mono-, 


1. Vessel for chlorinated h)drocarl>on 

2. Inlet for hydrocarbon 

3. Inlet for chlorine 

4. S. Shaft and propeller 
6, 7. Circulating tunnels 

8. Glass reaction vessel 

9. Mercury vapor lamp 

10. Reflux condenser 

11. Vent for hydrogen chloride 



Courtesy McCrau'-liifl Book Co., Inc, 

Fig. 164.—Apparatus for Photochlorination Reactions. (P. H. Groggins) 


di-, tri- and tetra-chlorocyclohcxane have been prepared. Low temperatures (0®C.) 
should be maintained and the use of catalysts is unnecessary.^® 

The photochemical reaction between cyclohexane and chlorine in dry carbon 
tetrachloride has been investigated by Basu.^^ The reactants were subjected to 
the radiation of a mercury arc lamp, and the course of the reaction was determined 
by adding potassium iodide to the solution and titrating the liberated iodine with 
sodium thiosulphate. The velocity constant was reported to be directly propor¬ 
tional to the intensity of the incident radiation and independent of the concentra- 

**W. R. Edwards, Jr., and E. E. Reid. J.A.C.S., 1930, 52. 3235; Chtm, Abs., 1930, 24. 4767; 
Brit. Chem, Abs. A. 1930. 1206. 

•Carleton Ellis, “The Chemistry of Petroleum Derivatives,’* The Chemical Catalog Co., Inc., 
New York, 1934. 

•^K. P. Basu, /. Indian Chem. Soc., 1929, 6. 691; Chem. Abs., 1930, 24. 1023; Brit. Chem. Abs. 
A, 1929. 174. 
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tion of the chlorine. Incorporation of a small proportion of hydrogen chloride in 
the reaction zone was said to raise the value of the velocity constant. On the other 
hand, the latter was found to be diminished as the reaction proceeded under these 
conditions. The retarding influence exercised by the chlorocyclohexane which 
was formed was offered as a possible reason for the decrease in the velocity con¬ 
stant. The quantum efficiency-^ varied between 19 and 41, being greatest when 
the wave length of the light employed was 366 millimicrons and least when the 
wave length was 436 millimicrons. In explanation of the observed facts a mecha¬ 
nism has been suggested which may be represented as follows: 


(1) 

Cb 4- 


Cl 4- Cl 

(2) 

Cl -f CtHu 

—y 

C«HuCl 4- H 

(3) 

H -fCb 

— y 

HCl 4- Cl 

(4) 

H -bC.HnCl 

—y 

C.Hn 4- Cl 

(5) 

Cl 4- H 

-y 

HCl 


* hf* ** ts a quantum of energy. 

The fourth ecjuation is offered as an explanation of the cause of the diminution in 
the velocity constant as the reaction proceeds. 

Thermal chlorination of cyclohexane has been recommended as an efficient 
method for preparing mono- and dichlorocyclohexane.-® The chlorine and cyclo- 


Fig. 165. 

Method for Thermal Chlo¬ 
rination of Hydrocarbons. 
(H. B. Hass and E. T. Mc- 
Bec) 


he.xanc arc separately preheated and when the temperature of the reactants has 
reached 450-550°C. they are forced into a reaction coil at high velocities. The 
coil in which the two substances are mixed is surrounded by a cooling medium to 
absorb the heat developed by the interaction. At the end of a contact time of 0.1 
second the products are quickly cooled to 20°C. and the mono- and dichlorocyclo- 
hexanes are separated by fractionation. The relatively high velocity of the reac¬ 
tants on entering the coils was said to result in thorough mixing of halogen and 
cycloparaffin, and the short contact time was stated to prevent the occurrence of a 
fliame with an attending deposition of carbon. 

Another procedure involves interaction of cyclohexanol with thionyl chloride, 
employing pyridine as a solvent.^® In this manner a small proportion of mono- 
chlorocyclohexane is said to l>e obtained, together with a large proportion of cyclo- 
hexene. Also, 1,4-cyclohexanediol has been recommended.^^ In the latter ca.se 1 
mole of the diol is treated with 3 moles of hydrochloric acid at 100°C. for a period 
of 6 hours. The main product is 1,4-dichlorohexane together with smaller amounts 

• Quantum efficiency i« the ratio of the minilier of molecute!i detitroyed to the number of quanta 
of energy abiiort>ed. 

**II. B. Haim and E. T. McBee, I'. .S. P. 2,004,072, June 4, 19.t5, to Purdue Renearch Founda- 
ti n; C/iem. Abs,, 19.15, 29. 4771. 

•'M. Chaleil, Bull. soc. chim., 19.14. 1 (.S). 7.18; Chtm. Ahs., 19.14, 28. 6711; Brit. Chem. Abs. 
A, 19.14. 1096. 

*'I.. Palfray and B. koth.Htcin. renit., 1929, 189. 701; Chem. Ahs., 19J0, 24, 24.14; Brit 

Chem. Abs. A. 1929, 1441. 
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of 4-chlorocyclohexanol. Chlorination of cyclohexene to 1,2-dichlorocyclohexane 
has also been advcKatccl.'^- 

Uses of Chlorocyclohexanes. 1 'hc chlorri derivatives of cyclohexane 
undergo reactions which arc similar to those of the alkyl and aryl chlorides.^^ 
Monochlorocyclohexane may he converted into a Grignard compound*^ by treating 
the former with magnesium.^® Ether is employed as a solvent for the metal, to 
which monochlorocyclohexane is slowly added while the temperature is maintained 
at 0°C. When the addition of the chloride is completed, the temperature is raised 
to 20°C. The product may then be reacted with stannic bromide to form organo- 
metallic compounds. In one case the Grignard reagent is diluted with benzene, 
cooled to 0°C. in an ice-water bath, and the stannic bromide incorporated in the 
solution. The latter is then heated under a reflux condenser for 3 hours to form a 
mixture of tetracyclohexyl tin and hexacyclohexyldistannane. 

4C6HnMgCl -h SnBr4 —>- (C«Hn) 4 Sn -j- 2MgCli -f 2MgBrj 

6C.H„MgCl -f- 2SnBr4 —> (C 4 H,.)aSn-Sn(C 6 H„), -f 3MgCl, -f 3MgBr, 4* Br, 

The Grignard compound just described may also be employed to furnish (with 
carbon dioxide) cyclohexanecarboxylic acid which is reported to be a sedative.®® 
Carbon dioxide transforms the cyclohexyl magnesium chloride into magnesium 
cyclohexanecarboxylate, from which the carboxylic acid may be obtained by treat¬ 
ment with a dilute mineral acid. 

Monochlorocyclohexane may also be reacted with cycloparaffins in the presence 
of aluminum halides.®^ For example, Nenitzescu and lonescu®® condensed 365 g. 
of monochlorocyclohexane with 1300 cc. of cyclohexane, using 400 g. of aluminum 
chloride as catalyst. The temi)erature was maintained at 20°C. for a period of 3 
days, at the end of which time % per cent of the theoretical amount of hydrogen 
chloride had been evolved. Two layers were formed, the upper consisting of cyclo- 
liexane admixed with other hydrocarbons. This mixture was fractionated and 
yielded two cuts, one boiling at 200-230°C. and containing 190 g., the second boil¬ 
ing at 178-186°C. weighing 63 g. The first fraction was again distilled and 
yielded a portion boiling at 213-215°C. which was said to be 2.2'-dimethyldicyclo- 
j)entyl. The lower-boiling cut (from the first operation) was found to contain a 
mixture of hydrocarbons having the general formula CigHso, but the structure of 
these was not determined. The lower layer of the original reaction products con¬ 
tained all the aluminum salts together with 75 g. of unsaturated hydrocarbons 
which were reported to be formed by the polymerization of the cyclohexene arising 
from the loss of hydrogen chloride from monochlorocyclohexane. 

The action of caustic soda upon chlorinated cycloparaffin results in the forma¬ 
tion of a mixture of alcohols and unsaturated hydrocarbons. In one procedure, 
dichlorocyclohexane was treated with 30 per cent sodium hydroxide at a tempera¬ 
ture of 200-230°C.®® A mixture of chlorocyclohexanols and intermolecular con¬ 
densation products formed hy cracking (even at these temperatures) of the di- 

** Carlcton Kllit, “The Chemistry of Petroleum Derivatives,’’ The Chemical Catalog Co., Inc., 
New York, 1934. 

The reactions of the alkyl ami aryl halides are discussed in Chanters and 

•<W. Borsche and W. Unge (Brr., 1905, 3«, 2760; J.CS.. 1905, 88 (1), 765; Chem. Zeutr., 1905, 
2, 1092) point out that bicyclohexyl may l>e obtained as a by-product in the preparation of the 
(jrtgnard reagent. 

» K. Krause and R. Pohland. lirr.. 1924, 57. 532; C'/icm. Ahs., 1924, 18, 2690; J.C.S., 1924. 126 
(I), 579. 

M. E. Fourneau. M. Montaigne and J. Puyal, Atiaics lor. csf>aii. fis. quim., 1921, 19, 192; Chem, 
Aht.. 1922. 16, 240: J.C.S., 1921. 120 (1>. 506. 

For a discussion of the Friedel-Crafts synthesis, see Chapter 34. 

C. I). Nenitaescu and C. N. lonescii. Ann., 1931. 491, 189; Brit. Chrm. Abs. A. 1932, 49; 
Chrm. Abs.. 1932, 26, 12.56. 

•A. I. Kiprianov and K. F. Korneich. I'krain Khrm. Z.httr., 11. Wi*.. Tl.. 4; Bril. Ckem. 

.1h. B. I9J6. 6J2; Chrm. Abt., 19.1(., *0. 7.S4(.. 
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chlorocyclohexane was secured. It was stated that the presence of copper catalysts 
serves to accelerate thermal decomposition. The sodium salts of carboxylic acids, 
the latter obtained from the oxidation of petroleum oils, may be utilized to interact 
with monochlorocyclohexane.**® If the temperature is kept at 120-140®C., all the 
chlorine is eliminated by heating at 160-170®C. to furnish a liquid which is said to 
be efficient as a drying oil. 

Aniline may be employed to substitute an amino group in a chloro derivative 
of cyclohexane. For example, it has been suggested that 2 moles of aniline be 
boiled with 1 mole of monochlorocyclohexane in the presence of copper as a con- 



Courtcjy Journal of The ChemUal Society 

Fig. 166. —Apparatus Employed for Photobrominaiion of Cyclohexane. (B. J. Wood 

and E. K. Rideal) 


tact agent.^^ On cooling and acidifying with hydrochloric acid, a precipitate of 
monocyclohexylaniline hydrogen chloride is secured. 

A study of the reaction velocity of moiuKhlorocyclohexane with sodium meth- 
oxide (CHgONa), pyridine and piperidine has been made by Tronov and Ladi- 
gina.'*^ They state that the chlorocyclohexane reacts very energetically with the 
methoxide but less readily than the corresjjonding aliphatic halides with amines 
and potassium amides. In its reactivity towards amines, monochlorocyclohexane 
very greatly exceeds that exhibited by nuclear substituted aromatic halides such as 
monochlorobcnzene. The investigators conclude that there is a similarity between 
the reactivity of the halogenated cyclohexanes and the tertiary alkyl halides. It is 
stated that in general chlorine in chlorocyclohexatie is not replaced but removed 

^A. Ya. DrinbcfK. Xail. Paint. Parnish and Lacquer Assoc. Circ.. 501, 1; Chem. Ahs.. 

1936, 30, 3665; Bnt. Chem. Ahs, B, 1936. 648. 

41 British P. 261.764. 192S. t.i 1. Farl)eniml. Brit. Chem. Abs. B, 1927. 809; Chem. Ahs.. 

1927. 21. 3626. 

B. V. Tronov and 1.. \. I.aaiK«»»a. Ber., 19.'0. 63, 3060; Chem. Abs., 1931, 25, 864; Brit 
Chem. Ahs. A. 1931. 207. 
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mainly as hydrogen chloride with the production of cyclohexene. The latter com¬ 
pound then undergoes an addition reaction to form a derivative of cyclohexane. 

Bromination. Bromine may be substituted in cyclohexane when the two 
compounds are heated to 110°C. in sealed tubes and exposed to diffused sunlight. 
Also, aluminum bromide may be added as an accelerator, but in this case the cyclo¬ 
hexane ring is converted into one of methylcyclopentane.^^ 

The photochemical bromination of cyclohexane has been investigated to deter¬ 
mine the dependence of tlie velocity constant upon various factors and to account 
for the inhibitory effect of oxygen.**^ The reaction vessel consisted of a glass 
cylinder connected through capillary tul>es to reservoirs containing the bromine 
and cyclohexane. A pressure gage was employed to measure the extent of reac¬ 
tion. and a mercury lamp to energize the reactants. The light was passed through 
a vessel with plane parallel glass faces in which cold water was employed to remove 
the infra-red line. The remaining lines were then filtered through a saturated 
solution of potassium dichromate, to which neodymium magnesium nitrate had been 
added, to separate the yellow line. In this manner only the mercury green line 
was allow^ed to reach the reactants. I'he reaction rate was stated to be directly 
proportional to the light intensity and independent of the concentration of cyclo¬ 
hexane. Also, it w'as pf)inted out that the velocity of the reaction is reduced by the 
presence of oxygen and that this inhibitory effect is independent of the presence of 
the cyclohexane. The conclusion i^ drawn that not atoms but excited bromine 
molecules are tlie primary photoactive constituent. Further, that it is not these 
excited molecules but excited C(]Hi2Br2 molecules which are deactivated on col¬ 
lision w'ith oxygen. The mechanism of the photobromination and inhibition by 
oxygen was accordingly described by the reactions: 

Bn -f-h*' —>- Br2'* 

+ Bn' C.H.jBn' 

r,H,jBn' —> CeH„Br' -h HBr 

C«HitBrt' -I- Of —V CeHif + Br, -f O* 

C«H„Br' + Bn CeHioBn -h HBr 

• Bi' rcpresenls an bromine molectile. 

On the other hand. Jost^"’ pointed out that when reactions are carried out in the 
temperature range 78-l()6®C., the velocity constants are approximately proportional 
to the square root of the cyclohexane concentration. However, the velocity was 
said'to be constant during any one experiment. The presence of hydrogen was re¬ 
ported to have no effect upon the speed of the substitution but oxygen greatly 
retards the reaction.The quantum efficiency was stated to be about 2 at 20®C. 
and to increase with rising temperatures, being of the order of 12 to 40 between 
73 and lOOH'. 

It is interesting to note that monobromocyclohexane may be prepared from 
cyclohexanol. In one process,^^ the alcohol is heated to 100-120®C. and dry hydro¬ 
gen bromide passed in for 1.5 hours, .-Xs soon as replacement of the hydroxyl 
group is complete the proriucts are separated to remove aqueous hydrobromic acid. 
Concentrated sulphuric acid is then incorporated in the bromide portion to convert 
any free alcohol to the acid sulphate, which is soluble in .50 per cent methyl alcohol 

•• Carleton Kllis. “The Chemistry of Petroleum l)crivati\e>’’ The Chcmic.tl ('ataloK Co.. Inc.. 
New York, 19S4. 

J. Wood and K. K. Rideal. J.CS., IW7, 24«>6; ihem. Abs.. 1928. 22, .1^)2; Hnt. Cbem, Abs. 

iw* Jost. X. f>h\sik. Chem. Bodcnstnn Ffsthavd, 1931, 291; Chem. Ahs,. I'^H. 25, 584.S; Bn't. 
Chfm, Abs. A, I9h,‘\2S\. . ..... 

^The effect of oxyRen in polymentatton is discussed in Chanter 2f». 

E. Reid. J. K. Riihoff and R. F, Burnett. “Organic .Syntheses,*’ John Wiley & Sons. Tnc., 
New York, 1935, 15, 24; Chrm. Abs.. 19.15, 29. 50o7; Brit, Abs, A, 193(>. 587. 
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;in(1 ammonia and may be removed by these reajjents. The yield of monobromo- 
cyclohexanc is said to Ik* 75 per cent of the theoretical amomit, Phosphorus tri¬ 
bromide has been recommended in place of hydrogen bromide for the preparation 
of monobromocyclohexane in certain instances.'*® Phosphorus tribromide and cy- 
clohexanol in the molecular proportion 1:3 are mixed and allowed to stand at 
20®C. for 12 hours. The resulting compounds are duly heated under a reflux con¬ 
denser for 2 to 3 hours to form a separate aqueous layer containing phosphorous 
acid which may be removed. The remaining hydrocarbon bromide is then washed 
with concentrated sulphuric acid and distilled at 760 mm., the portion boiling at 
165-166®C. being retained. Also it has been suggested that bromine and cyclo- 
hexanol be incorporated in a solvent of carbon tetrachloride to furnish dibromo- 
cyclohexane.**^ However in this case the yield is said to be relatively low since 
tetrabromocyclohexanone is always formed in the same proportion as the dibromide. 

Conipounds which contain two hydroxy groups have been utilized to furnish 
dibromo derivatives of cycloliexane. For example, Rothstein®^ reports that the 
action of concentrated hydrobromic acid upon 1.3- and 1,4-cyclohexanediol leads 
to the production of 1.3-dihromocyclohexane. The ff)rmation of the latter com¬ 
pound from the 1,4-cyclohexancdiol is e.xplained as a “pseudomigration/* that is, a 
hydrogen atom and hydroxyl group split off from adjacent carbon atoms to form 
water, and that hydrogen bromide is then added to the double bond. 
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However, Zelinskii and Kozeshkov^* maintained that the interaction of aqueous 
hydrobromic acid upon 1,4-cyclohexanediol caused substitution to take place in the 
1 and 4 position with a resulting formation of 94 per cent of 1.4-dibromocyclo- 
hexane. These investigators stated that a small amount of a solid isomer, either 
1,2- or 1,3-dibromocyclohexane, was also secured. 

Dibromo derivatives of cyclohexane may be prepared from unsaturated cyclic 
compounds as for example cyclohexene.®* Bromine dis.solved in carl>on tetra¬ 
chloride is added to a cooled solution (0®C.) of cyclohexene in carbon tetrachlo¬ 
ride, the rate of mixing being regulated .so that the temperature will not rise above 
3®C. When the reaction has been completed, carbon tetrachloride and excess 
cyclohexane are removed by distillation and the residue is fractionated. The re¬ 
ported yield of 1,2-dibromocyclohexane is 73-86 per cent of the theoretical amount. 

^ Chao Lun T»^g, May Hiu and Mei Hu, Sciencf Quart., Natl. Vniv. Peking, 1935, 5, 371; 
Brit. Chem. Ahs. A, 1935, 1348; Chem. Aht., 1935, 29, 6568. 

«*P. Badroux and F. Taboury, Compt. rend., 1912, 154, 1509; Chem. Abi., 1912, 6. 2239; /.C..V.. 
1912, 102 (1). 567. 

•• B. Rofthatein. Ann. chem., 1930, 14, 461; Chem. Ahs., 1932, 26, 99; Brit. Chem. Abi. A, 1931, 347. 

N. n. Zelinftkti and K. A. Knacahkov, Ber., 1927, 60, 1102; Chem. Abt., 1927, 21, 2464; 
Brit. Chem. Abi. A, 1927, 653. 

■■ H. (iremgard. ‘‘Organic .Symhw«,“ John Wilry A .Son^, Inc., New York, 1932, 12, 26; Chem. 
Ahs., 1932. 26, 3490. 
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Reactions of the Bromocyclohexanes. Among the reactions of the 
bromine derivatives of cyclohexane, the formation of a Grignard reagent through 
interaction with magnesium has received attention. Gilman and McCracken®^ in¬ 
vestigated the reaction between monobromocyclohexane and magnesium to deter¬ 
mine the yield of Grignard reagent that could be secured from this halide. Mag¬ 
nesium (1.25 g.) was introduced into a flask, and after all the air had been driven 
out by a stream of hydrogen gas, ether was then introduced. The mixture was 
stirred and a solution of 7.69 g. of cyclohexyl bromide in ether slowly incorporated 



I'u.. 167 . 

Apparatus for Formation of Cyclohexyl Magnesium 
Bromide. (H. Gilman and R. McCracken) 
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over a period of 43 minutes. The amount of cyclohexyl magnesium bromide pro¬ 
duced was stated to be 68.32 per cent of theoretical. One of the possible uses of 
the Grignard reagent is indicated by Hiers and Adams.^’^ They combined mag¬ 
nesium and cyclohexyl bromide in the ratio 1 :1 by moles employing dry ether as a 
solvent. The Grignard compound was then reacted with methyl A-aldehydodo- 
dccanoatc fproduct condensed to furnish 
/i-cyclohexyltridecanoic acid, which is said to be effective in killing lepra bacillus. 
Dihydrochaulmoogric acid, whose ethyl and sodium derivatives are stated to kill 

H, H, 

C—C 

H,C^ ^CH—(CH,)„—COOH 

Vc^ 

H, H, 

^W. (ulman .iml K. .Mcriacken. /.AX'S., 192/, 45, 24(>i; C/irm. Abs.. 1923. 17, 3859; /.C.S.. 

Hiers and R. Adams. /.A CS., 1926. 48. 1089; Chem. Abs., 1926, 20, 1599; Brit. Chem. 
Abs. A, 1926, 597. 
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this bacillus, have the same straight chain as the acid mentioned above, but contain 
a cyclopentyl in place of the cyclohexyl ring. 

H^C—CH, 

I '^CH—(CH,)„—COOH 

I / 

H,C-CH, 

The latter acid may be obtained from the natural chaulnioogra oils, which have 
l)een employed in treating leprosy. 

Further, the preparation of Grignard reagents from difficultly soluble halides has 
been investigated. The addition of a small amount of ethyl bromide is said to aid 
the interaction between monobromocyclohexane and magnesium. Grignard®^ points 
out that the reason for the successful operation of the ethyl halide was the fact 
that it cleansed the magnesium and halides. Urion,®® however, maintains that the 
main reason for the success of this method is that the ethyl bromide acts as a carrier, 
according to the equations: 

QHiBr + .Mg ->- C,H.MgBr 
CjHjMgBr H- C.HnBr —> CtH,Br CrJfnMgBr 

To demonstrate this, 1 mole of ethyl bromide was treated with an excess of mag¬ 
nesium. The liquid was then decanted from the iinreaeted magnesium, and 1 mole 
of monobromocyclohexane added to the former. The two liquids w'ere kept in 
contact for a period of 24 hours after which the mixture was hydrolyzed. A yield 
of 10 g. of cyclohexane, corresponding to a 12 per cent yield (by the second reac¬ 
tion above) was obtained. Distillation of 65 per cent of the ether solvent was said 
to raise the yield of cyclohexane to 40 per cent, since this substance carried off the 
ethyl bromide as quickly as it was formed. 

The bromine derivatives of cyclohexane are utilized in the production of cyclo- 
hcxylamines. For example, 1 mole of monobromocyclohexane was Imiled with 2 
moles of aniline in the presence of a copper catalyst/’^ When the solution had 
been cooled and acidified with hydrochloric acid, a precipitate of monocyclohexyl- 
aniline hydrogen chloride was formed. Certain other compounds containing nitro¬ 
gen will also react with the bromides of cyclohexane. Thus, 1 part of 1,2-dibromo- 
cyclohexane is combined with 4 parts of quinoline at 237°C.; cyclo-l,3-hexadiene 
and 1-monobromocyclo-l-hexene are stated to be obtained. 

Potassium phthalimide (CflH4(CO)2N K) and 1,4-dibromocyclohexane heatc<l 
together at 160-165®r. for 8 hours yield 33 per cent of monobrr)mocyclo-3-hexene. 
which may be isolated by steam distillation.^^ Semb and McF.lvain^ have made a 
study of the reactivity of various normal, secondary and tertiary alkyl halides with 
piperidine as compared with that of monobromocyclohexane and the same nitrogen 
compound. They found that the normal or primary alkyl halides reacted completely 
with the naphthene base in 48 hours. The secondary and tertiary halides were 
much less disposed to react. Monobromocyclohexane, which may be considered 
as a secondary halide, is far less reactive than any of the three classes mentioned 

»V. Grignard, Comt*t, rend.. 1934. 198, 62.'); Chem. Abs., 1934. 28. 2692; BrU. Chem. Abt. A. 
1934, 397. 

E. ITrion, Compt. rend.. 1934. 198. 1244; Brit. Chrm. Abs. A. l'»34. 640; Clirtn. Abt.. 19U. 
28. 3721. 

-’G. Kranzlrin and M. Corell, (icrman P. 490,715, 1925. lo 1. (i. Farl>rni!ul. A.<J,; Chem. Ah*.. 
1930, 24. 4790. British P. 261.764. 1925. to f. G. Farbmind. A. r,.; Brit. Chem. Abs. B. Va7. 
Chem. Abs.. 1927. 21. 3626. 

N. Zeiinskii and A. r.ori*kii. Ber.. 1911. 44. 2312; Chem. Ahs., 1911. 5, 3H06; J.C.S., 1911. 100 
(1). 847. 

•W. Sobecki. Ber.. 1910. 43. 1038; Chem. Abs.. 1910. 4. 2462; J.C.S.. 1910. 98 (1), 366. 

*J. Sraiband S. M. McElvain. J.A.C.S., 1931. St, 690; Ctum. Abt.. I'lJl, tS, 12S2; Brit. Chrm. 
Abt. A. 1931, 494. 
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above. It was suggested, therefore, that the reactivity which the other secondary 
bromides show may be due to a rearrangement to the more reactive primary 
bromide, and that the non-reactivity of the cyclohexyl bromide may be attributed 
to its inability to undergo rearrangement. In a later work®^ it was reported that 
from n-, iso-, see- and /er-butyl bromides and piperidine, four different N-butyl- 
piperidines are formed. This fact was said to be a definite proof that these 
bromides interact with piperidine to give tertiary amines without rearrangement. 
A comparison of the behavior of j^c-butyl bromide and cyclohexyl bromide upon 
admixture with piperidine is stated as an indication that the difference in reac¬ 
tivity of these secondary bromides is one of degree rather than kind. 

Also it is interesting to note that when monobromocyclohexane is heated under 
a reflux condenser for 24 hours with potassium carbonate in water, 8.3 per cent of 
cyclohe.xene is formed.®^ 

The action of the sodium salts of malonic acid upon monobromocyclohexane 
leads to a number of products, among them ethyl cyclohexyl malonate.®® To obtain 
the latter it has been recommended that sodium be dissolved in alcohol and the 
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solution mixed with ethvl malonatc and bromocyclohexane. The composite is then 
heated on a water hath for 24 hours. Water is incorporated and the product ex¬ 
tracted with ether. The latter solution is washed, dried, evaporated, and the residue 
distilled under a pressure of 20 mm., tlie fraction boiling at 163-165°C. at this 
pressure being ethyl cyclohexyl malonate. 

Pluorination. The fluorination of cyclohexane has not l>een reported, but the 
preparation of fluorinated derivatives by indirect methods has been described. For 
example, .Swarts®^ suggests that monnhromocycloliexane he heated with mercurous 
fluoride in a platinum ()r coj)per flask on an oil hath at 130°C. for a period of 5 
days. The best yields of monofluorocyclohexane were obtained with the latter 
apparatus. Under these conditions, 30 per cent of the monofluoride was produced, 
together with 31 per cent of cyclohexene, 12 per cent of a polymerized product, 
and some of the original reactants. The use of fdatinum apparatus increased the 
amount of polymer to 26 per cent. The mixture of ir. nofluorocyclohexane and 
cyclohexene was steam-di.stilled and the unsaturated cyclic hydrocarbon removed 
(from the distillate) as dibromocyclohexane by adding bromine in aqueous potas¬ 
sium bromide to the cyclohexene at 0°r.. in the presence of diffused sunlight. To 
obtain purified ntonofluorocyclohexane the mixture was fractionally distilled under 
100 mm. pressure, the portion boiling at 43.2®r. being retained. The fluorine 
derivative had the following properties: melting [xnnt. 13®C.; boiling point at 760 
mtn, 100.2''C.; d f 0.9296; uff 1.4146. A fluorine derivative boiling at 100®C. has 

•‘W. V. Drake and ,S. M. McElvain. J..4.CS.. 1933. 55, 1155; Chtm. Abs., 1933, 27, 1884; 
Brit, Chtm. Abs, A, 1933. 512. . 

••J. Loevenich, H. Utach. P. Moedrickx and K. .Schaeffer, Bcr., 1929, 62. 3084; Chrm, Abs,, 
1930. 24, 1849; Brit. Ckrm. Abs. A, 1930, 200, 

•E. Hope and W. H. Perkins. Jr., J.C.S., 1909. 95, 1360; Ckem. Abs,, 1909, 8. 2965. 

••F. Swarta, Bull, sci. acad, roy. Brtp„ 1936. 22. 105; BHt. Chtm. Abs, A, 1936, 712; Ckrm, 
Abs., 1936. SO, 4153. 
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also been secured from the interaction of cyclohexane and fluorine in a solution of 
difluorodichloromethane at 

Properties of Fluorocyclohexane. S\vavts‘»*^ has found that nionofluoro- 
cyclohexane is rather unstable, splitting off hydrogen fluoride to form cyclohexene. 
This decomposition is reported to be catalyzed by sulphuric acid and phosphorus 
pentoxide, and autocatalyzed by the hydrogen fluoride which is formed. When 
treated with sodium, monofluorocyclohexane gave a precipitate of sodium fluoride. 
Simultaneously, cyclohexene, cyclohexane and a trace of dicyclohexane were 
formed. All attempts to prepare a Grignard compound with magnesium and ether 
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were said to he fruitless. Bromine in acetic acid reacted slowly with monofluoro¬ 
cyclohexane hut it was stated that the hydrogen bromide liberated accelerated the 
elimination of hydrogen fluoride, so that the main jKirtion of the priwliicts consisted 
of dihromocyclohexane, together with a trace of a hroniofluorocvciohexane which 
boils at 80®C. under a pressure of 30 mm. 

lodination. Reaction l>etween iodine and cycloliexene, giving rise to iodo 
derivatives of cyclohexane, has been reported. The reactants were mixed in toluene 
at 0®C. in the presence of actinic light, and various catalysts, including lead chlo¬ 
ride and silver perchlorate, were incorporated.^’*^ "J'he presence of these catalysts 
was said to increa,se the rate of reaction which was determined by titration of the 
free iodine with sodium thiosulphate. The increase in the velocity depends not 
only upon the pre.sence of contact agents, hut also ujK)n the projwirtion of the latter, 

«W. Bockerniiller. Ann., 193.?, 506, 20; C’ncm Abs.. 19.14, 2S, IIH; Brit. Chrm. Abi. A, 1933, 
1139. 

** F. .Swartn. /or. rit. 

^ L. Rirckenhach. J. Gaiilir.'iii .and If. (*». Krall. Brr , |9.iri. 69, 479: Brit Chrm Ahs. A. 1936, 
435; Chrm Ahs.. 1939. 30. 70.5.1 
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since fi^realer amounts caused a corresponding rise in the reaction rate. This was 
reported to indicate the effect is not purely catalytic, but that formation of inter¬ 
mediate mixed halogens also takes place. 

HaLOCKNATIO.N’ of HoMOLOGUKS ok CY( LOIfKXANE 

Methylcyclohexane. The direct chlorination (and bromination) of methyl- 
cyclohexane at 0°C. in the presence of diffused daylight leads to substitution on the 
tertiary carbon atom.*^^ This seems to be the only halogen substituted product 
which can he obtained, but a number of halomethylcyclohexanes may be prepared 
from the corresponding alcohols or unsaturated cyclic compounds. 

Methylcyclohexanol is sometimes employed as a reagent for the formation of 
chloro- and bromoethylcyclohexane. When hydrochloric acid is combined with 
1,2-methylcyclohexanol, l-cliloro-2-methylcyclohexane is said to be secured. The 
product boils at 88°C. under 1(K) mm. pressure and has dj® 0.9788.®® Also, it 
has been suggested that phosphorus pentachloride be employed instead of hydro¬ 
chloric acid.^® An explanation of the formation of the chlorides from the alcohols 
has lx?en offered by Mailhe and Murat.*^^ They consider that the first step in the 
reaction is a dehydration, resulting in the splitting off of a molecule of water fol¬ 
lowed by the addition of hydrogen chloride (from the hydrolysis of the pentachlo¬ 
ride) to the unsaturated cyclic compounds. 

Among the unsaturated cyclic hydrocarbons which have been used to prepare 
halogen compounds are included 4-bromo-l-methyl-1-cyclohexene and methylcyclo- 
hexene. The former substance, when reacted with fuming hydrobromic acid, is 
reported to yield 1.4-(iibromo-l-methylcyclohexane.^'” Methylcyclohexene. when 
treated with bromine, furnishes 1,2-dihromo-l-methylcyclohexane. When mixed 
with bromine to which was added 1 per cent of aluminum, the hydrogen atoms 
of the cyclic f)ortiun are said to be removed, and the product of the reaction con¬ 
sists of pentabromotoluene.'^- 

Dimcthylcyclohexane. The cyclic hydrocarbons generally employed to pre¬ 
pare the halogen derivatives of dimethylcvclohexane are dimethylcyclohexanol and 
dimethylcyclohexene. Auwers^*' pointed out that 4-chloro-l .4-dimethylcyclohexane 
may he obtained from the reaction !)etween l,4-dimethyl-4-cyclohexanol and phos¬ 
phorus pentachloride. The product boils at 50-52°C. under a pressure of 14 mni. 
and has 0.943. In the same manner. 2-chloro-l,2-dimethylcyclohexane may be 
secured from 1.2-diniethyl-2-cvclohexanol. The chloride boils at 122.5°C. at 760 
mm. and has d'X^ 0.779. When 1,3-dimethylcyclohexene is combined with bromine 
or chlorine a dihalodimethylcyclohexane is formed.^^ The latter substance may he 
distilled with quinoline and the fraction boiling at 129-130°C. at 745 mm. is said 
to be 1.4-<limethyl-2.4-cvclohexadiene. 

Trimethylcyclohexane. Of the cyclohexane homologues with nine carbon 
atoms, 1,2.4-trimethylcyclohexane has l>een isolated from petroleum.*^® Chlorina- 

•• Carlcton Kllis, ‘The ('hrnii>try of Pctiolcum Derivatives." The Chemical Catalog Co., Inc.. 
New York. 1934. 

(;utt, Bcr.. 40, 2nol; t/fcm. Abs.. 1907. 1. 2106: J.C.S.. 1907. 92 (1). 508. 

’•M. Murat. Anu. rhtm. . 1909. 16. 108; Chew. Abs.. 1909. 3. 1275; J CS., 1909, 96 (1». 
146. 

^*A. Mailhe and M. Murat. Chrm. Zfo . 1911. 35. 19,1; Chetn. Abs., 1912. 6. 2406. 

E. Hope and W. Perkin, Jr.. ./ C.S.. 1911. 99. 762; Chem. Abs.. 1911. 5. 5050. 

^ F. Badroux and F. Talxiury. Bull. soe. chim., 1911. 9, 595; Chrm. Abs.. 1911, 5. 32.12; .f.C.S 
1911. 100 (1). 5.1.1. 

K. V. Auwers. Atm.. l‘^20. 420, 84; C/o*m. Abs.. 1920. 14. 21»»0; J.C.S, 1920. 118 (1). 721 

N. Zelinskii .ind A. Gorsky, Brr., 190S. 41, 2030; C/um. Abs.. 1908. 2. 3082; /.('..S' iQO.s 
94 (l). 619 

*'• ('arleton Klli'«. "The ('hemi''try oi Pctroleiuu Derivatives.” The I'hemical C.ataloff Co.. Ino.. 
New York. 1934. 
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tion of this hydrocarbon in the vapor phase, employing dry reagents, resulted in a 
mixture of monochlorides and dichlorides, whose structures were not determined. 

Menthane. Chlorination of menthanc. or l-methyl-4-isopropylcyclohexane, 
in the vapor phase gives rise to a liquid monochloride which boiled at 208-210®C. 
The constitution of this monochloride is unknown and its homogeneity doubtful. 
The bromination of menthane has been reported by Schoeller and Borgwardt.*^** 
They recommend that 21 g. of menthane and a small proportion of iodine be placed 
in a flask at 0®C. and 24 g. of bromine be slowly poured into the mixture. Hydro¬ 
gen bromide is evolved, and when this evolution is complete, the remaining prod¬ 
ucts may be washed with water and a solution of sodium carbonate. To isolate 
the monobrominated menthane, the mixture is distilled under 15 mm. pressure, and 
the portion boiling at 115-120®C. is retained. 

W. Schoeller and E. Borgwardt, U. S. P. 1,916.742, July 4, 1933, to Scherins-Kahll>auni 
CAnw. Abs., 1933. 27. 4547. 



Chapter 32 

Halogenation of Benzene and Its Immediate 
Homologues 

Altliouj^li benzene anti other aromatic hydrocarbons of a related character are 
not normally found in substantial proportions in straight-run petroleum distillates, 
except in rare instances, nevertheless the trend of the industry towards highly 
cracked products or “aromatized’* stock renders some account of the behavit)r of at 
least a few' of the lower members of the benzene series an appropriate j)art of the 
present text. 

Benzene reacts with the halogens either by addition or substitution, but toluene 
and the higher homologues give substitution products almost exclusively. In the 
latter case, however, the halogens may enter the side chain or the aromatic nucleus, 
depending upon conditions. The most important factors influencing the position 
w'hich the halogens will take are temperature, illumination, catalysts, and to some 
/legree the concentration of the reacting substances. High temperatures and ex¬ 
posure to light promote replacement in the side chain, and low temperatures, ab¬ 
sence of light, and the activity of halogen carriers (iodine, iron or aluminum 
halides) favor nuclear substitution.' 

Chlorination of Benzene 


Photochemical Chlorination. Smith. Noyes and Hart- report that the 
photochemical chlorination of benzene vapor proceeds by a short chain reaction. 
'J'here are two simple ways in which the chlorine atoms might substitute in l)en- 
zene. 


and these would be 


(^1 -f CJI« >- 

Cl + cai* >- 

followed bv either 


C«HiCl + H (1) 
C«H, -f-HCl (2) 


H -f Cb >- HCl + Cl, or (3) 

-f- Cb ^ C«HfcCl -f Cl (4) 


Since both addition and substitution occur, according to the investigators, neither 
reaction 1 nor 2 can be logically excluded, though relatively little can he said ctm- 
cerning their probability. Another mechanism which may be postulated is 


Cb -f hi^ Cl -f Cl (5) 

(^1 ^ -V CtH«CU (6) 

C.H.Cb - > CeH.Cb-fCl (7) 

(\H«Cb C«H«-fCb4>Cl (8) 

Cl -f Cl ‘ Cb (9) 


(if 

2t. 


* The mechanijnii of the aclion of halonen c.-irriers is discusse<l hy Carlcton Ellis. “The Chemistry 
Petroleum l)eriv,itivcs,” The Chemical I atalou (o. Inc.. New N ork. 1934. 

MI P Smith. W. A, Noyes. J... ami K. J. Hart. J A.C.S., 19,Lt. 55. 4444; Chrm. Abs,, 1934. 
Prit, Chem. Abs. A, 1934. 40. 
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wluTo ])r = <|iiantnni of enerfry. At the iK'jfinninjj of the reaction, the rate of de¬ 
crease of pressure is found to he pro|)orlional to the square root of the light inten¬ 
sity, and to the separate pressures of the chlorine and benzene. 

Luther and Goldberg^ have stated that oxygen acts as a powerful inhibitor upon 
the photochemical chlorination of benzene. To overcome this difficulty Nozicka** 
employed anthraquinone together with activated carbon as catalysts in the prepara¬ 
tion of chlorobenzene from chlorine and benzene in the presence of light. 



Courtesy Dow Chemical Co. 

Fig. 169.— Benzene Chlorinators. 


Catalytic Chlorination. A chlorination catalyst (1 '.logon carrier) will ef¬ 
fect substitution rather than addition in benzene in the absence of light and at 
ordinary temperatures. For example, a mixture of silicon, antimony trichloride 
and lead may l>e employed to secure phenyl chloride.'* If the chlorination is con¬ 
tinued the para isomer will be obtained. With the reactants in the vapor phase 
and with oxygen present, Mares^ suggests an aluminum compound with copper, 
iron or cerium, or, alternatively, a Deacon process catalyst (clay saturated with 
cupric chloride). The temperature is maintained between 2(X)® and 400®C. Other 

»R. Luther and E. Goldberg, Z. pkysik. Chrm., 1906, 56, 43; 1906, 90 (2). 641. Sec 

Carleton £1U», toe. cit. 

*V. Nozicka, U. S. P. 1,945,067, Jan. .10, 1934. to Vereinigte Chemi^che Fahriken Kretdl, 
“Heller 6t Co.’’; Chem. Abi., 1934, 2$. 22/3. Austrian P. 141,082, 1935; Chem. /lbs., 1935, 29. 3910. 

®W, C. Stoeater and F. B. Smith, U, S, P. 1.946,040, Feb. 6, 1934, to Dow Chemical Co ; 
Brit. Chem. Abs. B, 1934, 1003; Chem. Abs., 1934, 28, 2372. Phenyl chloride in, of course, an 
alternative name for chlorobenzene. 

*J. R. Maret, (I. S. P. 1,935,648. Nnv. 21. 1933, to MonHanio Chrmicwl Co.; Brit. Chrm. Ahs 
B, 1934, 793; Chrm. Ahs.. 1934, 28. 776. 
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contact'aft^cnts include copper with a f)romoter consisting of cobalt, nickel, man¬ 
ganese or chromiuin. deposited on pumice or silica geU According to Likhosher- 
stov and Aldoshin® chlorination of benzene with the aid of dichloropentamethylene- 
tetraniine and a small proportion of potassium chloride takes place smoothly and 
may l>e represented by 

(CH,)sN 4C1, + 2KC1 + 2C,He 2CtH,C\ -f 2KC1 + (CH,)iN4H2 

The procedure consists in dissolving a mixture of benzene and potassium chloride 
in acetone and adding powdered dichloropentamethylenetetramine in small portions. 
Since the reaction is exothermic, cooling may l>e necessary, especially if too great 



Courtesy 1'• raw IItil Book Co., hie. 

I'm,.* 170.—Plant Assembly fiir Chlorination of Benzene. (P. H. Groggins) 

a jiroportion of the amine is employed. Vorozhtzov, Zilberman and Grigor’ev® 
state that the yield of polychloro derivatives of benzene will be reduced to a mini¬ 
mum if the chlorination is carried out in the liquid phase at 35°C. in a series of 
columns packed with glass and iron rings. On the other hand Krivonos^® main- 

^W. Prahl, U. S. V. 1,963,761. June 19. 1934, to F. Raschigf G.m.b.H.; Chem. Abs., 1934, 28. 
5080. 

•M. V. LIkhotherstov and T. D. Aldoshin. /. Cch. Cktm. {V.SS.R.). 1935. 5, 981; Chem. Abs., 
1936. 30, 1033. 

• N. N. Voro/ht/.ov. G. B. Zill>ernian and V. M. GiiKor’ev. J. At*f»lied Chem. (C.S.S.R.), 1935, 
8. 872; Chem. Abs., 1936, 30, 4472; Bnt. f'hrnt. Ab.s. B, 1935. 1036; /. Inst. Ret. Tech., 1936, 22. 
462A. 

*®F. F. Krivono!!. Ukrain. Khem. Zhur., 1935, 10, 417; Brit. Chem. Abs. A. 1936. .S99; Chem. 
Abt., 1936, 30. 2932. 
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tains that continuous stirring will achieve the same results, thus eliminating the 
necessity for a complicated apparatus. 

Electrol3rtic Chlorination. Jeunehomme^^ reports that phenyl chloride 
may be obtained by electrolysis of a solution of benzene, chlorine and hydrogen 
chloride in methanol. The anode is composed of carbon, the cathode of bright 
platinum, and the final product other than the halide is hydrogen. In explanation, 
the same investigator'- postulates two reactions which occur simultaneously. In 



Courtesy McdraxV'Hill Book- Co., Inc. 


Fig. 171.—Kquipment Jor Continuous Chlorination of Benzene. (1\ 


A. Chlorinating vessel 

B. Heating chamber 

C. I). Fractionating column 

E. Overflow from chlorination 


F*. Condenser 
(i. Scrubber 
Q. Chlorine inlet 
K. Benzene reservoir 


H. Ciroggins) 


one the benzene reacts with dissolved chlorine molecules, and in the other with 
chlorine atoms on the surface of the anode. 

Thermal Chlorination. Space velocity, that is, the number of volumes of 
gas, at the reaction tube temperature, passing through the heated zone in a definite 
length of time (u.sually per minute), influences the thermal chlorination of ben- 
zene.^^ For a given space velocity there is a critical temperature below which 
the amount of chlorine uncoiisumed increases rapidly. Above a certain tempera¬ 
ture pyrolysis sets in and carbon is deposited. In one process a vaporized mixture 
containing 22.4 per cent of monochlorobenzene and 77.6 per cent of polychloro- 
l)enzenes is pas.secl through an electrically heated silica tube at 800®C. and at the 
rate of 175 g. per hour. Chlorine is introduced at the .same time at a velocity of 

W. Jeunehomme, J. Ckim. Phys., 1935, 32, 17.1; Brit. Chrm. /ihs. A. 709; Chem. /Ih.i.. 

1935. 29, 3609. 

'*W. Jeunehomme. /. C/iim. Phyj., 1935, 32, 173; Brit. Chem. Abs. A, 1935, 709; Chem. Ahs., 
19.15. 29, .1609. 

'^Carleton Klli,-. “The rhemt»»try of Petroleum Derivative^,’’ The Chemical Catalog Co., Inc., 
Xew York, 1934. 
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9.5 1. per hour.^^ The time of contact is 29.5 seconds and the yield contains 2.8 
per cent monochlorobenzene, 87.1 per cent polychlorobenzenes, 8.9 per cent chlo¬ 
rinated biphenyls and 1.2 per cent tarry matter. A method of halogenating ben¬ 
zene with chlorine in the presence of an oxide of zinc, ferric iron or manganese 
has been proposed.If the substitution is effected in the absence of water ancl at 
40°C., />-dichlorobenzene is reported to be the main product. The advantage of the 
|)rocess is said to be that chlorine monoxide, formed from zinc oxide and chlorine, 
is the halogenating agent. Thus, the formation of hydrogen chloride is pre\'ented 
since the products consist of the dichlorobenzene and water. 

2ZnO + 2CU —> ZntCUO + Cl^O 
CeH« + CljO -~V CMiCU + H 2 O 

Liquid-Phase Chlorination. The substitution of chlorine in lK*nzene with 
the resulting formation of benzene hexachK)ride (QHan,;) may ]>e accomplished 


Fk;. 172. 

Sketch of Method for 
Hydrocarbon Chlorina¬ 
tion with Liquid Chlo¬ 
rine. (H, Bender) 


L/ QU/0 

Bcnzcnc 



- OtNZENL 
HtXAChLORIDL 
OUTLCT 


PRCZiSURt 
Regul a ting 
FAtyi 

^APORiZEP Benzene 
Amo Cm or/neOutlet 

LlQUtPLEEEL 

Valve 

Liquid 

Chlorine 

iNLET 


by mixing the two reactants in an autoclave (Fig. 172) in the liquid phase at a 
temperature of —15°C. and a pressure of 4 atmospheres.*’’ Also, it has been 
pointed out that benzene hexachloride may be secured from the chlorination of a 
mixed petroleum-coal distillate.*® The fraction of the latter mixture which distills 
in the range 75-90°C. is treated with chlorine in the presence of a layer of water. 
During the halogenation the reaction vessel is kept in an ice-water bath to control 
the beat of the reaction. 

Miscellaneous Chlorination. To prepare 1,2,4,5-tetrachlorobenzene. Mills*^ 
employs crude o-dichlorohenzene containing between 5 and 20 per cent of />-di- 
chlorobenzene. The mixture is treated with chlorine at 20-30°C., giving a crystal¬ 
line product. After filtration, the latter is washed with some of the original 
halide. Filtrate and washings are recovered and chlorinated to obtain a maximum 
yield. 

K. S. J.ickfton, (i. F.. Wainwright and R. (k Hailes. British P. 4.^6.653, 1935, to Imperi.tl 

(’hemical Industries Ltd.; /. /njf. Vet. Tech., 1935, 21, 460A. 

*<• W. 1). Ratnage. V. S. P. 2,046,411, July 7, 1936. to (Jreat Western Electro-Chemical Co.: 
Chem. Abs.. 1936, 30, 5588. 

This may alto be designated hexachlorocyclohexane. 

H. Bender, U. S. P. 2.010,841, Aug. i3, 1935. to Great Western Electro-Chemical Co.; Chem, 
Abs., 1935, 29. 6607; Brit. Abs. B, 1936. 921. 

H. P. Stephenson and A. L. Curtis. British P. 447.058. 1936; Chem. Abs., 1936. 30, 6766. 

'▼L. E. Mills, U. S. P. 1,934.675. Nov. 7. 1933, to Dow Chemical Co.; Brit. Chem. Abs. B. 
1934. 873; Chem. Abs., 1934, 2t, 494. 
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SEPARATION OF CHLORINE DERIVATIVES OF BeNZENE 

To separate a mixture of mono- and polychlorobenzenes Buchheim'® suggests 
that water be added to the composite to give an azeotropic'® boiling point of 91 °C. 
On distillation, the phenyl chloride will be found in the distillate and the poly- 
chloro compounds in the residue. Bennett'^® reports that sulphonyl chloride will 
react upon o-dichlorobenzene, forming o-sulphonylchlorobenzene, but will have no 
effect upon />-dichlorobenzene. Thus it may be employed to separate the ortho 
from the para compound. Addition of zinc dust during distillation of chlorinated 
hydrocarbons is said to prevent the formation of hydrogen chloride.^' 

Uses of Chlorine Derivatives of Benzene 

Monochlorobenzene and polychlorobenzenes have found industrial application 
in the manufacture of sulphur black dyes, 2- phenols, o-dihydroxybenzene, aromatic 
amines, diaryl ethers and ketones. The properties of the chloro derivatives make 
them applicable, in some cases, as liquid dielectrics and transformer oils. Mis¬ 
cellaneous uses include the analysis of graphite greases, the separation of wax 
from hydrocarbon oil, the removal of carbon deposits from engine parts, dissolving 
paint and varnish, preserving wood, destroying insects, and as solvents for refrig¬ 
erants. 


Preparation of Phenols 


The hydrolysis of chlorobenzene by steam with the aid of catalysts has been 
investigated by various workers. Among the contact agents suggested are the 
oxides of aluminum, thorium, titanium, zirconium and tungsten as well as silica 
gel.22* Also the use of platinum, silver, copper oxide, copper, cuprous chloride and 
magnesium oxide has been described.^^^’ Prahl-'^ recommends iron-free fuller’s 
earth with cuprous chloride as a promoter, the reaction taking place at 3(X)-650®C. 
Rittler^^ advocates the use of acid-treated bleaching clays, e.g., Tonsil, Frankonite, 
fuller’s earth or bentonite. The apparatus consists of a kettle heated by a steam 
coil and connected to a column containing the contact agent (see Fig. 173). From 
the catalyst bed the vapors are conducted to a condensing coil, where the phenol, 
unreacted monochlorobenzene and hydrogen chloride are condensed and returned 
to the kettle. The latter contains caustic soda to neutralize the hydrogen chloride. 

K. Buchhrim, German P. 616,596, I9.LS, to Chemischc FaF)rik von Heydrn A. (I.; Chrm. /ths., 
1936, 30, 484. 

T^e water and halides, when mixed, have a lower iKdling [Kjint than when alone. After 
lation the two substances may be separated; this is known as azeotropic distillation. 

N. Bennett, British P. 440,205, 1934, to Imperial Chemical Industries, Ltd.; Brit. Chvm. Ahs. 
B. 19.16, 182; Chrm. Abs., 1936, 30. 3835. 

^ N. N. Vorozhtzov, V. M. Grigor’ev and G. B. Zilberman, Russian P. 34,545, 1934; Chrm. Abs., 
1935, 29, 297 

** Carleton Ellis, "The Chemistry of Petroleum Derivatives,” The ('hemical f'atalog Co., Inc.. 

New York, 1934. 

Carleton Ellis, "The Chemistry of Petroleum Derivatives.” The ( hemical C atalog Co., Inc,, 
New York, 1934. For a review of some of the literature concerning the preparation of phenol fr(*m 
motioehlorobenzene, see N, N. Vorozhtzov, Jr., and A. G. Oshuev. Anilttwkrasochuaya Prom., 1933. 
3. 245; Chem. Abs., 1934, 28, 1027. Also N. N. Vorozhtzov. Jr., Orp. Chrm. htd. (U..SS.R.). 1939, 
1. 675: Chrm. Abs., 1937, 31. 669. 

^ M. A. Popov and V. A. Popova, J, Applird Chrm. (U .S.S.R.) , 1936, 9, 1303; Brit. Chrm. Abs. 
B, 1936, 970. 

»W. Prahl, U. .S. P. 2,009.023. July 23. 1935, to F. Raschig G.m.b.H.; Chrm. Abs., 1935, 29. 
5859. Cf. W. Prahl and W. Mathes, U. .S. P. 2,035.917, March 31, 1936. to F. Raschig (i.m.h.H,; 
Chrm. Abs., 1936, 30, .3444. 

W. Rittler. U. S, P. 1,936,567, Nov. 21. 1933, to Chemische Fabrik von Heydcn A.-G.; Brit. 
Chrm. Abs. B. 1934, 825; Chrm. Abs., 1934, 28, 779. French P. 751,158, 1933; Chem. Abs., 1934, 
28. 1049. 
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In an antalogous process^*" a dilute solution of lime is employed to neutralize hydro 
chloric acid and a fractionating: column is placed between the boiler and catalyst 
bed, the object being to reflux the phenol and thus prevent its recirculation through 
the cycle. (See Fig. 174.) Other contact agents include aluminum oxide, cupric 
phosphate and zinc oxide, 2 ® Holmes’ silica geF^ (containing 10 per cent of cop¬ 
per), 2 ® silicon dioxide, magnesium chloride and cuprous chloride,hydrated sodium 
copper silicate^® and metallic copperIn conducting the hydrolysis of chloro- 


Fig. 17.F 

Catalytic Hyclrulysis of ChKifoben- 
zene to Phenol. (W', Kittler) 



benzene with sodium hydroxide at 300-400°C. in iron tubes,the addition of 1 
per cent or less of sodium oleatc or stearate is said to prevent formation of a scale 
( ) which is liable to break off and block the tubes.*^*^ 

While investigating the possibility of preparing />-chlorophenol by action of 


R. I. Jenkins and J. F. Norris, U. S. P. 1,950,359, March 6, 1934, to Swann Rcscaich, liic.; 
/hit. them. Ahs. B, 1935, 93; Chem. Ahs., 1934, 28, 3083. 

K. A, SteuiRrocvei and R. Zcllman, U. S. P. 1.961,834. June 5, 1934, to Chemische Fabrik. von 
Ifeyden; Brit. Ciirm. Ahs. B, 1935, 396. C'Mcm. Ahs., 1934, 28, 4745. British P. 404,164, 1933; 
Brit. Chem. Ahs. B, 1934, 232. 

^ Holmes’ silica gel is |>re|>arc<I l»y ad<ling ferric chloride to a solution of sodium silicate and 
l>otline the gelatinous precipitate with hydrochloric acid. See H. N. Holmes. R. \V. Sullivan and 
N. W. Metcalf, htd. Eng. Chem., 1926,' 18, 386; CJu'tn. Ahs., 1926. 20, 1694; Brit. Chem. Ahs. B, 
P>26. 438. 

I). Tishchenko and A. M. Churbakov, J. App/ted Cht^m. {i'.SS.R.), 1934, 7, 764; Brit. Chem. 
Ahs. B, 1935, 137; Chem. Ahs., 1935. 29. 2520. 

" 1). Tishchenko, R, (lutner, S. Faerman and M. ShchigHskava. /. .Applied. Chem. iU..^.S.R.), 
1935, 8, 685; Chem. Ahs., 1936, 30, 4155; Brit. Chem. Ahs. B. 1935. 938. Russian P. 39,114, 1934; 
Chem. Ahs., 1936, 30, 3441. 

J. A. Bertsch, U. S. P. 1.966.281. July 10, 1934, to Monsanto Chemical Co.; Brit. Chem. Ahs. 
B, 1935, 396; CItem. Ahs., 1934. 28, 5471. 

\V. I. Hale and E, C. Brilton. U. S. P. 1.925.321. .Scot. 9. 1933. to Dow Chemical Co.; Brit. 
Chem. Ahs. B. 1934. 618; Chem. Ahs.. 1933. 27. 5341. 

•^-’(7 K. Pmn.un. V. S. P. 1,921.373. Aug. 8. 1933. to Ihiw I'hemical to.; Chem. Ahs., 1933. 
27, 5U.S6. 

»:»J. J. Crebe and J. H. Reilly, II. S. P. 1.986.194. Ian. 1. 193s. to iK.w Chemical Co,; Brit. 
Chem. .\hs. B. |935. 1937, Chem. Ahs., 1935, 29. 1104. 
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alkalies on ^-dichlorobenzene, Vorozhtzov and Karlash*^ noticed that phenol ap¬ 
peared as a by-product. It was’ thought that this reaction was caused by cuprous 
oxide (formed from metallic copper through the influence of alkalies) and that the 
reaction was 

CgH4Cl(OH) 

/ \ 

4-HiO Cu,0 

/ \ 

C,H,C1, C.HjOH 

CujO -fHtO 

\ 

CgHfcCl 

This hypothesis was substantiated when a 50 per cent yield of phenol was obtained 
by heating />-dichlorobenzene with cuprous oxide and water for 3 hours at J75°C. 
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and under 80 atmospheres pressure. Similar treatment of />-chlorophenol at 250- 
380®C. also gives phenol.*® 

Preparation of Other Phenolic Substances. Hale** reports that tiie re- 

N. N. Vorozhtiov, Jr., and P. V. Karlafb. Compt. rend. acad. set. V.R.S.S. {N.S.), 1933, 221; 
Chem. Abe., 1934, 2t, 1991; Brit. Chem, Abs. A, 1934, 398, 

■* N. N. Vorozbtrov, Jr., and P. V. KarUsb, RuB»ian P. 30,689 and 30,690, 1933; Chem. Abs.. 

U. S. P. 1,922,695, Aug. IS, I93J, to l>ow Chemical Cu.; Bril. Chem. .Ibt. B, 
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action of monochlorobenzene, sodium phenolate and free phenol under pressure at 
350-420®C. results in the formation of phenylphenol (hydroxybiphenyl). Heating 
monochlorobenzene in an aqueous solution of sodium sulphide under pressure at 
300°C. furnishes thiophenol.**^ 



Courtesy J)o:r Chemical L o. 

Fig. 175.—View of Synthetic Phenol Plant. 


Downing and ('lavkson-''' stale that the h>drolysi-s ot ()-<licldovol)en/ene. employ¬ 
ing sodium formate to remove molecular oxygen, leads t») o-dihydroxyhenzene 
{pyrocatechol). Silver and copper are recommendetl as contact agents. If some 
of the reacting material is removed at intervals and allowed to eva]H)rate at atmos- 


1934, 536; Chem. Abs . 1933, 27, 50S4. A mctluHl of i*unf>nJKr ithcoyli^lH-nol with fenic chloride 
is reported by W. C. .Stucsser, I’. .S. 1*. 2.()50.S15. Anjr. 11. I'i.lo. to Dow ( hcmical Co ; Chem. Abs., 
1936, 30. 6766. 

N. N. Vorozhtsov, Jr., and .S. K. MitzeiiKendler. HtjN.sian T. .14.544, 1934; i'hrtv,. Ab.<.. 193.^. 
29 2977. 

' P. n. Downing and R. <•. Clarkscui, C. S. P. 1 909.732. .AuKiist 14. 1934. tn 10. 1. du Pont dt 
Nemours and Co.; Chrm. Abs., 1934. 28, 61on. C. .S. IV 1.«>7().363 and l,‘>70.3o4. Ang. 14. lo.t.t. 
flrit. Chem. Abs. B, 1935, 71 o. Chrm Abs.. 034. 28. oloO. British P. 42.';.230. l‘).et; Brit. Chrm 
Abs. B. 1935. 443; Chem. Abs., 1935. 29, 5458. 
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pheric pressure, and fresli stock sintullaneously added, the process can be made 
semi-continuous. 


1‘kKPARATION OF AniI.INF, 

Vorozlitzov-'*’ points out that the interaction of monochlorohenzene and a(|ueous 
ammonia with a cuprous salt as catalyst proceeds in two steps. In the first the 
halide reacts with the complex Cu(NH 3 ) 2 '^ to form an addition product, according: 
to the equation 

CeHftCl + CuCNHa)-,^ C«HiClCii(NH,)2^ 

In this compound the chlorine is very mobile and reacts rapidly with ammonia, 
yielding phenylamine, 

C«H,C1- Cu(NH,) 2' + Nlh Cai.NH, 4- HCl 4- Cu(NH5)/ 

The velocity of the first step is so much less than that of the second that the former 
alone determines the overall fate of reaction. Tlie effect is to make the rate of 
consumption independent of the concentration of ammonia, as represented by 

~ = A'fa—.v)/> 

(it 

where -f- is the rate of increase of pro<luct with respect to time, a is the initial 
at 

concentration of phenyl chloride, x is the concentration of product at time /, h is 
the concentration of the catalyst and K is the reaction velocity. On the other 
hand, Groggins and Stirton^®* maintain that the relation of ammonia concentration 
to amination and conversion for both catalytic and noncatalytic reactions is signifi¬ 
cantly altered by changes in temperature and ammonia liquor ratio. Also, they 
state that while for any particular ammonia concentration the rate of conversion 
is a function of the copper concentration, the anion accompanying the copper also 
exerts an influence on the reaction rate. With reference to the type of catalyst 
employed, Groggins and Stirton hold that: 

1. Cupric and cuprous compounds are about ecjually active in the preparation 
of amines which are not readily susceptible to oxidation. 

2. In the preparation of easily oxidizable amines, such as aniline, a low catalyst 
concentration results in a smaller difference in the reaction rates when cuprous and 
cupric compounds are compared. 

3. The treatment of aniline with cupric nitrate leads to a much greater oxida¬ 
tion of amine than with cuprous chloride. 

Vorozhtzov and Kobelev^** report that phenylamine may be obtained by heating 
the corresponding chloride with concentrated ammonium hydroxide and cuprous 
oxide for two hours at a temperature of 250'^C\ and a pressure of 70 atmos[)hercs. 
Hale^^ suggests the addition of some secondary and tertiary amines to the original 
material. The latter establish an equilibrium with the primary amine, and prevent 
the formation of more of the secondary ami tertiary type. P'or vapor-phase reac¬ 
tion at 350°C. Prahl and Mathes^- propose a promoter consisting of phosphoric 

•* N. N. Vorozhtzov, Jr., AnilinokrasocUt\a\a From., 19.U. 4, 332; Brit. Chem. Abs. B, 1934, 
1002; Chem. Abt., 1935, 29, 668. 

•• P. H. Groggins and A. J. Stirton, Itid. Eng. Chem., 1936, 28, 1051; Brit. Chem. Abs. B, 
1936, 1080: Chem. Abs., 1936. 30, 7977. 

^ N. N. Vorozhtzov, Jr., and V. A. Kobelev. J. Ccu. Chem. {U..S..S.R.), 1934, 4, 310; Chem. 
Abs., 1935. 29, 1787: Bnt. Chem. Ahs. A, 1934. 1342. 

♦iW. J. Hair. V. S. V. 1.9.1J.518. Oct. 31. 1933. in \inw Chmiiral Brit. Chem. .-tbs. B, 

1934. 873; Chem. Ahs.. 19.U. 28. 48.5. 

«\V. Pr.ihl and W. Mnllirn. V. S, P. 2.001.2S4. Mav 13. 193.v to F. G.ni.U.n.; Chem. 

Ahs., 1935, 29, 4383: Brit. Chem. Abs. B, 1936. 931. 
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acid and copper in silica gel. The use of an inorganic oxidizing salt to aid the 
reaction is recommended by Wuertz.^"^ Potassium chlorate, ammonium nitrate and 
reduced copper may be used at temperatures of 160-220°C. 

The formation of phenylamine from monpchlorobenzene has been studied to 
determine the course of the reaction and the rate of speed of substitution of the 
chlorine atom as compared to the other halogens.^^ It was stated that liquid am¬ 
monia solutions of potassium amide at —33°C. react very readily with monochloro-, 
monobromo- and monoiodobenzene to give aniline, diphenylamine, small quantities 
of />-aminobiphenyl and traces of triphenylaminc. This may be represented as: 

C.HjX 4- KNH 2 -CeH.NHj + KX 

CcHfcNHj + KNH2 ^CcHjNHK 4- NH, 

NHi- 

CcHiNH, -h C,H,X-(C«H,)2NH + NH3 

(CcHshNH 4- KNH 2 —(CcHtj.NK -h NH 3 

NH, 

(CcHJjNK + CoHiX —(CcH^jsN 4- KX 



It was reported that the halogen group is removed almost quantitatively from 
monochlorobenzene by a liquid ammonia solution of an excess of potassium amide. 
However, when the halide is present in excess, potassium chloride is formed in 
yields of 50 to 60 per cent of the theoretical, as calculated from the first equation 
above. From this it was concluded that the second reaction, in which potassium 
anilide is produced, is more rapid than the first. Since the yield of halide ion is 
slightly greater than 50 per cent, calculated from the first and second equations, it 
was thought that potassium anilide and potassium diphenylamide must further re¬ 
act in the sense of the third, fifth and sixth ecjuations. For these latter reactions 
the amide ion was said to be necessary as a catalyst. 

Competitive experiments in which an ammonia solution of potassium amide was 
added to an excess of a mixture of aryl halides in the same solvent, indicated that 
bromine, iodine and chlorine, in that order, are replaced by potassium amide. 
Fluorine did not react under the conditions of the experiment. 

1'he apparatus in which the reactions were effected consists of two Pyrex cells, 
both cooled by a liquid-ammonia bath. The cells are connected through a siphon 
so that solutions may be quantitatively transferred from the first to the second cell 
(see Fig. 176). Both cells are connected to a waste ammonia line and to a mer¬ 
cury bubbler. The latter is also joined to a gas collector. The potassium amide is 
incorporated in li(|uid ammonia in the first cell, and the entire contents are passed 
to the second reaction vessel. I his contains a weighed amount of monochloro¬ 
benzene, delivered from a weight pipette. 

Preparation of Other Amines. Treatment of 1,2-dichlorobenzene with am¬ 
monium hydroxide and reduced copper at a temperature of 150°C. and a pressure 

of 80 atmospheres will furnish 1,2-diaminobenzene.^^* The purpose of the copper 

A. J. WurrtJ. V. S. IV 1.994.84.S. M.irch 19. 1935, to E. I. du Pont dc Nemours at Co.. 

them. Abs., 1935, 29, 2973. British P. 402,063. 1931; CMfm. Abs., 1934, 28. 3080; Brit. Chem. Abs. 

B. 1934, 186. 

F. W. BerRStrom. R. E. WriRht. C. Chandler and W. A. (Jilkcy, /. Org. Chem., 1936, 1, 170; 
Chem. Abs., 1936. 30, 7103. .See also. Chapter 34. 

♦« Swiss P. 177.262, 1935, to Soc. pour Find. chim. k Bale; Chem. Abs., 1936, 30, 110. French 
P. 788.348, 1935; Chem. Abs., 1936, 30. 1395 C. Craenacher and R. Sallmann, V. S. P. 2,036,134. 
March 31. 1936. to .Soc. j>onr I'ind. chim. a Bale; Chem. Abs., 1936, 30, 3444. French P. 788,348, 
1935; Chem. Abs, 1936. 30. 1395 Swi« P. 177.262, 1935; Chem. Abs., 1936, 30, 110. 
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is to form a complex with ammonia, as mentioned previously in the discussion of 
aniline. 



Conrtcsy li'illtams and li'ilkins Cu 

Fig. 176.—Apparatus for Reaction of Benzene Halide> \Mtli I’Mtassiinn Amide in I.nniicl 
Ammonia. ( F. \V. Bergstrom, R. E. Wright, C. Chandler and W'. A. (iilkey) 

1, 2, Pyrex cells (i, M. Three way st<)i>e»K'ks 

A, A'. Source of Ammonia H. Mercury bubbler 

B, Siphon J. Chlorobenzene inlet 

C, D. Stopcocks K. Gas cnllectnr 

E. Waste ammonia line L. Stirrer 

F, Weight pipette N. Outlet 


state.s that a phenol such as m-crcMfl may he healed with ammonia and 
hydrogen under 50-300 atmospheres pressure, emploNing hvtlrated alumina as a 
contact agent to give ///-toluidine. Horsley*^ suggests ferric chlorifle as catalvst. 

11 .sc KLL \ N EOl'S UsK. S 

Osterman^*' reported a method of preparing phenyl etiicr from phenol, potas¬ 
sium hydroxide and montKhlorobenzene. The phenol is first coinhinerl with the 
hydroxide, and deprived of water: 

C.HtOH + KOH -> C.H.OK H,f) 

^E. Voirt, U. S. P. 2.013.873, Sept. 10, 1935, to General Aniline Work^; Chrm, Ahs., I9J5 
6903. * * 

AbZ^mi ^ f:i>emic.l InHustri*. I.id.; 

Oatemian, U. S. P. 1.099,761, June 9, 1914; Ckrm. Ahn., 1914, §, 2779 
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the dry plienolate is dissolved in phenol, mixed with monochlorobenzene and heated 
to causing the formation of phenyl ether, 

C^HftOK -f CeHftCl CoHsOCtH* + KCl 

which is expelled from the reaction zone by steam and purified by distillation, the 
portion boiling at 115-116'^C. under 7 mm. pressure being retained. Use of copper 
as catalyst and employment of temperatures of 300-340®C. have been proposed.^^ 
To secure 4-chloroacetophenone, Groggins*^^ condensed acetic anhydride with 
phenyl chloride by the Friedel-Crafts reaction using anhydrous aluminum chloride 
at a temperature of 100°C. The reaction was effected in a crystallizing pan 
etjuipped with a hermetically sealed cover, a modified plow for agitation of the 
charge, and a side door for discharging the reaction mass. 

Jaeger and Daniels*"'^ point out that the same ty})e of synthesis inay be employed 
to furnish />-chlorobenz\ibenzoic acid. The reactants arc phthalide and chloro¬ 
benzene with anhydrous aluminum chloride, and their combination may he repre¬ 
sented by 

(1 ('()()H 


.MCh , ~CH> n 

() -y ' 

CHv 

( lark '- reuorts that some chlorohvdrocarbons. particularly pentachlorobiphenyl 
and tricbloroben/ene. are capable of serving as li<]uid dielectrics (e.g.. as trans¬ 
former oil). 'I hese are said to be oil-insoluble, stable, neutral and non-volatile. A 
n\ixture of the isomers of jicntachlorobiphenyl has a pour point of 10®C. with no 
crystal formation, and a dielectric constant’*** of 5 at 25®('. The relatively high pour 
[joint of pentachlorobiplienyl would limit its use were it not for the fact that when 
mixed with trichlorobenzene it forms a composite having a pour point of —18®C. 
Although the latter is combustiI)le under flash-producing conditions, it is said that 
the addition of 10 ]>er cent f>f ethylene chloride will eliminate this undesirable 
property.’'^ 

In the analysis of commercial greases which contain graphite, it is often a mat¬ 
ter of difficulty to scfxirate sucit ether-insoluble materials as calcium stearate. Bif- 
fen"'"’ has proposed trichlon>ben/ene for this jmrpose; it is heated with the grease 
to 165°(\, centrifuged and the halide <lecanted. Similarly a mixture of o-dichloro- 
l)enzene and either ethylene glycol or amyl alcohol is employed by McCarty and 
Skelton."'^' 

K. Marx aiwl H. Wr-chr. I', S P. *^S7. JuK J.C to Winlhrop Chrmical Ct» ; Chcrfi. 

Ahs., 19.^5. 29, 5S5f». Scr aU., French 1*. /SS.Osl. I'j.CC to 1. ('». Farbmin<i. A a'l , Chem .-Ihj., 
19,U, 28, N. N. Voro/ht/ov. It., ami A. i». OnHucv. Rnssiait P. 40..MS, 1954; Chem. Ahs . 

V)Mk so. 

P. H. (JroKKin«. t’. P 1.99j.74.t. Fch, 19, 19.t5. lo the Secretary of .A<rricult«re 1*. .S. A,; 
Chtm ,4hs . 19.t5. 29. J175. V S. P. J.008.418. July 16. 19.t.S; i hem. Abs., 19.15. 29, SS5o. 

’•'A. (> laetrer ami I.. ('. PnntrN. 1' S P. 1.^81.560. Nov. 20. 1954, to .American Cyanami«l 
ami ('hemical ('or|».; C hem Ahs,, iw.t.S. 29, 479; Brit. Chem. Abs. B, 1955. 940. 

'•»F. M. Clark. Chem. TraHe J.. 19.14. 94. .129; J. }nst. Pet Tech., 1934. 20, 3R2A. C. S. P. 

I. 944.730, Jan. 23. I‘i34. to C.enrral Electtir Co.; Brit. Chem, Abs. B. 1935. 193; Chem Abs.. 1934, 
28, 2082. lirili«kh IV 430,04.5. 19.14. to Biititth Thomiwvn Hou'«tnn Co.. Ltii.: Brit. Ckrtn. Abs. B. 
I93.V 773; Chrm Abs. PM5. 29, 8177. Cf R. Frejtai? and II. A. I.uhl, \faschimeHSch4»deH. 1934. 

II, 160; Chem. /entr., 193.S, 1. 3tS; Brit Chem. Ahx B. 19.t^. 

Dielectric constant arftuH hy P in the rriuation E ;=r- >f^here F is the force between two 
charged points, q and </' «»ce the rharuex on these points and d is the di-^lance between the two t>oints. 

F. M. Clark. IV S. IV 2.019.3J9. Oct. 29. 1935. to Oeneral Klectric Co.; Chem. Abs.. 1936. SO. 

2 « 2 . 

F. M. Biffcn, Imi. linq. Chem. Anal. lui.. 1934. 6. 169; Chem Abs , 1934, 28, 4892; Bri>. Chrm. 
Abs. B, 1934. 634. 

''•B. Y. McCarty and W, K. Skelton. IV S. P. 2.035.490 and 2.035.491. March 31, 1936; /. /iwl. 

Pet Tcih., 1936, 2i, 2n»A; Chem. Abs.. I9.t6, SO. MPO. 
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Incorporation of 2 per cent of o-dichlorobenzene to mineral oil lubricants is 
^id to reduce friction.^^ 

Gerlach®® recommends o-dichlorobenzene for removing carbon deposits from 
engine valves or pistons. The halide is mixed with triethanolamine and oleic acid 
and heated, with water, to 150-200®C. to form the cleaning bath. When mixed 
with kerosene and red oil, the dihalide is suggested as a cleansing agent for the 
water-circulating systems of automobiles.®® 

To secure a paint and varnish remover, propene dichloridc and o-dichloro¬ 
benzene may be added to a lesser volume of acetone, carbon tetrachloride and 
benzene.®® 

Calcott and Foreman®^ use a 5 per cent solution of nitronaphthalene in o-di- 
chlorobenzene to protect wood from fungus growth. The halide is employed as a 
solvent for methyl chloride in one absorption-type refrigerating apparatus.®^ 

Both o- and ^-dichlorobenzene have been suggested as insecticidal composi¬ 
tions. With the former, a mixture of the dihalide, ethyl alcohol, ^-naphthol, rosin 
and a volatile petroleum solvent is used in termite control.In the extermination 
of moths, ^-dichlorobenzene is said to be effective.®**' 

As a lubricant, a mixture of a lubricating oil and 1.2,4-tricbl(jrobenzcnc has 
l)een proposed.®*** 


Bkomination of Bknzkm: 


1 he bromination of benzene has not been reported in detail, but it vvf)uld ^eein, 
in general, to resemble the chlorination of that hydrocarbon. Photochemical re¬ 
action using dry reagents results in addition products, while halogen carriers pro¬ 
mote substitution.®^ 

The activity of selenium and tellurium as carriers has been studied and con¬ 
trasted with that of iron by O’Kelly.®^ In the reaction flask were placed 70 ^ g. 
of benzene, 2 g. of iron and 0.5 g. of anhydrous aluminum chloride. Bromine was 
added until an excess of 80 per cent was present, and the mi.xture allowed to stand 
12 hours at room temperature and an a<lditional 7 hours with slight heating. .Seic 
nium, tellurium and a mixture of tellurium and iron were substituted singly in each 
of the succeeding runs. Results of the investigator have been compiled in Table 


Kmphiyment f)f such carriers as sulphur, ifKline, antimony. l»ismnth and mercury 
in as.sociation with sulphonyl chloride with which the carriers are capable of oxi¬ 
dizing hydrogen bromide, has been proposed.®® Normal temperatures and the 

■'U\ F. Prntton. {]. .S. P. 1.986.645 and 1.9H6.65I. Jan. to l.uhri Zol Corn Rrit Chrm 

^ ^ Velikovskii. Ru^Man P 41.10.1, 19.15; 

B 79*16^64*'"’^*'*^^’ ^ 2. 1935; Chem. Ahs., 19.15, 29. 56.14; Brit, them Ahs 

'■'•" A-"--- ^ 

W. S. Calcott and M. O. Foreman, Canadian P. .14.1.744 1914 ii, Thr i- • - 

fad.; Chem. Ahs.. 19.14. 2B. 7466. CY. L. E. MilU. U. S. P. 2.017 506 Oct 15 iSit iVr 

19.15. 29. 8220. G. Algard, British P. 440.563. 1936; Chem. /Ifei 1916 in 1916 * ' 

F Zellhoefer r S. P. 2.031,087. Feb. 18. 1936; Chrm Ah 

190 "■ ^ rt aim Ab... 19.17, 31, 

SrifmtiederZtp.. 1936, 63. 608; Chem. Abe.. 1936 30 7247 
CkZ.''Ab.:MT%rt^y. ^ Tech.. 1936. M. S,2A; 

N*J ^k^*1934" “''*■ ' Pelroleum Dtriv.tivt,.” Tli« Chtmicl CaUin, Co., Inc., 

1937.^03^' T^C.S.. 1934. 36. 2783; Chem. Ah... 1935. 29. 747; Hril. Chem. .46,. A. 

arm.“;i6^,:.'l9.;4*; M. 40^1'’* '• 'i Farhoniml, A d.; 
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Table 15H. — Cowpuftsou of Degree of Brontinuiion of Benzeoe iti Presence of Various 

Halogen Carriers, 

Monobromo- Dibromo- 

Benzene benzene Yield benzene Yield 


Carrier Grams Grams % Grams % 

Iron. 70 3 65 6 46 2 10 4 6 

Selenium 70 3 36 0 25 4 7 3 2 

Tellurium 70 3 43.5 30.7 15 6 0 

'rellurium-Iron . 70 3 65 6 46 1 10 4.6 


absence of li^bt are utilized in the process, and tetra-, penia- and hexabroino- 
IxMizenes are hji ined. J’erric cliloride hexaliydrate ( FeC I-^—6H..O ). according to 



( PfutSilir Clu’mtscht' (irscllst haft 

L'ourtt s\ I'ctldn C hrmir <, 

l-'n.. 177.— Kotatahle Cylinder Hinployed (or Fluorination of Benzene. (K. Fredenhaf^en 

and it. Cadenhach) 

A. Gla>s nib(' 1) Cop|)er tube 

l». (lUide IC Niizzle 

t . ( oj)jKT c;ti>iUar\ tnln- * 1'. Shaft 

Menke/‘*' or ferrinis Milphate heptahydrate ( l'eSO^~7H.jO) as well as the anhy¬ 
drous salts are aids in the hroinination of l>enzene. Addition of a nitrate or nitrite 
inhibits the activity of the catalysts. The entployineiU of beryllium bromide as a 
catalyst tor the hroinination of benzene has Ikhmi suggested.With the reactants 
at the pioductN are said to contain mono-, di- and tribrtimolHnizene. 

h'l roRiN.MION OF Bfnzf.nk 

I-'redenhagen an<l C adenhach®^ have described a device which insures good dis¬ 
tribution of fluorine iti treating organic substances. It consi.sts of a glass cylinder 
(externally cmdetl) which can be rotated alK)ut a horizontal axis. A copper tube 
with numerous fine of>enings along its length serves to introduce the fluorine. The 
latter is a<lmixe<l with 15 volutnes of nitrogen to serve as a diluent and to avoid in¬ 
flammation. Interaction is enhanced by wrapping the UiIk* in copper, silver or 
iron gauze. At 0®C .. treatment of benzene furnished a protluc: which contained 
20 per cent of fluorine. Kmployment of fluorinated hy<lrocarlK>ns, or other liquids 

•"J. B Mrnke. Chnn. 19.14. 31. 344; Brit. C'hcm. Abi. A. 19.U. 877; Cfcrm Ahs 

19.14. 2i, Mil. 

M. K. Tnlioiiry ami R. Pajrau. Compt. rend. 1936. 202. 328: Chem, Abs . 1936. 30, 2836; 
Brit. (hem. Abs. A. 19.U». 461. K Pajrau. Compi. rettd., 1936, 202. 1795; Brit. Chem Abs A 
19.36. 976: Chem. Ahs.. 19.36. 30. 5949. 

K. FrnlenhaKfn and (I. C admlKicli. Ber. 1934. 67. 928; Chem. Abs.. 1934. 21. 4710 Bnt 
them .its. A. 1934. H7H 
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inert to fluorine, as diluents in this type of reaction has been proposed.*'** Kjv 
example, the compound to be treated may be dissolved in liquid hydrojjen fluoride, 
dichlorodifluoromethane, hexafluoroethane or trichlorotrifluoroethane and a cata¬ 
lyst such as iodine or antimony pentachloride added. In one example, 5 g. of ben¬ 
zene was admixed with 71 g. of anhydrous hydrogen fluoride in a copper vessel 
with an inlet tube of copper extending below the surface of the liquid (see Fig. 
178). The reaction vessel was connected to a reflux condenser maintained at a 
temperature of —70*^C. F'luorine was tlien conducted into the inlet tube until 5 g. 
had been absorbed. Hydrogen fluoride was then vaporized and the residue neu¬ 
tralized and extracted. In this manner a product containing 45 j)er cent of fluorine 
by weight was said to be secured. 



h'K,. 178 

Employment oi Idiiorine-eontaininn 
Diluents in h'luonnaiion of Organic 
Com|Kjun(K. ( I' I. du Pont de 
.\emours \ C'o.) 


The fluorination of the chloro derivatives of benzene has received some atten¬ 
tion. Daudt and Parmelee^® point out that fluorochlorobenzenes may be procuretl 
by introducing fluorine al)ove the surface of r;-dichlorob<nzene <|js\()lved in tri- 
fluorotrichlorobenzene at —25°C. Bigelow and PearsoiP^ reiK)rt that the fluori- 
nation of hexachlorobenzene at 0°C. yields principally tetrafluorohexachlorocyclo- 
hexene (C 0 CI 0 F 4 , m.p. 113-114®C.) and some hexafluorohexachlorocvclohcxane 
(CeOeFe, m.p. 94-96^0.). 


••British P. 429,591. 1935, to E. I. du Pont de Nemours & Co.; Bnt Chem Ahi B IV 71 <• 
Chem. Abt., 1935, 29, 6901. French P. 761.946, 1934; Chem. Ahs.. IV.U. 28 4410 ‘ 

'••H. W. Daudt and H. M. Parmelee. U. .S. P. 2.O1J.03.S. Sept. 3. 19 to V I tin P.m# tir 

Nemoura k Co.; Chem. Ahs.. 1935. 29. 6900. to K. i. ,|u Piml ili 

Ck!^'‘Abi A*f9T5.m‘^‘ J.A.C.S., 1934. 56. 2773; Chnn. Abs., 193.S, 29. 747; Brif. 




HALOGENATION OF BENZENE AND ITS HOMOLOGi'ES 793 


Chlorination of Toluenk 

It was nicntioiied in the be^'inninj^ of this chapter that toluene and its honio- 
loj<ues undergo two types of substitution, nuclear and side chain. The factors 
influencing each substitution were alsc) touched upon, and the conclusion stated 
that direct chlorination in the sunlight and at high temperatures promotes side 
chain reaction, while halogen carriers favor nuclear replacement. 

Firth and Smith^- have studied the chlorination of toluene and the effect of 
two catalysts upon the identity of the resulting halides. The contact agents em¬ 
ployed were (a) activated charcoal and (b) iron-impregnated silica gel. The 
investigators point out that the former accelerates reaction and increases the 
amounts of side-chain substituents, and the latter induces nuclear substitution 
and condensation. Light was excluded and the temi)erature maintained at 110®C. 
throughout the chlorinati<m. One hundred grams of toluene were employed in 
each run. and the results are shown in Table 1S9. 


'I'xKLK 15*>. Kffcit of CitUUysts on the Chlorination oj Toluene 
Scfus (a) Activated ChaTCf>aIs 



! I'liu s tif 

■ 


Benzyl 

—Yield— 
Chlorf>- 

Benzal- 

Benzoic- 

Catalyst and Temp 

('hlorin,!- 

W.iKht 


Chloride 

toluenes 

Toluenc dehvdr 

Acid 

of Activation 

tiot' 

(•rams 

DrTisit V 

^ ( 


c- 

Grams 

Nil. 

8 

76 

1 050 

42 

37 

21 — 

— 

1 sugar charcoal. 600®C. 

8 

82 

1 087 

74 

24 

3 

— 

1 g. sugar charcoal, nxliz^d 








600®C. . 

8 

87 

1 08 S 

‘40 

8 

2 

— 

I g. sugar charcoal. 900®(' 

1 g. sugar charcoal. nKliZ4‘<l. 

K 

61 

1 tIH? 

89 

5 

6 

— 

900®C. 

,y 

HO S 

1 081 

K8 5 

4 5 

7 

— 

Blood charcoal. 00U®C. 

K 



... 



126 

BUxkI charcoal 

4 

9 0 

1 Or.8 

87 

.4 

8 2 

Nil 

Blood charcoal. K()0®C. 

s 

IS s 

1 077 

30 


7 V. 

42 

Blood charcoal. 9(K)®r. 

8 

70 

I 074 

68 

.’2 

10 

Nil 

Blood charcoal. 600®C. 
Artificial hUxvl charcoal. 

16 






33 

600“C. 

8 

98 

1 0K<» 

81 

11 

8 

Nil 




Scries (b) Iron-Impregnated Silica ('»el 


1 g. 600®C. for 1 hours 

4 

64 

0 998 

T race 

63 

37 


1 g. 120® C. for 1 2 hours 

4 

64 

1 05 4 

Nil 

89 

11 


1 g. 600®C. for 2 hours. 

8 

49 

I 0,45 

19 5 

61 

10 ^ 


3 f. 600*C. for 2 hours. . 

8 



(Crude iModuct. Mack hnttlc 



Nikolyuk^^ reports that if toluene is chlorinated in ati iron a]>paratns with 
a chemically pure lead lining, the yield of benzyl chloride is 15.5 per cent (0.5 l<» 
9,5 per cent over that obtained in glass-lined chambers L t'omnuTcial lead, on 
the other hand, brings about substitution primarily in the nucleus; even u|Km 
repeated chlorination the amount of benzyl chloride is small. Lead which has 
been used in a previous prtxe'is is more active than that which is Ixung used for 
the first time, but pretreatinent with hydrochloric acid renders the lead less effec¬ 
tive. Sulphur increases the amount of products obtained and partially prevents 
replacement in the nucleus. Alekseevskii and Krasavin** state that if a mixture 
of toluene, chlorine and hydrogen chloride is adsorbed by birch carbon or silicon 
dioxide and desorbed by steam at 120®C., mono- and ‘dichlorotoluenes result. If 
aluminum oxide is pre.sent. trichlorotohienes are pretlominant at the end of reaction. 

«J. B. Firth and T. A. Smith. 3.17; Brit. Chrm. Ahs. A, 193fr, 599; Chrm. 

1936. SO. 3790. 

^ B. A. Nikolyuk. J, Applted Chem. CS S.R.. 1934, 7, 564; Bnf. Chtm. Ahjt. B, 1935. 12; Ckem. 
Abs,. 1935, 29, 1786. RuMian P. 32.491. 1933; Ckem. Abs., 1934. 2$. 3422. See also. Z. N. 
Suirnn and E. E, Puaachev. /tMtiinoA^rtuorkNaya Prom., 1935, 5, 162; Ckem. Abs., 1936, SO, 7528. 

** E, V. AlekaeevakU and S. F. Krasavin, J, Ckem, Ind. {Moscow), 1935. 12. 838: Bril. Chevn. 
Abi. 1 . 1936, 54. 
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'rhc action of nitrosyl chloride upon toluene has been investigated by I’crrot^* 
who points out that 2 moles of the halide unite with one of the hydrocarbon at 
150®r. in sealed tubes to give benzyl chloride, benzal chloride and henzotrichloridc. 



CH,Cl 

-f 2NOC1 

->2NO-fHCl 


4 2 NOa 
—>- 


CHCb 

+ 2 NO + HCl 


CCh 

-f 2NOC1 X\ 

— >-r j+2N0 4'HCl 


benzyl benzal benzo’ 

chloride chloride trichloruie 


Thk Usks of Chlorine Derivatives of Toluene 

Benzyl chloride, like nionochlorobenzene, may he hydrolyzed to yield phenolic 
compounds. For example, Hale*^^ recommends that monochlorotoluene he heated 
in water to 300°C. with ammonia, cuprous oxide and calcium hydroxide to form 
a mixture of o- and />-cre>ol. According to Britton^^ no contact agent is needed 
for such a reaction if sodium rather than calcium hydroxide is employed. 'I‘he 
interaction of higher chlorotoluenes with alcoholic potassium hydroxide at 140- 
210°C. may be utilized to produce chlorocresols.^^ However, Yamasaki and 
Titani^® report that when the benzyl chloride is maintained in the vapor |>hasc. 
it will not hydrolyze with water vapor after 5 hours heating at 130-200°C. nor 
with ethyl acetate after 150 hours at the same temperature. 

Benzyl chloride may be heated with sodium acetate and acetic acid^^^ or with 
acetic anhydride and bismuth oxide^^ to obtain benzyl acetate. Treatment of ben¬ 
zal chloride with aqueous sodium sulphite is said to result in the formation of 
benzaldehyde.^- Also, it has been pointed out that the interaction of benzal chlo¬ 
ride with dimethyl ether at 330°C. in the presence of alumina leads to benzene and 
methyl chloride.”-* Benzotrichloride, according to Kranzlein and HopfT,”-^ can be 
used in the preparation of naphthalene .sulphonyl chloride. The methrwl consists 
in heating the sodium salt of )3-naphthalenesulphonic acid with tlie trichloride at 
150-250°C. Kyrides”^ suggests that benzotrichloride he treated with phthalic an¬ 
hydride at 200°C. to furnish phthalyl chloride. Zinc chloride may he employed 
as catalyst. 

Cole**'’ states that lx?nzyl chloride, incorporated in a high-boiling distillate frac¬ 
tion of coal tar, serves as a corrosion inhibitor for metal surfaces. 


Bkomination ok Toli kni 

rhe hromination of toluene is affected to a marked degree by the conditions 
of the reaction.”** Temperature and light are two of the important factors in de- 

R. Perrot, Comf*t. rend.. 1934, 198. 1424; Brit. Chem. Ahs. A, 1934. f>41 ; t hem Ahs 19.14 
28, 4.191. 

” W. J. Hale, U. S, P. 2.028.0<iS, Jan. 14. 193(>, to Dow Uhrmital ('o ; (. hem Ahs I9n» 30 
1395. . . 

E. C. Britton. U. S. P. 1.996,744. April 9. 19.15. to I)<iw’ riirmical (\» ; ( hem .dht 1915 29 

3354. ... 

“f" C. Jacobi and B. Wolf, U. S. P. 1,995.56M, .M.-irch 26. I‘M5. to I. F.oi»rnind A (I • ( hem 
Abt.. 1935. 29. 2976. .. t 

’•S. Yamasaki and T. Titam, Bull. Chem. Soc. Jafatt, 19.14. 9, 5f)I; Biit Chem 4hi A I9l> 
172; Chem. Ahs.. 19.15. 29. MIL ' 

F. W. Klever, British P. 20,504, 1913; Chem. Ahs.. 1911, 9. o94, ./ V.( /.. pii4 33 

Swiss P. 169.040, 1934, to L. Givatidan & (!ic. Soc. anon ; (hem .4h.x lots 20 4 m* 

« M. P. Ger, Russian P. 40.349. 1934; them. Ahs.. 1936. 30. lK3x, 

L. Andrussow, German P. 634.549. 1936. to I. G. Farbrnind AC. (hem Iht lotr «i 
419. British P. 452.934. 1936; Chem. Ahs.. 1937, 31. 1042 ' 

••C. Kranalein and H. Hopff, U. S. P. 2.016.784, Oct 8. 1935. to I (] Fiibfiutul A c r 
Abs.. 1935, 29, 8005. ^ 

P. Kyrldes. V. S. P. 1.963.749. June 19. 19.14. to Momanto Uliemical Uo • Chem 46* 19 li 

28. 5079. British P. 414.570. 19.14; Chem. Ahs.. 1915. 29. 478; Brit. Chem -ihV B 1914 C 
"•'P. J. Cole. i;. S. P. 2.037.762. April 21. 1936. to ll.nrrrit ('o ; ( hem Ahx PMo 30 1798 
^Carlelon Elli’*. ”Thr rhenii-itry »»f IViroleutn Drriuilixr<.’’ 1‘lir riKinirnl t'li.i,.. *’ 1 

New York. 1934. t (o. h»o.. 
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fcrmining the position of bromine in the resulting conipound. If the halogen is 
added to cold toluene in the dark, the yield is mainly o- and /^-bromotoluene. At 
a temperature of 100®C., however, in the absence of light-benzyl bromide is formed 
exclusively. Thus an increase in temperature favors side-chain substitution. In 
the presence of diffused daylight at 25®C., benzyl bromide is obtained and no 
nuclear substitution takes place. This would seem to indicate that the photo¬ 
chemical reaction has a greater effect on the position of bromine than the thermal 
reaction, provided the same temperature is employed in each case. 

Nuclear substitution can be achieved by the activity of halogen carriers such 
as iodine, iron, antimony and aluminum bromides. In the presence of these sub¬ 
stances, an excess of bromine furnishes polybromo derivatives. It is interesting 
to note that phosphorus pentabromide, unlike the other halides, favors side-chain 
rather than nuclear substitution. 

The bromination of wi- and />-chlorotoluenes has been studied by Varma and 
.Sahay.^’ Some of the results of their work are contained in Table 160. 


Chloride 
o-Chlorotolucne .... 
m-Chlorotolucne 
p-Chlorotoluene. 


Table 160 .—Bromination of Chlorotoluent. 

Product Boiling Point of Product 

. 2-Chloro-5-bromotoluene 90-3®C. (12 mm.) 

f3-Chloro-4*bromotoluene 90-3®C. (12 mm.) 

. \3-Chloro-6-bromotoluene 120-5®C. (15 mm.) 

. />-Chlorobenzalbromide 


The halogenation of the higher homologues of benzene can occur in two ways, 
as in the case of toluene and benzene. Nuclear substitution may be brought about 
in the dark and at low temperatures, and by the use of halogen carriers. In the 
presence of actinic light or at high temperatures side-chain substitution takes place. 


1*. S. Varma and V. Sahay. J Indian Chem. Soc . 1934. 11. 293; t hem Ahs . 1934, 28. 5049; 
Urit Ckcm Abs A. 1934. 7U2. 






Chapter 33 

Production of Alcohols by Hydrolysis of Alkyl 
Halides. Production of Esters 


The alkyl halides, particularly the bromides and chlorides, arc available for the 
manufacture of alcohols of the aliphatic series. Primary as well as secondary and 
tertiary alcohols may l)e prepared by the hydrolysis of the correspondin^j alkyl 
lialide, distinguishinj^ this process from the hydration of olehns, wliich yields only 
secondary and tertiary alcohols (ethanol, of course, being an exception).' 

Tile hydrolysis of alkyl halides may hv represented l)y the etpiation 
+ H,0 C„H,,n.,)OH + liX 

where X is a halogen but, in general, the point of etjuilihrium ap[)eais to rest on 
the left side, even at elevated temperatures. For this reaMm water alone (as 
li(|uid or vapor) is seldom used. Instead an alkali such as a<iueous caustic soda, 
milk of lime or aqueous sodium carbonate is employed. The reaction is 
CnH(,« + uX + M'OH C\.H(,r.^n()H + M'X 

where M' is one atomic proportion of a monovalent element (or one-half atomic 
proportion of a divalent element). 

Conversion* of Methyl Chloride into Meth.xnoi. 

Methyl chloride can be converted to methanol in the li(juid phase by using a 
solvent or in the vapor phase hv parsing the alkyl halide va[)or ami steam oxer 
heated solid hydroxides and condensing the alcolu)! vapors formed.'* C onducting 
the halide over calcium hydroxide, aluminum oxide or potassium hydroxide and 
at temperatures ranging from 3()0° to 3S()^(\ has Iwen suggested.* 

Abkin and Medvedev*' report the use of stannous phosphate dej)osited on 
pumice as a catalyst for vap<)r-])hase hydrolysis of methyl chloride. At a tem¬ 
perature of 460°C. and with the ratio of steam to halide 10:1 (Iw volume) a 16 
per cent yield of methanol was obtained. In the liquid phase the chh>ride may be 
heated in contact with aqueous alkaline solutions at temperatures of 150'’ to IVO^C. 
and a pressure of 260 pounds per square inch. Dimethyl ether is also a prmiuct 
of the above reaction. To transform the ether to the alcohol, water and aluminum 
oxide may be added and the temperature maintained at 350'’C\ 

(CH,)/) + H/) , 2CH,()H -3kK.cal.»* 

Conversion ok Halides of Kthank to Alcohol.s 


Ethyl chloride reacts with the alkaline hydroxides, fixides and steam in a 
manner analogous to that for methyl chloride, forming ethanol. In the li([uid 

^Carleion Ellis. **The Chf-mistry of Petroleum Derivativev ” Thr Chemiral ( aialou ( o Ine 
New York, 1934. " * 

»» C/. Chapter 29. 

»C»rleton Ellis, loc. cit. 


•A. Abkin and S. Medvedev, /. Chem . Ind . ( Moscow ), 1914. 10. No 1 10- NrW# . al . 
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phase, employment of aqueous potash or caustic soda and tennK*ratures of 250- 
450®C. is recommended. In the vapor phase at 250®C. the use of a contact agent 
such as active charcoal impregnated with zinc sulphate is suggested. Diethyl ether 
is a by-product of both methods. To inhibit ether formation, Hale^ suggests that 

3 C 2 H 5 CI + 3.\af)H C\H/)H + (0>H,h() -f 3\aCl -f H/) 

a small proportion of the ether he added to establish an equilibrium with that 
secured from hydrolysis. 

Klebanskii and Dolgopol’skii’’ point out tliat ethylene glycol may 

be obtained by saponifying dichIor()ethane» with sodium carbonate. When a mix¬ 
ture of 200 grams of the halide and 220 grams of the carbonate was heated to 175- 
195®C. at a pressure of 100 atmospheres, an 87-90 per cent yield of glycol re¬ 
sulted. 


Hydrolysis of Highkh .\lk\l H.vlidks to Alcohof..> 

Propyl Chloride. The hy(lrt>lysiv of propyl halides has apparently received 
little attention. The work of Hughes^* indicates that the conversion of isopropyl 
chloride to the corres|)on(ling alcohol (by treatment at 45®C. in 60 per cent of al¬ 
cohol) is a unimoleciilar mechanism depending upon the ionization of the alkyl 
halide. 


(C:Hi),(;HC1 , - - {ClUhCU^ + Cl - fulUmed by 
(CHiijCTD -t OH' ^ ~lOHruCHOH (instantanc^msly) 

The velocity constant*’'' of the reactif)n in a slightly alkaline inediinn i^ 2.60 and 
in an acid medium 2.58. 

Butyl Chloride, ('larke and (\K>k" employ //-butyl chloride in prei»aring 
butyl alcohol. The halide i^ mixed with an a(|Ueous Mi'-jK*nsion of ferrous hy¬ 
droxide and the com[H)site placed in an autoclave. \ tenq>erature of 75-150°('. 
and a pressure of 300 inmnds ix-r s(|uare inch are maintained for a fH?rirKl of 4 
hours. The amount of alcohol may be increased by having present 1-2 per cent 
of pyrogalhd (a reducing agent which prevent^ the forination of aldehydes and 
acids. 

Sparks and Nelson‘s report tiiat the h\dr<»l\sis of 1.2-v!K'hiort)-2-methylpro|)ane 
in the liquid phase at 70-80A'. lead< mainly to l-chh>ro 2-nuqh>l-2-]>ropanol. under 
neutral, slightly basic or ^lightly acidic conditions. The .ulditi«>i, of basic sub¬ 
stances i<i the hydrolysis mixtures ten<|s to decrease the .nnount (»! alcohol fur¬ 
nished. .'s<ime of the results are siiown in 1 able ltd. 

Sa|M>nihcation of 1.2.3-trichloro-2-methylpropaiu ii^ dilute sodimn hxdroxide 
solution yields 3-chlor<»-2-melhylallyl alcohol.^ The reaction may be represented b\ 

('H,CIC(CH,K'1C:HjC 1 + JNaOH (TICl-^CrHsCHa )H 4 - 2.\aC'l -f H,0 

The rate of conversion is directly projxntional to the alkalinity of the reagent and 

•W. J. U»lf. V. S. P. 1 ‘3.^8,4vL Drc. 5. 19.LL lo l)<>x% ( hrmica) Co.. lOa i h, m JS.t, B, 

1934. 823; Chem, Ahs , 1934, 28, 1047. 

•A. K)rhan.*kkM and I. M. 1 MKoporskii, J. (V-rm {(\S.SRk l'e'4. 7. 

C/irm. Ahi. A. 1935. 193; Ctum. Ahs. 29, 2S0m Sre- Chattel 12 

^ F.. I). HuRhrs. J.A.L .S\ 19.VS. 57. 7f>S; Jtnt. Chrm. Ahs. A, 710; Chrm. Ahx . I 29. 

3298. 

Velocify con«aant i% the <•! im*lrs i»f reactant diHjip|»raonc in one minute a liter 

oC solution containing a mole oi reactant at ;tU times. 

^ I*. A. Clarke and L. W. Cook. V. .'s. P. 1,984.334. l>rc. 11. 1934, to Texas (‘o ; Hrit. Ck^m. 

Ahs. B, 19.3.S. \08S; Cktm. Ahs., 1935. 29. 812. 

Pyrogallol i» alao employed in amverting higher halides to alcohols. 

• C. E. Sparks and R. F. Nelson, J.AX S . 193f», 58. lOlO; Dnf. Chem. Ahs. A, I'i.tfi, 965; 
Ckcm. Ahs, 1936. SO. 5177 

•A, O, Rofera and R. E. Nelson. 2 .d.C-.V.. 19.36. 58, \02^: Chem. Ahs., 193o. SO, 5170 ; Brif. 
Ckcm, Abi. A. 1936. 962. 
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Table 161. — Yield of l-Chloro-2- 

Methyl-2-Propanol. 


l,2-Dichloro-2- 



Time of I 

-Chloro-2-Mcthvl- 

Methylpropane 

Water 


Refluxing 

2* Propanol 

Moles 

Liters 

Reagent 

Hours 

Per Cent 

1 

4 

Water . 

18.0 

48 

1 

4 

52 g. CaCO, . 

4.5 

46 

0 5 

4 

26 g. CaCO,. 

2.25 

42 

1 

4 

Water. 

18 0 

41 

1 

4 

52 g. CaCO,. 

4.5 

30 

1 

4 

Water. 

17.5 

38 

1 

4 

52 g. CaCO,. 

4.5 

35 

1 

4 

45 g. Ca(OH),. 

5 0 

28 

3 

4 

156 g. CaCO,. 

12 0 

28 

1 

4 

95 g. NaHCO,. 

5 0 

20 

1 

4 

52 g. CaCO,. . 

4 75 

19 

1 

2 

42 g. NaOH ] 





2 1. water [ .. . . 

4 25 

7 9 



added slowly J 



1 

4 

95 g. NaOH 

10 0 

3 4 


to the amount of water present. When two-thi^l^ of the chlorine in the halide 
has been removed the reaction ceases. This may he seen from l*'i>^. 17*>. 3*C hloro- 

2-niethylaIlyl alcohol exists in cis and trans forms; the densities, indices of refrac¬ 
tion and boiling points of the two are compared in Table 162. 

Table 162.— Cis- and Trans-3-Chloro-2-Methylallyl Alcohoh 

Isomer B.p., *C. 

rij-3-Chloro-2-methylallyl alcohol. 1.12W 1 4737 160*162 

lro«5-3-Chloro-2-methylallyl alcohol . 1 1?62 1 4730 166*168 

The mixed chlorides of isoi)utene may he treated, under superatmospheric pres¬ 
sures, with aqueous solutions of alkalies at temperatures alK)ve l>est at 



l-M. 170. 

Alkaline Hydroljsis «»f 
1, 2. 3-Trichloro-2-McthyI- 
prfipane. (A. (). K»>Kers 
and R. E. Nelson) 


t ofrirsy Journal of American 
Lhrmtcai Soctrly 


220»C. The products are isobutene, isobutyl alcohol and <cr-butvl alcohol wliich 
can be separated by fractional distillation.®*' 

Hughes*® reports that the hydrolysis of tcr-butyl chloride, like that of isopropyl 
chloride previously mentioned, is a unimolecular mechanism. The rate of reactiM 
is ilepeiident directly upon the velocity of ionization of the halide When tlie lat- 


* £. (», Britton, G. H. Coleman and G. V, Moore IT s P 7 nr "7 t i 
Chemical Co.; Chem. Abs., 1937, 31. 14,12. ^ 2.067.47.1. Jan 

D. Haghes, J,C.S., 1935, 255; Brit. Chem. Abi. A, I5j5, 452 ; Chem 


12, 1937, to Dow 
Abs., 1935. 29 . 2929. 
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ter is in excess, the spird nf hy<lrolysis is constaiU an<l itule|Ktulent of the aei<lity 
or alkalinity of the nicdiuin. With a very dilute alcohol solution the vel(»city of 
reaction is also independent of the concentration of halide and water, but as the 
proportions of these latter increase, the rate of hydrolysis becomes more rapid. 
Woodburn and Whitmore” state that the speed of reaction is dependent upon 
the medium, being greater in pure water than in 5 per cent sodium carbonate 
solution. Some /cr-butyl alcohol is formed when cold water is employed, hut in 
hot water or in so<lium carlxmate solution olefins are obtained exclusively. A few 
residts are listed in Table 163. Britton, Coleman and Warren^- prepare Icr- 


'I'ahle 163. Hydrolysis of Ur-Butyl Chloride {25 cc.). 


Reagent 

Cv. 

Conditions 

Time 

Min. 

Halogen Reacted 
Per Cent 

Water. 

. 50 

Shake, cold 

2 

1.2 

Water. 

. . 50 

Reflux 

480 

71 0 

J Sd.CO, . . 

. .SO 

Reflux 

480 

43 4 


butyl alcohol hv treating /cr-butyl chloride with acjueous calcium hydroxide at 
30-70°C\ It is stated that any isobutyl chloride present will not undergo hy¬ 
drolysis. To separate the alcohol from the unreacted chlorides, an azeotropic 
mixture of water, alcohol and chlorides is fractionally distilled. Fresh isobutyl 
chloride is added at intervals in (|uantities large enough to permit distillation of all 
the alcohol.*'^ 

Butyl Bromide. Investigation of the action of dilute aqueous solutions of 
inorganic bases on isohutyl bromide” has shown that the extent of reaction in¬ 
creases with a rise in tein|H*rature, l)eing 40 |x*r cent complete after 10 hours at 
85°C. as compared to 12-13 per cent at 60°C'. It was also found that the rate of 
hydrolysis increases with dilution of the reagents. If the concentration of base 
l>ecomes greater or if the temperature is raised, there is a tendency to olefin for¬ 
mation. The latter is also affected by the cation of the base, the lowest yield re¬ 
sulting with silver hy(lroxi<ie. the highest with caustic innash. The results of this 
exjx'riment are illustrated by Table 164. 

'Pahi.k 164. Reoitiofi of Isobutyl Bromide with Inorganic Bases. 

Analysis of PnHluets 



.Mob'S of 

Soln. 

Reaction 

' ( Reaction 

()lefins 

Alct^hol 

Base 

Base 

Cc. 

Temp.. ‘’C. 

in 10 Hours 

( ■ 
c 

< ■ 
c 

KOH 

0 8<) 

200 

85 

40 

(4 1-65 5 

34 5-35 9 

KOH 

8P 

200 

60 

12-13 

38 9-40 9 

59 1-61 1 

KOH 

44 

500 

85 

58-61 

47 8-49 7 

50 3-52 2 

KOH 

44 

500 

60 


34 3 

65 7 

NaOH 

1 25 

200 

60 


25 6-27 8 

72 2-74 4 

AgOH 

Excess 

500 

80 


10 8-n 

89 -89 2 

HOH 


500 

80 

0 (4 hours) 




The hydrolysis of .rcr-butyl bromide in 6() per cent ethyl alcohol has been 

studied by Hughes.*^ He reports that the reaction has a unimolecular mechanism 
in dilute alkaline and dilute «acid .solution. As the medium becomes more alkaline 
there is a greater amount of olefin formation, and hydrolysis Ixcomes a bimolecular 

H. M. Woodburn and F (' Whitmore. J.A.C.S., 56, Chtm .‘ihs.. 2 S. 

Brit. t hem. Mbs. A, 19.t4. HWi. 

** E. C. Britton, (». H. Coleman and (I. W. Warren, C. ,S P. 1.984,725. I>ec. 18. 19.14. to Dow 

('hemical Co.; Bnt, Ckem. Abs., B, 19.15, | 0 HS; ihem. Abs.. 19.15. 29, 819. 

H, (ole man and t*. W . Warren, C. S. P. 2.0.1.1.684, March 10 , 19.16. to Dow ('hemical (\» ; 
Chem. Abs., 19.16. SO. 2986. 

'• H. E, French and W. H. Wade. J A.C..S' . 19 . 15 . 57 , 1574; Bra. i hem. Abs. A. 19.15, 1.149; 
Ckem Abs., 19.15. 29. 7270. 

K. D. Hughc«. J A.i'.S'., 19.15. 57, 708; Brit. CUcm Abs A. 1915. 710; Chem . 464 ,, 1935. 29. 
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reaction. In slightly alkaline solution the velocity constant is 2.52, in acid, 2.44. 
According to French. Mc.Shan and JohlerJ® alcohols are the chief products of the 



Fig. 180. 

\ iew of Digester Unit for 
Hydrolysis of Amyl Chlorides. 
( L. H. Clark) 


CourifMy Industrial and Engineering 
‘ ( Jii mistry 


hydrolysis of see- and ter-butyl bromides, though some olefins are also obtained. 
The action of a number of l)ases on these bromides is summarized in Table 165. 

Table 165. —Reaction of Butyl Bromides with Inorf^anic Bases. 



Moles 


.Moles 

Rf'action 

3'irti(‘ of 

Analysis of Products 

Bromide 

f)f 


of 

Temp. 

Keaclion 

(lletins 

Alcohol 


Bromide 

Base 

Base 

X'. 

Hrs. 

< / 
f 

i ’ 

r 

sci'Butyl 

0.061 

AgOH 

0.09 

30-60 

6 

28 3-31 4 

68 6-71 7 


0 06 

KOH 

0.18 

50 

15 

21 6 

78.4 


0 07 

KOH 

0.18 

fiO 

7 5 

24 

76 

n 

0 06 

KOH 

0.50 

.50 

7 5 

38 6 

61 4 


0.07 

KOH 

0 50 


15 

.19 8 

60.2 

" 

0.05 

KOH 

1 1 

f)0 

11 

46 9 

53 1 

” 

0.07 

NaOH 

0 50 

60 

7 

34 7 

65 3 


0.08 

NaOH 

0.75 

f)0 

7 

36 8 

63 2 

•* 

0.07 

Ca(OH), 

0.07 

60 

7 5 

13 4 

86 6 


0.06 

Ca(OH )2 

0.27 

m 

7 

25 8 

74 2 

/er-Butyl 

0.05 

AgOH 

0.08 

30 



99 

n 

0.12 

AgOH 

0.25 

30 



99 


0.09 

AgOH 

0.15 

40 


0 2 

99 6 


0 05 

AgOH 

0 08 

40 


0 07 

94 3 

** 

on 

AgOH 

0.20 

m 


2 

96 2 


0.05 

AgOH 

0.08 

iA) 


1 

W 

n 

0 08 

KOH 

0.3 

50 


1.3 

96 7 


0 10 

KOH 

2.0 

50 



98 9 


0 12 

Ba(OH)2 

0 35 

50 


2 2 

91 8 

r* 

0.07 

BafOHh 

0.15 

50 


0 8 

97 2 


Amyl Chloride. The production of amyl aiccjhols and their acetates front 
chlorinated pentane has been conducted for a number of years.A mixture of 

*•» H. E. French, W. H. MeSban and VV'. VV. Johlcr. J.AX .S., IV.U, 56 1146* Brit rk^ Ah, 

A. 1934, 866; Chem. Abs., 1934, 28. 4372 * 

»’Carletcm Klli*. “The ChemUtry of Petrolrum DerivativrH.” Ihr Clicmiril Paialnie i... 

New York, 1934. See also T. H. Durrans, J.S.C.L, 1935, 54, 58.S; Hru ilTm AbiS^ IwV 
Chem. Abs., 1935, 29, 5541. 
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isomeric, pentanes, obtained by fractional distillation of light petroleum, is chlorin¬ 
ated, heated under pressure with sodium oleate solution, and the amyl alcohols 
subsequently distilled off. This method yields all of the eight possible isomeric 
amyl alcohols. Campbell^® reports the use of a semi-continuous process for the 
preparation of amyl alcohol from the corresponding chloride. The latter, with 
aqueous sodium hydroxide and amyl oleate (whose acid radical is a water-insoluble 
fatty acid) are placed in a reaction chamber and heated to 150®C. At intervals 
a portion of the liquid (containing oleic acid) is withdrawn from the bottom of 
the chamber, mixed with fresh chloride and alkali, heated and returned to the 
digester (see Fig. 181). In another method mono- and poly-chloropentanes may 
be treated with calcium hydroxide and sodium bicarbonate to furnish amyl alcohol.^* 



Fic. 181.—Semi-Conlinuous Method for Hydrolysis of Alkyl Halides. (C. L. Campbell) 


When the temperature is maintained at 180-19S®C., a 60 per cent conversion of 
halides in 40 to 60 minutes is reported. Clarke and Cook^ suggest hydrolysis of 
the chloride with ferrous hydroxide at 75-150®C. to secure amyl alcohol. The 
optimum pressure is 300 ix)unds per square inch and the time of contact 4 hours. 
According to the al)ove investigators a small amount of reducing agent (e.g.. 1 per 
cent of pyrogallol) will inhibit aldehyde and acid formation. Ayres*^ recommends 
a methcKl for separating products from reactants in the hydrolysis of chloropen- 
tanes. The products of the hydrolysis are said to be amylene (pentene). water, 
amyl chlorides (monochloropentane), higher boiling chlorides, and amyl alcohols. 
In the procedure these substances are placed in a flask heated by a steam coil. 

»C. L. CamnlHjlI. U. S. P. I.953.74.S. April 3. 1934, to E. B. Badger & Sons Co.; Brit, Cktm. 
Abt, B. 193S. 138; Ckrm, Ahs., 1934. 28. 3740 

>• A. Dobryanskii, M. Davuidova and E. Margules. 3, /fpp/iW Cktm. (U.SS.R.), 1933, 6, 1122; 
/. Inst. /VI. Tech., 1934. 20. 608A; Cktm 1934. 28. 4035; Brit. Cktm. Abs. B. I*)34. 231. 

»L. A, Clarke and L. W Cook. U. S. P. 1,984,334, Dec. 11, 1934, to Texas Co.; Bril. Cknn, 
Abs. B, 1935. 1085; Cktm. Abs.. 1935, 29. 812. 

•^E. A. Ayres, Jr., U. S. P. 1.926,189, Sept. 12. 1933. to Fidelity Philadelphia Trust Co.; Bril. 
Ckim. Abs. B, 19J4, 534; Chem. Abs., 1933, 27, S7S1. 
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The flask is connected through a rectifying column to a condenser which is, in 
turn, connected to a decanter and receivers (see Fig. 182). In the distillation the 
first compound which comes over is amylene, which may be seen from Fig. 183. 
An intermediate fraction containing amylene and amyl chloride is then taken off 
under reflux. As the temperature rises to 76®C. a constant boiling mixture of amyl 
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Fi<;. 182 .—DiaRram of Method for .Sei>aratinR Reactants frf)m Prcxluits of (’hlorof>cmanr 

Hydrolyjiis. ( K. K. Ayres, jr.) 


chloride and water is removed. This mixture is conducted to the decanter where 
the water is separated and the halide returned to the distillation flask. If this step 
is effected without employing a reflux condenser, the removal of water is said to be 
facilitated, since a constant boiling mixture of amyl alcohol and water also comes 
over at this temperature. In this case, the chloride and alcohol are returned to 
the flask. Amyl chloride is next removed from the distilling flask by he.ating under 
a reflux condenser. The fraction which is secured is reported to contain some 


Table 166 .—Reaction of ter-Amyl Chloride (0.061 Mole) u*Uh Inorganic Bases. 


Base 

Moles of 
Base, 300 Cc. 
of Elution 

Reaction 
Temp., ®C. 

Time of 
Reaction 
Hours 

AgOH 

0.0805 

45 

10 

AgOH 

.0805 

35 

12 

Ba(OH), 

.061 

45 

10 

Ba(OH), 

.076 

45 

10 

Ba(OH), 

.076 

35 

12 

Ca(OH), 

.094 

45 

10 

LiOH 

.123 

45 

10 

NaOH 

.132 

45 

10 

KOH 

.123 

45 

10 

KOH 

.123 

35 

12 


Extent of 

Analysis of ProductsCC^) 

Reaction, % 

rflefin 

Alcohol 

82-87 

13 7-14 5 

85.5-86.3 

89-91 

8 4-8.8 

91 2-91 6 

76-80 

16 0-16 8 

83.2-84 

85-86 

25 6-25 8 

74.2-74.4 

76-82 

14.0-15 0 

85.0-86.0 

86-88 

16 4-17 8 

82.2-83.6 

77 

16 6-17.8 

82 2-83 4 

86-88 

17.8-18.3 

81.7-82 2 

80-81 

19.3-20.8 

79.2-80 7 

65 

12.5«13.4 

86.6-87.5 
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amyl alcohol. At this point all the water and amyl chlorides are stated to l>c 
removed from the flask, but there still remains, in addition* to amyl alcohol, some 
higher boiling chlorides. The latter are separated by adding 5 per cent of water 
to the residue in the still. In this manner a constant boiling mixture of the higher 
chlorides and water is taken off, leaving amyl alcohol as the residue. 



PurbtfoNixrDi^nLiAfKiN 

l-'u.. IHJ. i Npical Distillation Ciir\c lor Melluxi of FiK. 182 . 

Tlic action of various inorganic bases on /cr-amyl chloride and bromide gives 
/rr-amy1 alcohol as the main priKluct. together with some olefins 22 The yield of 
the latter Inrcomes greater with increasing tem^n'ratures and higher concentrations 
of hydroxide. The investigatt^rs also state that lithium, sodium and potassium hy¬ 
droxide, in the order written, favor olefin prtHluction. Note Tables 166 and 167. 

Table 167. Knution of trr^Amyl Hromid* {0.057 Molf) with Inorganic Bases. E.xUn4 of 

Reaction - I0<J Per Cent. 



Moles <»f 


Time of 




Base, 300 Cc. 

Reaction 

Reaction 

Analysis of Products 

Base 

of Solution 

Temp.. 

Hours 

Olefin 

Alcohol 

AgOH. 

0 074 

45 

10 

8.7-10 4 

89 6-91 3 

AgOH.... 

074 

35 

12 

4 6-5 2 

94 -8-95 4 

Ca(OH), 

0(>0 

45 

10 

11.3-12 0 

88.0-88.7 

NaOH. 

.13 

45 

10 

12 Q-13 5 

SO-S-S”.! 

KOH. 

.123 

45 

10 

14 0-15 4 

84.6-86 U 

KOH. 

.123 

35 

12 

11 2-11.5 

88.5-88.8 

Ba(OH), . 

073 

45 

10 

18.7-19.8 

80 2-81.1 

Ba(OH),. 

.073 

35 

12 

115-116 

88.4-88.S 

*• H. K. Krrnch anti A. E 

. Schaefer, J.A.C^S., I9J5. 57, 

1576: Brit. them. Abs. 

A. 19J5. I.M9. 

Ckfm. Abs., I9J5, 727 \. 


















Chapter 34 

Miscellaneous Reactions of Halogen Derivatives of 
Paraffins and Cycloparaffins 


The chloro derivatives of the paraffin series are in general less reactive than 
the alkyl bromides and iodides, but this holds true only if the structure of the 
paraffin molecule is alike in the three halides. The primary substituted deriva¬ 
tives are less reactive than the secondary, but the tertiary undergo some reactions 
with remarkable ease. The latter halides, however, do not react with salts of 
organic acids or with alcoholic ammonia to form esters and amines, respectively, 
but instead are transformed, in part, to the corresponding olefin. 

Because of the large number of alkyl halides' and the wide scope of their chem¬ 
ical reactivity, the following comments have been limited to include only some of 
the more interesting and important applications. Among these are: 

(1) Production of olefins and hydrogen halides.^ 

+ HX 

(2) Condensation with alcoholic ammonia or with amines to yield alkylamines. 

C.H(,„^„X -f NH, -h HX 

(3) Condensation with hydrocarbons, or derivatives of hydrocarbons, under 
the influence of Friedel-Crafts condensing agents. 

AICI. 

C,H(,o^.i)X + C.Ht -C»H(,n^,)C.H, 4- HX 

(4) Reaction with sodium, potassium or ammonium sulphite to form sulphon- 
ates by what is called the Strecker reaction. 

CoHdo + nX 4- Na»SOi —^ CnHdn + i)SO|Na -f NaX 

(5) Replacement of halogen by acid radicals such as — CN and --SH through 
interaction with salts of these acids. 


CuHd.,nX + KCN 


C„H( 


.,,CN -f KX 


(6) Interaction with metallic magnesium to yield Grignard compounds appli¬ 
cable in numerous syntheses. 

CoH(jn 4 -oX 4" Mg ^ CnH(fn I)MgX 

(7) Reaction with alkali alcoholates or phenates to yield ethers. 

CoH(jb 4 i)X 4* NaOR ^ CoHdo ^ dOR 4" NaX 

Bell and Clark^ have made a comparison of the preparation of unsaturated 
hydrocarbons from a number of halides by reaction with potassium hydroxide 

^ For the number of mono* and di-substituted products, see Chapter 30. 

’ X represents an atom of chlorine or other hafc«en. 
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and with quinoline. The hydroxide, when united with w-halides, gave poor yields 
of olefins, possibly because of ether formation. On the other hand, good results were 
obtained with secondary, tertiary and cyclic halides. Quinoline was recommended 
for the preparation of unsaturated hydrocarbons from all normal halides and from 
secondary halides of low molecular weight. Under the same conditions of tem¬ 
perature and pressure, bromides and iodides furnish a greater proportion of 
olefins than do chlorides. 


Decomposition of Alkyl Halides into Olefins 


The alkyl halides may be decomposed to yield olefins and hydrogen halides 
by the action of alkalies or alkali salts of organic acids as well as by heat with or 
without catalysts.^ When alkalies are employed in aqueous or alcoholic solution, 
ethers and alcohols are produced in addition to the unsaturated hydrocarbons. 
Under the influence of heat, dechlorination is a reversible process in which the 
point of equilibrium of the equation 7 ^ CnH 2 a HX is dis¬ 

placed to the right with rising temperatures. Temperatures of 450-500°C. are 
required in order to remove chlorine from methyl chloride, but for the iodide the 
range may be restricted to 270-320°C. 

When ethyl chloride is heated to 510-600°C. in the presence of pumice, ethylene 
is secured, the products of the reaction containing from 55 to 76 per cent of the 
unsaturated hydrocarbon. Yamaguchi® has made a study of some of the factors 
influencing the thermal dechlorination of tetrachlorethane. The use of activated 
carbon and of temperatures of 250-300®C. lead only to trichloroethylene. A tem¬ 
perature of 400°C. was necessary to produce ethylene. A small amount of ammo¬ 
nium hydroxide serves to accelerate the dechlorination, but ethyl alcohol has an 
inhibitory effect, as do the chlorides of nickel and barium. Aralkyl chlorides may 
also be employed as reactants to furnish unsaturated compounds. For example 
a-chloroethylbenzene may be treated with benzoic acid to obtain phenylethylene 
(styrene) and hydrochloric acid.® Evolution of hydrogen chloride begins at 130- 
140°C., the optimum temperature range being 150-200°C. The styrene is dis¬ 
tilled from the reaction zone as quickly as it is formed, thus separating it from 
any unreacted chloroethyllKmzene. The distillate is washed with sodium car- 
l)onate and fractionated, the portion boiling at 146°C. being retained. The un¬ 
saturated comjKJund tend> to polymerize^ but this change can be prevented by hav¬ 
ing present a small proportion of nitrol>enzene. According to Olivier and Weber* 
the bromides of ethane, on hydrolysis, will funiish ethylene. In one case 300 cc. 
of cither 1,2-dibromoethane or ethylidene bromide were dissolved in 900 cc. of water 
and 300 cc. of acetic anhydride. A small amount (1 per cent) of 0.375 molar 
sulphuric acid was added and the temperature maintained at 60°C. 

Senderens® points out that propyl chloride will not undergo dechlorination by 
heating to 140-280°C. unless a contact agent is present. Among those recom¬ 
mended are aluminum oxide at 280°C., thorium oxide at 260°C., zirconium oxide 
at 2S0°C., hydrous aluminum silicate (kaolin) at 230°C., calcium phosphate at 


* Carlelon KUis, “The ChrmiMry of Petroleum Derivatives,“ The Chemical Catalog Co., Inc., New 
York. 1934. 

* S. Yamaguchi, 7. Chem. Soc. Japan, 1934, 5$, 1227; Brit. Chrm. A, 1936, 311; Chem. Abs.. 

1935, 29. 4326. 

•W. Krey, U. S. P. 2,005,042, June 18, 1935, to I. G. Farbeniml. A. G.; Chrm. Abs., 1935, 29. 
$127. 


^ For a discussion of the polymerisation of styrene see Carleton Ellis, “The Chemistry of Synthetic 
Resins,’* Reinhold Publishing Coro.. New York, 1935. 

• S. C. J. Olivier and A. Ph. Weber, Bee. trav. ckim., 1934, S3, 1087; Chem. Abs., 1935, 29, 1383; 
flrif. Chem. Abs. A, 1935, 62. See also S. C. J. Olivier. Rec. tmv. chtm., 1936, 55, 567; Bnf. Chem. 
Abs. A, 1936, 1090; Chem, Abs., 1936. 30, 7Q17. 

*J. B. Senderens, Campt. renH., 193.5, 200, 612; Brit. Chem. Abs. A, 1935, 1064; Chem. Abs., 
1935, 29 , 2874. 
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260®C., anhydrous barium chloride at 270°C., and anhydrous calcium chloride at 
265 ®C. These catalysts have also been found to aid the transformation of 1- 
chlorobutane to 1-butene and hydrogen chloride. However, in the case of 2-chloro- 
butane the dimethylethylene which results will recombine with the hydrogen 
chloride unless the two are separated rapidly, which may be accomplished by frac¬ 
tionation. Calcium oxide may also be used as a promoter in the dechlorination of 
butyl chloride.^® Formation of butene begins at 27S°C. but the optimum tempera¬ 
ture is 285°C. The contact agent reacts with the resulting hydrogen chloride to 
form calcium chloride. The latter is said to catalyze the reaction so that the tem¬ 
perature may then be reduced to 225°C. without affecting the yield of olefins. 
Dechlorination of ter-hutyl chloride has been accomplished without the aid of 



Fig. 184.—Sketch T)f Equipment for Production of Olefins from Alkyl Halides. (H. B. 

Hass and P. E. Weston) 


promoters.'^ The reaction was conducted in a flask coated on the inside with 
carbon, and the temperature was varied for different runs l)etween 547-645'’K. 
(820-918®C.). The reaction is reported to l>e homogeneous and unimolecular 
with an energy of activation of 45,000 =*= 1900 cal. 

Although the bromides of butane furnish olefins more readily than do the 
chlorides, there is an almost immediate recombination of the reaction prcxlucts 
so that separation of the latter is rather difficult. This has been noted by Sender- 
ens*^ when forming dimethylethylene and hydrogen bromide by heating isobutyl 
bromide with thorium oxide at 200°C. and butyl bromide with the oxides of 
aluminum and thorium at 280-300° C. 

Hass and Weston** point out that the dehalogenation of a mixture of 2-bromo 
and 3-bromopentane may be utilized to prepare 1-pentene and 2-pentene. The 

*• J. B. Senderens and J. Aboulenc, Compt, rend., 1936, 202, 104; Chem. Abs., 1936, 30, 2547; 
Brit. Chem. Abs. A, 1936, 452. 

** D. Brearley, 0. B. Kistiakowsky and C. H. Stauffer, J.A.C.S., 1936, 58, 43; Chem, Abs., 1936, 
30, 2088- Bril. Chem. Abs. A, 1936, 295. 

»J. B. Senderena, Compi. rend., 1935, 200, 2137; Chem. Abs., 1935, 29, 6496; Brit. Chem. Abs. 
A, 1935, 1103, 

** H. B. Half and P. E. Weaton, U. S. P. 1,975,456, Oct. 2, 1934, to Purdue Reaearch Founds* 
lion; Brit. Chem. Abs. B, 1935, 839; Chem. Abs., 1934, 28, 7260. 
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halides are led through a preheating tube where they are vaporized (see Fig. 184). 
The vapors are then conducted into a reaction chamber, heated to 500®C. by a bath 
of molten lead. After a contact period of 1.5-2 seconds, the reaction products are 
cooled to 20®C., washed with water, and fractionated to separate the pentenes 
from hydrobroniic acid and unreacted halides. The latter may then be recycled. 
Thermal decomposition of /er-amyl chloride at 543-600®K. (816-873®C.) is said to 
follow a unimolecular, homogeneous reaction having an activation energy of 
46,200 700 cal.i^ 

Monochlorinated paraffins containing more than 8 carbon atoms are reported 
to give olefins and diolefins on dehalogenation. Ward and Fulweiler^® point out 
that at 180°C. potassium cresolate reacts with chloro-2,7-dimethyloctane to furnish 
decene. A yield of 91.6 per cent of an olefin boiling between 159.6 and 162.8®C. 
was obtained which would correspond to 2,7-dimethyloctene (boiling between 159- 
162°C.) secured by Kishner.^^ Also, it has been suggested that dehalogenation 
of a chlorinated kerosene fraction (b.p. 243-258°C.) may be effected to yield un¬ 
saturated aliphatic hydrocarbons.^®* Thermal treatment of polychlorinated paraffin 
hydrocarbons is said to form products applicable as lubricants.For example, 
a paraffin containing 42 per cent of chlorine was heated to 300®C. yielding a 
product having a high viscosity and flash point and a low melting point (—20°C.). 

Substances capable of reacting with hydrogen chloride may be employed in 
dehalogenation. For example, reaction of 1,2,3,4-tetrachlorobutane with potas¬ 
sium hydroxide in methyl alcohol at 10® to 18°C. is said to yield butadiene.'® 

.Aralkyl dihalides have also been dehalogenated. According to Zeberg'® solid 
potassium hydroxide caused dehalogenation of l,2-dibromo-3-phenylpropane at a 
temperature of 110°C. with alcohol as a solvent. Phenylallene was first formed 
and then underwent isomerization first to benzylacetylene and later to methyl- 
phenylacetylene. 


H H H 

H—C-C- 
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.\n interesting si<lelight on dehalogenation has been noted by Sandonnini and 
Borghello.-® Klectrolysis of carbon tetrachloride in a 10 i)er cent sulphuric acid 
solution, employing a platinum aiunle and a lead catluxle. gave chloroform (Iri- 
chloromethane) and dichloromethane itither than olefins. 


’♦ I). Brcarley, (I. B. Kistiakowsky and C. H. Slauflfcr. ioc. at. 

'*.A, t.. W'ard and W. M. Fulweikr, J.AX'.S,. 1934, 56, 1641; Clu'm. Ahs., 1934, 28, 5037; Jtnt 
Chrm. Ahs. A, 1934. 989. 

'• N. Kishncr, J. Rn$s. Ph\s.’Ch4^. Sor.. 1900. 82, 381; Chem. Zentr.. 1900. 2, 725. 

»«»C. A. Thoman and J. t. Olin. I*. S. P. 2,065.323. Dec. 22. 1936, lo Sharpies Sohent tAirp.; 
Chem. Ahs., 1937, 31. 1192. 

Y. Tanaka, R. Kohayashi and H. Furumoto, J. StK. them. Ind., Japan, 1933, 36. 228B; Brit. 
Chem Abs. B. 1933, 738; Chfm. Ahs., 1933. 27, 3443. 

»*W. H. Carothers and ('.. J. Bcrchet. V. S. P. 1.998.442. April 23. 1935. to E. I. du Pont de 

Nemours & Co.; Chrm. Abs., 1935, 29, 3692; Brit. Chem. Abs. B, 1936, 487. Cf. 1. E. Muskat. 

U. S. P. 2.070.609, Feh, 16. 1937, to K. I. du Pont de Nemours 8: Co. For rates of decomposition 
of olefin dihalidet, aee W. Taylor, J.C.S., 1935, 1514; Chem. Abs., 1936, 30. 2085; Brit. Chem. Abs. 

A, 1935, 1465. and R. A. Ogg, Jr.. J.A.C.S., 1936, 58. 607; Chrm. Abs., 1936, '30. 4077; Brit. Chrm. 

Ab.t. A. 1936. 684. 

^*E. F. Zeberg, /. Crn. Chrm. {U..S.S.K.), 1935. 5. 1016; Brit. Chrm. Abs. A. 1936, 51; Chem. 
Abs., 1936, 30. 1023. 

C. Sandonnini and V. N. Borghello, Atti acrad. Lincei, 1934, 20. 334; Brit. Chem. Abs. A, 1935, 
604 ; Chfm, Abs., 1935, 29. 3920. 
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Reaction of Chlorinated Paraffins and Cycloparaffins with 
Ammonia and Amines 


The primary and secondary alkyl halides react with ammonia and amines to 
form alkylamines, whereas the tertiary halides yield only olefins on similar treat¬ 
ment. The condensation usually takes place in alcoholic solutions with moderate 
heating (100®C.) and primary, secondary and tertiary amines result as well as 
quaternary compounds in some cases.^^ The ammonolysis of ethyl chloride may 
be represented by 

QHftCl + NH, C^HftNH, -f HCl 

C2H5CI -f CjHsNH, —> (C«H5)2NH H- HCl 

CtHsCl -f- (C,H6),NH (C,H5),N -f HCl 

C,H,C 1 + (C,H»),N —> (C,H 5 ) 4 NC 1 


Tolmachev^^ reports that the reaction of ethyl chloride with an aromatic com¬ 
pound such as o-toluidine leads to ethyl o-tolyl and diethyl o-tolyl ammonium 
chloride according to the equation: 


C.HiCl -f 



H3C 

1 


H C,Ht 
/ N 


! C,H, 
Cl 


If an autoclave is employed in which temperatures of 170-200°C. are maintained, 
the yields are independent of an excess of halide or of the length of heating time. 
With molar quantities of reactants 70 mole per cent of the ethyl and 15 mole per 
cent of the diethyl compound are formed. According to Carleton and Wood¬ 
ward,ethyl chloride will form a secondary and tertiary amine with aniline if 
the two are reacted in ethanol solution. Thus, 465 g. of aniline, 208 g. of ethyl 
chloride and 250 g. of ethanol were heated for 5 hours at 180-185°C. under a pres¬ 
sure of 175-225 lbs. per square inch. At the end of the contact period, the mixture 
was made alkaline and the oil layer separated. The latter was stated to consist 
of 60 per cent of monoethylaniline and 40 per cent of diethylaniline. The chloride 
will also undergo condensation with a-naphthylamine if solvents are excluded from 
the reaction zone.^'* The temperature should not exceed 155°C. during the re¬ 
action, and in the final stages should be lowered to 140°C. The products of the 
ammonolysis include ethyl-a-naphthylamine. 

To prepare ethylenediamine, Curme and Lommen^^ suggest treatment of di- 
chloroethane with excess aqueous ammonia at a temperature of 110°C. and a pres¬ 
sure of 10 atmospheres. The reactants are conducted into a pressure-tight reaction 
vessel w'here they are admixed under the conditions mentioned above. A portion 
of the reaction products, reported to consist of an aqueous solution of ethylenedia¬ 
mine hydrochloride, ammonium chloride and ammonia, is withdrawn intermittently 
from the reaction zone (see Fig. 185). The mixture is then conducted to a frac- 


« Carleton Ellis “The Chemistry of Petroleum Derivatives,” The Chemical Catalog Co., Inc., New 
York. 1934. 

« N. A. Tolmachev, Trans. Leningrad Chem.-Teeh. Inst., 1934, 1, 119; Chem. Abs., 1935, 29. 2930 
P. W. Carleton and J. O. Woodward, U. S. P. 1,994,851, March 19, 1935, to E. I. du Pont de 
Nemours & Co.; Brit. Chem. Abs. B. 1936, 265; Chem. Abs., 1935, 29, 2973. 

“P. W. Carleton and E. L. Mattison, U. S. P. 2,039,390, May 5, 1936, to E. I. du Pont de 
Nemours & Co.; Chem. Abs.. 1936, 30, 4176. 

»G. O. Curme and F. W. Lommen, U. S. P. 1,832,534, Nov. 17, 1931, to Carbide and Carbon 
Chem. Corp.; Brit. Chem. Abs. B, 1932, 973; Chem. Abs., 1932, 26. 999. vmroon 
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tionating column where it is heated with aqueous caustic soda. In this manner 
ethylenediamine is said to be formed and ammonia released from the ammonium 
halide. The ammonia is returned to the reaction vessel and the diamine drawn off. 
Some of the physical constants^® of the diamine are listed iti Table 168. 

Table 168. — Physical Constants of Ethylene Diamine. 


Specific gravity 20®/20®C. 0.8994 

Grams/liter at 20°C. .899 

Molecular weight. ... 60.08 

Boiling point, .116.2 

Vapor pressure at 20®C., mm. . . 10.0 

Melting point, . 11.0 

Flash point, ®C. 33.9 

Refractive index at 26°C. 1.4540 

pR of 25% soln. at 25°C.. 11.9 

Latent heat of vaporization, cal./gram. . . .167 

Latent heat of fusion at 0°C., cal./gram. 77 

Heat of solution at 15°C., Cal./mole. 7.6 

Heat of combustion, Cal./mole. 452.6 


Ethlylenediamine is reported to be effective as a solvent for certain vat dyes, 
as a stabilizer for latex and as a corrosion inhibitor.It has also been recom- 


Fig. 185. 

Formation of Ethylene 
Diamine from Dichloro- 
ethane. (G. O. Curme, 
Jr., and F. W. Lommen) 
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mended for maintaining the color of mineral lubricating oils during refining of 
the latter.For this purpose 0.1-0.005 per cent of the diamine is said to be 
sufficient. The higher fatty acid soaps such as oleyl ethylene diamine are suggested 
as detergents for use in acid solutions.^** Caspe^® proposes to use diethylamine as 
a reactant in the manufacture of tertiary amines. In this procedure 1 mole of 
isopropyl bromide, 1 mole of diethylamine and 0,5 mole of glycerol are heated 

“•A. L. Wilson, Ind. Hag. Chcm., 19.^5, 27, 867; Brit. Chem. Ahs. B, 1935. 893; Chrm. Abs.. 1935. 
29, 6571. 

A. L. Wilson, he, cit. 

V. Voorhcfs, U. S. P. 1,973,676, Sept. 11, 1934, to Standard Oil Co. of Ind.; Brit. Ch^'m. Abs. 
B. 1934, 759; CMem. Abs.. 1934, 2B. 6999. 

**M. Hartmann and H. Kagi, U. S. P. 1,527,868. Feb. 24. 1925; Chrm. Abs.. 1925, 19. 1757; 
1925, 44 , 300B. 

‘^•S. Caspe, U. S. P. 1,993,542, March 5, 1935; Brit, Chcm. Abs. B, Is'6. 442; Chcm. Abs.. 1935, 

29 . 2547. 
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under a reflux condenser for several days. The composite is then made alkaline 
with sodium hydroxide, extracted with ether, and distilled to secure the fraction 
boiling between 108 and 109®C. which contains diethylisopropylamine. 

One method for the preparation of morpholine is by reaction of .vywi-dichloro- 
diethyl ether and ammonia.^® The reaction zone consists of an autoclave in which 
a temperature of 50®C. and a pressure of 1750 pounds per square inch are main¬ 
tained. The condensation may be represented by the equation, 

O 

/ \ 

riC..H40C..H4ri + NITa — >- U,c, (MI4 

\ 

N 

I 

H 

The product is said to be efficacious as a solvent for dyes, a corrosion inhibitor for 
water solutions, a color stabilizer for petroleum products, an antiknock agent for 
gasoline, and a carbon remover for aluminum pistons.*^^ 

01in^2 reports that the product obtained by chlorinating a mixture of pentanes 
will yield mono- and diamylamines if reacted with an excess of ammonia. The 
amyl chlorides (1065 g.) and ammonia (680 g.) are dissolved in anhydrous ethanol. 
The temperature is maintained at 100-110°C. for 5 hours. Then the mixture is 
cooled to 20°C. and the solvent and excess ammonia distilled, leaving a residue of 
amyl ammonium chloride. Steam is introduced and caustic soda added to separate 
the amines from hydrogen chloride and unreacted amyl chloride. Two layers 
form, the upper containing the amines which may be fractionated to sei)arate the 
mono- and diamylamines, the former boiling between 85 and llO'^C., the latter 
above 110°C. 

The halides of the higher members of the paraffin series may also be used to 
form primary and secondary amines. In one process octadecyl chloride is incor¬ 
porated with 60-65 per cent ammonium hydroxide and the mixture heated in a 
closed vessel for 5 hours at 120-170°According to Pyman and Levene^** a 
secondary amine is obtained by heating 1,10-dichlorodecane with diamylamine, 
(C 2 H 5 ) 2 NH. The product, l,10-bis(dianiylino)dccane, is said to be efficient in 
destroying microscopic organisms such as the amoeba. Also, it has been pro- 
posed*® that a dichlorinated paraffin oil boiling about 150°C. be condensed with 
ammonia (in ethyl alcohol) at 160-170°C. The viscous oil which results is sug¬ 
gested as an acid soap in dyeing. 

Wright and Bergstrom^® point out that potassium amide reacts with an excess 
of phenyl chloride, bromide or iodide to give aniline, diphenylamine and a small 
proportion of triphenylamine. The condensation takes place in a liquid ammonia 
.solution at —33°C. 


■•A. W. Campbell, U. S. P. 2.034.427, March 14. 1936, to B. F. (looHrich Co.; Clicm Ahs 1936 
30. 2986. 

A. L. Wilson, Ind. Eng. Chem., 1935, 27, 867; Chem. Ahs., 193.5, 29, 6571; fint Clicm Abs B 

1935, 893. 

**J. F. Olin, U. S. P. 2,006.058, June 25, 1935, to Sharpies .Solvents C’orp.; Chem .4b% 1915 29 

5458. 

•■British P. 437,530, 1935. to I, C. Farbenind. A.G.; Brit. Chem. Abs. B, 1936, 89- Chem Abs 

1936, 30. 2201. French P. 784.559, 1935; Chem. Ab.t.. 1936, 30. 107. 

F. L. Pyman and H. H. L. Levene, T. S. P. 2.056.867. Oct. 6 . 1936. to Boot's Pure Driiir Co 
l.td.; Chem. Abs., 1936, 30, 8241. British P. 433,086, 1935; C7»rm. Abs., 193(>, 30 , 574 - Brit Chem 
Abs. B, 19.35, 973. 

K. KJler, U. S. P. 1.948,924, Feb. 27, 1934, to General Aniline Works; Chem. Ahs 1914 28 

2723. 

R- E- Wright and F. W'. Bergstrom, Paper given at Amer. Chem, Soc. Meeting, .San Francisco. 
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Condensation and Alkylation by Means of Alkyl Halides 

Under certain conditions the alkyl halides may be polymerized or may be eni- 
ployed to form condensation products or to introduce alkyl groups into aromatic 
compounds. In the latter case, benzene, toluene, naphthalene and the phenols com¬ 
prise the general aromatic groups. The condensing agent usually employed is 
anhydrous aluminum chloride, though certain other chlorides are also effective. 
Some of the generalities regarding the Friedel-Crafts syntheses, as these reactions 
are called,are summarized by Calloway^® as follows: 

1. Alkylation by means of this synthesis is a reversible reaction applicable to 
practically all types of organic compounds. 

2. Acylations are essentially nonreversible and may be applied to a variety of 
reactants. 

3. Rearrangements are prevalent in alkylation but acylation proceeds without 
rearrangement. 

4. The orientation of entering groups is essentially that found in other substitu¬ 
tion reactions. 

5. A variety of condensing agents may be used, but aluminum chloride is ap¬ 
parently the most active. 

6. The Friedel-(hafts reaction is catalytic, and there is apparently no formation 
of intermediate organoahiminum substances. 

Prins and Knglehard'^^ reported that trichloromethane (chloroform) reacted 
with dicldoroethylene in the presence of anhydrous aluminum chloride 

to form 1,1,2.3.3-pentachloropropane according to the equation: 

AlCl. 

ChlU.Ch 4-CHCh ->- CHChCHClCHCl, 

The chloroform and olefin halide were separately heated for a few minutes with 
1 per cent of the condensing agent and cooled. A mixture of 120 g. of the chloro¬ 
form and 97 g. of dichloroethylene was then saturated with the aluminum halide 
and heated to 50°Ch for 2 hours, giving a yield of 70 per cent of the {>entahalide. 
It was pointed out that a number of high-boiling condensation products also result. 
The latter react with the dissolved aluminum chloride, rendering the catalyst 
inactive. I'reatment of dichloroduoromethane with a h'riedel-Crafts condensing 
agent at 8 to 25°C. and at atmospheric pressure leads to difiuorochloromethane and 
chloroform .Ai 45°('. and at the same presMire, trichlorofluoromethane furnishes 
dichlorodifiuoromethane and tetrachloromethane. In both cases a fluorine atom on 
one molecule is substituted for a chlorine atom on another molecule. 

It has been proposed that dicldoroethane be condensed with vinyl chloride in 
the presence of aluminum chloride.When the temperature is maintained below 
60°C\ the product is stated to be trichlorobutane. Under similar conditions, di- 
chloroelhane combines with -dichloroethylene to yield tetrachlorobutane. and 
with trichloroetljylene to furnish pentachlorobiitane. 

r.irlfton Kills, “Thr ('Itemistry of Petroleum r)erivative«»,*’ The Chemical Catalog Co.. Inc., New 
York. 1934. 

N. O. Calloway. Clirtn. Hrvs.. 17. .127; Chvm. Ahs . 30. 3KS1. 

»H. J. Prins and J. W. Knglehard, Rcc. trav. chim., 1925, 54. 307; Cltem. Abs., l'^35. 29, 3977; 
Brit. Cbrm. Abs. A, 19,15. <»()5. 

C. W. Croco, U. S. P. 1.994,03.5. March 12, 1935, to Kinetic Chemicals. Inc.; Brit. Chem. Abs. 
B. 193(,. 441; Cftrm. Ah.t., 1935. 29. 2974. 

British P. 453.414. 193(», to Consortium fur elektrochemischc Industrie G.m.b.H ; Brit. Chem. 
Abt. B. 1930. 1140; Chem. Abs.. 1937, 31, 1046. 



812 


CHEMISTRY OF PETROLEUM DERIVATIVES 


PriiivS**^ noted that aluminum chloride can also be utilized to prepare hcxa- 
chloropropene from pentachloroethane. With l.S per cent of condensing agent 
a temperature of 100-110®C. was maintained for 1.5 hours to give a 95 per cent 
yield of tetrachloroethylene. The latter was boiled for 10 minutes with 1.5 molecu¬ 
lar equivalents of trichloromethane to form heptachloropropane in 85 per cent 
yield. This product was heated with tetrachloromethane and aluminum chloride at 
60-70®C. to secure hexachloropropene. The three steps of the synthesis are sum¬ 
marized by the equations, 


CtHCU 
CtCU -f CHCl, 
CHCKCCl,), + ecu 


C,CU -f HCl 
CHCl(CCU), 
CCUCC1=CCU 


A process in which a lubricating oil is treated with amyl chloride and a small 
amount of the chloride of aluminum has been proposed.'*^ A contact time of 2 
hours at 80®C. is said to increase the refractive index and reduce the amount of 
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carbon residue in the oil. For example, 100 volumes of lubricating oil were ad¬ 
mixed with 10 per cent of aluminum chloride and with 30 volumes of amyl chlo¬ 
ride. The temperature was maintained at 175®F. (79®C.) for 2 hours. At the 
end of that time the mixture was conducted to a sludge separator where the alu¬ 
minum chloride was removed (see Fig. 186). The oil may then be ‘^sweetened’' 
with sulphuric acid and clay or by steam to produce the finished oil. A composition 
said to be efficient as a dielectric may be obtained by polymerization of halogenated 
paraffins.^^ In one instance 1,2,2-trichloroethane is heated to 85®C. with 0.1-0.5 


"H. J. Print, Rec. trav. chim., 1935, 54, 249; Chem. Abs,, 1935, 29, 3298; Brit. Chem. Abs. A. 
1935, 470. 

" E. Ayres and H. G. Smith, U. S. P. 2,010,387, Aug. 6, 1935, to Gulf Refining Co.; Brit. Chem. 
Abs. B, 1936, 731; Chem. Abs., 1935, 29, 6418. 

•British P. 430,298, 1935, to Britlah Thomson-Houston Co. Ltd,; J. Inst. Pet. Tech., 1935, 81, 
344A; Chem. Abs., 1935, 29, 753; Brit. Chem. Abs. B, 1935, 773. 
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the temperature was maintained at 250°C. by means of an oil bath. In this manner, 
an oil was said to be secured, 40 per cent of which boiled below 200°C. and 15 
per cent below 270°C. Fischer, Koch and Wiedeking^"^ point out that polymeriza¬ 
tion of dichlorinated Kogasin^® in the presence of aluminum chloride at 120°C. 
gives a synthetic oil which is said to have a high refractive index and to be 
resistant to oxidation. Resins may also be secured from petroleum distillates by 
this method. Fulton and Kunc^® state that a petroleum distillate boiling between 
150 and 350°C. under a pressure of 1 mm., may be chlorinated®® and subjected to 
the action of a metal halide condensing agent. Thus, 1000 pounds of a distillate 
such as that mentioned above were chlorinated at 80°F. (26.6°C.). A cooling sys- 



Fic. 188 .—Flow Scheme for Resin Manufacture by Treatment of Chlorinated Distillates 
with Aluminum Chloride. (S. C. Fulton and J. Kune) 


tern was employed to maintain the temperature at that point until the chlorine 
content became 9.7 per cent by weight. The chlorinated products were then con¬ 
ducted into a ves.sel equipped with a reflux condenser and an agitator. There the 
halide was admixed with 50 pounds of anhydrous aluminum chloride and heated 
for 12 hours at 80-90°F. (26.6-32.3°C.). At the end of the heating period the 
products were washed and distilled. The highest boiling fraction was said to con¬ 
tain 293 pounds of a highly condensed product, which boiled off at 600°F. 
(315.5°C.) at 1 mm. The latter was ground and then extracted with 300 gallons 


F. Fincher, H. Koch and K. Wiedeking, Brennstoff Chem., 1934, 15, 229: J. Inst. Pet. Tech. 
1934, 20, 497A; Brit. Chem. Abs. B, 1934, 744; Chem. Ahs., 1934, 28, 6291. 

^ Hydrocarbon mixture made by the reaction of carbon monoxide and hydrogen. See Chapter h2 
^S. C. Fulton and J, Kune, U. S. P. 2,038,558, Apr. 28, 1936, to Standard Oii Development Co.* 
Chem. Abs., 1936, 30, 3093. * 

The chlorination of petroleum hydrocarbons is descril>ed in Chapters 30 and 32. 
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of naphtha. After removing the solvent by distillation, 221 pounds of a resin with 
a softening point of 213®F. (100®C.) were reported to be obtained.®^ 

Ulich and Heyne®^ have made a study of the kinetics of the reaction betweei> 
benzene and propyl chloride in carbon disulphide solution. Chlorides of gallium 
and aluminum were employed as catalysts and the extent of alkylation was deter¬ 
mined by measuring volumetrically the amount of hydrogen chloride evolved. It 
was found that with the first-mentioned contact agent the substitution of the propyl 
group proceeds by the formation of an intermediate, gallium chloride-propyl chlo¬ 
ride complex. The latter is in equilibrium with the remainder of the condensing 
agent, the reactants and the product, propyl benzene. The rate of reaction may 
be expressed by the equation: 

dv _ klGaChl (CaH:Cll 1C«H«| 

(It KlCaHrCl) 

where k = 750 and K = 0.5. With aluminum chloride the results agree partially 
with the above mechanism, but an additional factor is the formation of a complex 
of the product and catalyst. 

A saturated Kogasin 11 having an average molecular formula of C 14 H 30 may 
be chlorinated and then conden.sed with aromatics to furnish a species of lubricat¬ 
ing oil.®’** Halogenation of the synthetic hydrocarbon mixture at room temperature 
(20°C.) yielded a composite of five products containing from 1 to 6 chlorine atoms 
per molecule. Reaction of the trichloro derivative with 1 to 3 volumes of xylene 
and 5 per cent by weight of aluminum chloride gave a 75 per cent yield of alkylated 
aromatic hydrocarbons. A material for increasing the viscosity of lubricating oils 
is secured by the conden.sation of benzene and ethylene dichloride. The reactants 
are heated to 40°C. with a Friedel-Crafts condensing agent and distilled to purify 
the substituted hydrocarbon. Condensation at 70-80°C. gives a viscous liquid 
suggested for increasing the transparency and adherent properties of paraffin wax.®^ 
Shinkle, Brooks and Cady®® report that a plastic material obtained from this reac¬ 
tion at 110°C. finds application as a compounding agent for natural and synthetic 
rubber. According to Moran,®® benzene and ethylene chloride begin to combine 
spontaneously when placed with aluminum chloride in a porcelain-lined kettle. The 
temperature should be held at 40-50®C. for 24 hours and then raised to 60-70°C. 
for 10 minutes and cooled again to 50°C. A few minutes after the temperature is 
lowered the mass will swell to about three times its original volume, forming a 
plastic material. Dichloroethane and benzene may also be united with oleic acid 
by the Friedel-Crafts synthesis. 

Also, Ulich and Ueyne®^ have investigated the speed of the conden.sation of 
benzoyl chloride and benzene in carbon disulphide solution, using gallium and alu¬ 
minum chlorides as condensing agents. The extent of arylation was determined 
by measuring the volume of hydrogen chloride evolved. Condensation may be 
repre.sented as: 

For a Hisciission of the preparation of resins from chlorinated hvdrocarbons by treatment with 
aluminum chloride, sec Carleton Ellis, “The Chemistry of Synthetic Resins.” Reinhold Publishing 
Corp., New York, 1935. 

“ H. Ulich and G. Hcvnc, lilcktrochem., 1Q35. 41, 509; Brit. Ckcm. Abs. A, 1935, 1207; Chem. 
Abs.. 193.S. 29. 7768. 

F. Fischer and H. Koch. Breiinstoff-Chtm.. 1933. 14, 463; /. Inst. Pet. Tech., 1934, 20, 102.\; 
Chem. Abs., 1934, 28. 2513; Brit. Chem. Abs. B. 1934. 1933. 

British P. 428.410, 1935. to Standard Oil Development Co.; Chem. Abs., 1935, 29, 7062; Brit. 
Chem. Abs. B. 1935, 617: J. Inst. Pet. Tech., 1935, 21, 269A. 

** S. D. Shinkle, A. E. Brooks and G. H. Cadv. Ind. ling. Chem., 1936, 28, 275; Chem. Abs., 
1936. 30, 4233. 

*• R. C. Moran, tJ. S. P. 2.043.836, June 9. 1936. to Soconv-Vaciuim Oil Co.; Chem. .46r.. 193o. 
30. 5406. 

H. Ulich and G. Heyne, Z. F.lektrochcm., 1935, 41, 509; Chem. Abs., 1935, 29, 7768; Brit. 
Chem. Abs. A. 1935, 1207. 
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With equimolecular proportions of benzoyl chloride and catalyst the reaction is 
unimolecular but does not go to completion because of the formation of a complex 
between benzophenone and the contact agent resulting in deactivation of the latter. 



Courtesy Standard Oil Development Co. 

Fig. 189.—Plant for Manufacture of Paraflow. 


Trichlorodiphenylmethane is suggested as a transformer oil, one of its reported 
properties being non-inflammability. It may be prepared by condensing trichloro- 
benzyl chloride with an excess of benzene using aluminum chloride as a pro¬ 
moter.®® Barbier®® reports that the Friedel-Crahs synthesis may be utilized to 
convert />-/cr-butyltoluene to an isopropyl-4-/cr-butyltoluene by adding isopropyl 
chloride to the former. Transformation of phthalic anhydride to phthalyl chloride 
by treatment with benzotrichloride and a condensing agent has been proposed.®® 
Reaction in the liquid phase at a temperature of 60°C. with zinc chloride as catalyst 
is said to give 95 per cent of the theoretical yield. 

Condensation of halogenated heavy hydrocarbon material such as chlorinated 


* British P. 433,072, 1935, to British Thomson-Houston Co. Ltd.: Brit. Chem Abs. B 1935 
939; Chem. Abs., 1936, 30, 489. . 

•H. Barbier, Rev. Marques Parfum. Sovonn, 1934, 12, 325; Brit. Chem. Abs. A. 1936 196 
•L. P. Kyrides, German P. 621,912. 1935; Chem. Abs., 1936, SO, 2206. 
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paraffin wax, petrolatum or paraffin oil with aromatic hydrocarbons, e.g., naphtha¬ 
lene, gives products adaptable as pour point suppressors for lubricating oils.®^ In 
one process, 100 g. of a chlorinated wax are admixed with 10 g. of naphthalene 
and placed in a reaction chamber. The latter is equipped with a steam coil, agitator 
and a swiveled pipe which is designed to facilitate removal of the reaction products. 
The mixture of halide and aromatic is heated to 130-140®F. and 10 g. of aluminum 
chloride slowly incorporated. The reaction chamber is maintained at the above 
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temperature for a period of 1 hour after the aluminum halide has been added. At 
the end of this time, carbon tetrachloride is employed to extract the condensed 
products which comprise the upper layer. These may then be drawn off through 
the swdvcled pipe. A synthetic lubricating oil said to be free of resinous material 
has been formed by condensation of chlorinated paraffin wax with biphenyl. 
Thus, 5 g. of biphenyl and LS g. of aluminum chloride were dissolved in 200 g. of 
naphtha and the solution heated to 130-140°F. (55-60°C.). The chlorinated wax 
was then incorporated gradually into the solution and the mixture allowed to 
stand for a period of 2 hours. - At the end of that time, the aluminum chloride w^as 
separated from the oily layer and the latter distilled to remove naphtha. In this 

For a discussion of "Paraflow," sec Carleton Ellis, “The Chemistry of Petroleum Derivatives,” 
The Chemical Catalan Co.. Inc., New Yoik. 1934. Sec K. S. Ramayya and S. Khaiman, AV/E Khog., 
1934, 26 (12), 37; Brit. Chem. Abs. B. 1936, 356; Chem. Ahs.. 1935, 29, 4928. British P. 415,526. 
1933, to I. G. Farbfi'ind. A.-di.; Brtt. Chrm. Abs. B, 1934, 1002; Chem. Abs., 1^35, 29, 920. J. A. 
Anderson, U. S. P. 1.998,648, April 23, 1935, and C. E. Adams, U. S. P. 1.998.747, .\pril 23. 1935. 
both to Standard Oil Co. of Ind ; Brit. Chem. Abs. B. 1936, 439; Chem. Abs., 1935, 29, 3821 and 
3822. F. H. MacLaren, U. S. P. 1.963.917 and J.963.918, Tune 19. 1934, to Standard Oil Co. of 
Ind.; Chem. Abs., 1934, 28, 5226; Brit. Chem. Abs. B, 1935, 346. Cf. O. M. ReiflF, U. S. P. 2.061,008. 
Nov. 17, 1936, to Socony Vacuum Oil Co,; Chem. Abs., 1937, 31, 848. Y. Tanaka and R. Kobayashi, 
J. Soe. Chem. Ind., Japan, 1936, 39. Suppl. binditiR 199; Chem. Abs., 1936, 30, 6545; Brit Chem. 
Abs. B, 1936, 1029. British P. 458,105, 1936; /. Inst. Pet. Tech., 1937, 23, 76A; Brit. Chem. Abs. 
B. 1937, 115. 

F. H. MacLaren, U. S. P. 2,030.832, Feb. 11, 1936, to Standard Oil Co. of Ind.; Chem. Abs.. 
1936, 30, 2365. 
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manner, a yield of 84 per cent of a light-colored oil, which is not susceptible to 
large viscosity changes with variations in temperature, was said to be secured. 

Alkyl groups may be substituted in phenols by employing any of the agents 
specified for the Friedel-Crafts reaction (aluminum, ferric or zinc chloride). For 
example, Seymour®'^ treated phenol with /cr-butyl chloride at 8()-%°C. in the pres¬ 
ence of hydrated ferric chloride to obtain mainly /cr-butylphenol. To obviate 
separation of unchanged butyl chloride from the hydrogen chloride leaving the 
reaction zone the mixed vapors may he passed into tertiary butyl alcohol, thus 
converting the hydrogen chloride into additional butyl halide.‘‘^ /rr-Butylphenolic 
compounds have been recommended as germicides, Kmgicides and preservatives®”' 



and also for the preparation of oil-soluble resins In condensation with aldehydes.®® 
A highly alkylated aromatic ether resembling a lubricating oil and reported to have 
many properties of the latter has been produced from a chlorinated paraffin (con¬ 
taining 17 per cent of chlorine) and diphenyl ether.®^ Condensation is effected at 
60°C. with a small portion of a Friedel-Crafts agent. Reichstein, Rosenburg and 
Fberhardt®* report that methyl pyromucatc reacts with /rr-aniyl chloride, when 
aluminum chloride is present, to furnish 5-/rr-amylfuran-2-carboxyIic acid, ac¬ 
cording to the equation. 



Chemical Co.; Brit. Chtm, Abs. B, 1936. 91; Chem. Abs,, 1935, 29.'2180 

“ R. P. PerkifU, A. J. Dietzler and J. T. Lundquiit, U. S. P. 1,972.599. Senl 4 1934 to How 
Chemical Co.; Chem. Abt., 1934, 2t. 6532; Brit. Chem. Abe. B. 1935 7i6 ^ 

19jrc*ha**t« 19 "'*’ Synthetic Resins," Reinhold’ Publishinit Corp., New York. 

B. 1936. 

Ab^l ms!'?l‘2"8;”chL."X: 1?35%,’'62^^^ '*• Brit. Chem. 
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HC-CH () 

HC + (CHa),CH2CCl —y 


O OCH3 


HC- 

II 

{cn,hCU2C~c 


-CH o 
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c- c 


o 


OCH3 


The latter compound, which boils at 108-110°C. under 11 mm. pressure, may be 
oxidized by potassium permanganate to dimethylethyl acetic acid. 


Kkaction of Halidfs of Paraffins and Cycloparaffins with Sulphites 


The reaction of aliphatic halides with aqueous solutions of sulphites is known 
as the Strecker reaction. I'or example, ethyl iodide will combine with sodium 
sulphite to give sodium iodide and sodium ethyl sulphonate.^‘® 

C^H J -f NajSOa —Nal -f QH^SOaNa 

Hemilian^^ reported that when ammonium sulphite is employed for this double 
displacement, the end of the reaction is very definitely marked. 

RCl -h (NHdaSOa NH4CI 4- R -NH4SO, 

From the latter compound the acid may be obtained by boiling with lead dioxide 
and subsequentlv acidifving the lead salt. The method was used to prepare a-siil- 

SO 3 H 

|)hobutyric acid. CH 3 CITCH , from the corresponding bromo compound and 

^C(K)H 

y^t-sulphobutyric acid, 

CHa ('HSOalK'H.COCH 

from the chloro compound. In the same manner Wagner and Reid’* synthesized a 
number of aliphatic sulphonic acids containing from 1 to 6 carbon atoms. Sul- 
phonic acids did not result in the case of ^rc-amyl, w-hexyl, .jrc-hexyl and phenyl 
halides, though with halides of lower carbon content some sulphonic acids w^ere 
obtained. 

The above general reaction has been employed in making sulphonic acids from 
low'-molecular-weight polyhalogenated hydrocarbons. In one process methylene 
iodide and aqueous sodium sulphite are allowed to interact at a temperature of 
70®C., furnishing a ^5 per cent yield of sodium iodomethane sulphonate.’^ Aurisic- 
chio^^ employed triiodomethane instead of the dihalide. The reaction is carried out 
under reflux for a period of 5 hours at 70'"C. The sodium iodide formed is de¬ 
composed by a stream of chlorine. Carbon dioxide is passed in to displace residual 
chlorine, and after removal of water ethyl alcohol is added to throw out the sul- 
phonate. Use of copper as a contact agent and maintenance of a temperature of 
120-140°r. in this reaction have also been recommended.’^^ According to Lauer 
and Langkammerer’^ 0.6 mole of potassium sulphite mixed with 0.2 mole of tri¬ 
iodomethane and refluxed for 4 hours at 70°C. furnishes 7v^ per cent of the theo- 

*• A. Strcckcr, Anti.. 186R. 148. 92. 

W. Hemilun, Brr.. 1873. 6. S(i2; J.C S., 1873. 26. 1021. 

*» F. C. Wanner and E. E. Rdd, J.A.C.S.. 1931, 53. 3407; Chem. Abx., 1931. 25, 5393; Brit. Chrtn. 
Abs. A. 1931, 1268. 

’•British P. 353,477, 1931. to I. G. Farhfnmd. A.-G.; Brit. Chem. Abs. B. 1931. 1132. 

G. Aurisicchio, L'Ind. Chimica, 1932, 7, 714; Brit. Chem. Abs. A. 1932, 929; Chem. Abs.. 19.t3. 
27, 2420. 

’♦British P. 369,473, 1930, to Sotcria Chcmische Fabrik A.-G.; Brit. Chem. Abs. B, 1932, 670; 
Chem. Abs., 1933, 27. 2161. 

•• W. M. Lauer and C. M. Langkammrrer, J.A.C.S.. 1935. 57, 2360; Chem. Abs., 1936, 30, 1737; 
flriL Chem. Abs. A, 1936, 316. 
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retical yield of potassium iodomethane sulphonate. Further treatment of the 
latter compound with potassium sulphite gives potassium methionate, CH 2 (S 08 K) 2 . 
The formation of ^,)S-disulphopropionic acid from potassium a,^-dibromoproprionatc 
and potassium sulphite has been described by Backer and BeutcJ® Potassium 
a-bromo-jS-sulphopropionate is first produced and splits off hydrogen bromide to 
become potassium )8-sulphoacrylate. Further reaction of the latter with potassium 
sulphite yields j3,^-disulphopropionic acid (potassium salt). 

CH,Br—CHBr—COOK + K 2 SO, KO,S—CH,—CHBr—COOK 

KO,S—CH==CH—COOK -> (K 03 S) 2 CH~CH 2 —COOK 

A number of alkane disulphonates in which the sulphonate groups are attached 
to the terminal carbon atoms have been prepared by Stone.'^'^ Alkane dibromides 
of the general formula Br(CH 2 )nBr were reacted with sodium sulphite. 

Br(CH 2 )„Br + 2Na,SO, —NaO,S(CH,)nSO,Na 4- 2NaBr 

One mole of the dibromide was added to an aqueous solution of 2.5 moles of sodium 
sulphite preheated to lOOT. The reaction time varied from 12 hours to 7 days. 
Aliphatic compounds containing more than 6 carbon atoms in a straight chain, with 
one halogen and one hydroxyl group on opposite terminal atoms, may be employed 
to produce a sulphonate by the Strecker reaction."^* For example, 6-chloro- 
1-hexanol is converted to 6-hydroxyhexane-l-sulphonic acid by reaction with 
sodium sulphite at 170-180°C. The hydroxyl group may then be esterified with 
octoic or w-decylic acid. Reed and Tartar^® report that the sulphonates of paraffins 
containing a large number of carbon atoms may be obtained by heating 1 mole of 
the corresponding alkyl bromide with 1.15 moles of aqueous sodium sulphite in an 
autoclave for a period of 9 hours at 180-2(X)®C. ARer reaction the solution is 
evaporated to dryness and extracted with petroleum ether. In this manner the 
«-octyl, w-decyl, lauryl, myristyl, cetyl and n-octadecyl sulphonates were secured. 

It is interesting to note that the Strecker reaction may be used with unsaturated 
halides in some cases. a-Sulphoacrylic acid is prepared from ammonium a-bromo- 
acrylate, cis and /ranj-^-sulphoacrylic acid from j0-chloroacrylic acid, and /8-sul- 
phocrotonic acid from ammonium ^-chlorocrotonate, all by treatment with ammo¬ 
nium sulphite.®® 

Backer®^ states that diethyl ether-2,2'-dichloride reacts with ammonium sul¬ 
phite to give diethyl ether-2,2'-disulphonic acid. 

ClCHjCHz—O—CH,CH,C1 -h (NH^aSO, —H4N0,SCH,CH2-0—CH2CH,S0,NH4 

The latter may be heated to 55°C. at 1 atmosphere pressure and treated with hy- 
droxylamine (NH 2 OH), yielding aminoalkylsulphonic acids.®^ Schindhelm and 
Bayer®® point out that sodium sulphite replaces chlorine in 2-chlorobenzothiazole 
at 100®C. to furnish benzothiazole-2-suIphonic acid. 2-rhlorobenzoxazole is simi¬ 
larly converted to benzoxazole-2-sulphonic acid. 


H. J. Backer and A. E. Beute, Rcc. trav. chim., 1935, 44, 601; Brit. Chem. Abs. A, 1935, 1106. 
G. C. H. Stone, J.A.C.S., 1936, 58. 488; Brit. Chem. Abs. A, 1936, 589; Chem. Abs.. 1936, SO, 

2918. 

’•British P. 444,239, 1936, to Deutsche Hydrierwerke A.-G.; Chem. Abs.. 1936 30 5594* J Inst 
Pet. Tech., 1936, 22, 272A. 


«R. M. Reed and H. V. Tartar, J.A.C..S., 
Abs.. 1935, 29, 2915. A. Davidson. U. S. P. 
tries Ltd.; Chem. Abs.. 1936, 30, 7125. 


Brit. Chem. Abs. A, 1935, 606; Chem. 
2,053,424, Sept. 8, 1936, to Imperial Chemical Indus' 


»H. /. Backer and A. Z. Rec. trav. chim., 1935, 54, 200, 523, 551; Brit. Chem. Abs. A. 

1935, 29, 2915; Brit. Chem. Abs. A. 

••British P. 446,829, 1934, to I. G. Farbenind. A.-C.; Brit. Chem. Abs. B, 1936 683 
•H. Schindhelm and O. Bayer, German P. 609,025 and 613,172. 1935. to I. G. Farbenind A-C • 
Chem. Abs., 1935, 29. 3174, 5459. . 10 i. kj. raroenina. A.O.. 


^/o, yoi; i,nem. /ips., doi/, 

® H. T. Backer, Rec. trav. chim., 1935, 54, 205; Chem. Abs. 
1935, 472. 
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Fig. 192. —Flant As.semhiy for Production of Aralkyl Ketones by Friedel-Crafts Re¬ 
action. (P. H. Groggins) 
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Double Decomposition of Salts of Inorganic Acids with Alkyl and 

Aryl Halides 

Alkyl halides undergo double decomposition with metallic cyanides to form 
nitriles which may then be oxidized to the corresponding acids.®^ For example, 
1 mole of amyl chloride refluxed for 48 hours with 1.1 moles of sodium cyanide 
in a solvent of 80 per cent ethanol and 20 per cent water gave an 80 per cent yield 
of nitrile. However, when an equimolecular proportion of sodium iodide was 
added to the reaction chamber, the yield increased to 90 per cent. This was at¬ 
tributed to the formation of amyl iodide, which is more reactive than the chloride. 

CsH„Cl 4- Nal —>• CiHnI -f NaCl 

CfcHuI + NaCN CsHuCN + Nal 

Rosenmund and Struck®® stated that halogen atoms attached to the nucleus of 
an aromatic hydrocarbon can be replaced by the cyanide group if a mixture of po¬ 
tassium and cuprous cyanides is employed and the temperature maintained at 200®C. 
The formation of the aromatic nitrile was found to take place regardless of whether 
or not other substituents or other halogens were present on the nucleus. On the 
other hand Feist®® points out that the replacement of chlorine in phenyl chloride 
by this method is tedious and the yield of benzoic acid low, and in the case of 
1,2,4-trichlorobenzene and hexachlorol>enzene no nitrile or acid is formed. Mellitic 
acid, C6(COOH)fl, was secured, however, from tetrachlorophthalic acid by the 
above procedure. 

The alkyl halides will also react with alkali hydrosulphides to yield mercaptans. 
Thus, ethyl chloride may be treated with sodium hydrosulphide to secure ethyl 
mercaptan! By condensing the latter with acetone in the presence of zinc chloride 
and subsequently oxidizing the mercaptol, sulphonal, a liypnotic drug, is obtained. 
Treatment of polychlorinated paraffins of higher carbon content than octane with 
an alcoholic solution of a hydrosulphide and subsequent mild oxidation with nitric 
acid is reported to yield emulsifying agents applicable in textile and pharmaceutical 
industries.®^ Reaction of aliphatic mercaptans with aliphatic compounds containing 
replaceable halogen gives aliphatic sulphides, those of high molecular weight hav¬ 
ing a soapy character.®® In this manner the sodium salts of a-(ethylmercapto)- 
stearic acid, dodecylmercaptoacetic acid and dodecyI-y3,y-dihydroxypropyI sulphide 
have been prepared. 

According to Salzberg and Bousquet®® dodecyl chloride dissolved in ethanol and 
treated with sodium thiocyanate for 8 hours at 125°(\ forms dodecyl thiocyanate 
which may be employed as an insecticide. 

Reactions of Halogen Derivatives of Paraffins and Cycloparaffins 

with Magnesium 

When alkyl halides are treated in ether solution with magnesium, direct com¬ 
bination takes place with a resulting formation of magnesium alkyl halides classed 

^ Carlcton Ellis, "The Chemistry of Petroleum Derivatives," The ('heniical Catalotf Co., Inc.. New 
York. 1934. 

K. W. Rosenmund and E. Struck, Brr,, 1919, 52, 1749; Chem. Abs,, 1920, 14, 1546* JSC! 
1920. 39, 82A. ’ .. 

*»F. Feist, Ber., 19J5, 66 . 1941; Cltem. Abs.. 1936. 30. 451; Brit. Chrm. Abs. A. 19.15, 1497. 

"^British P. 361,356 and 361,357, 1930, to I. (•. Farhenind. A.-G.; Chem. Abs. 1933 27 i890’ 

Brit. Chem. Abs. B, 1932, 93. 

•"French P. 748,460, 1933. to Henkel ft Cie. G.m.h.H.; Chem. Ah.t., 1933, 27, 5340. 

•• P. L. Salzberg and E. W. Bousquet, Canadian P. 354,650, 1935, to Canadian Industries Ltd • 
Chem. Abs.. 1936, 30, 2325. 
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with the Grignard reagents.^^ The same reaction occurs with some of the aromatic 
halides, though in certain cases a solvent is not required. The Grignard reagent 
has been employed to great extent in experimental work, especially in organic 
syntheses and in the qualitative determination of alkyl halides.®^ Industrial use 
is limited, however, because of the relatively high cost of magnesium and the diffi¬ 
culty of recovering the latter in a metallic state. However, in the preparation of 
lead tetraethyl (tetraethyl plumbane), ethyl magnesium chloride and lead bromide 
have been employed. The lead ethide has been utilized as an antiknock agent for 
internal combustion engines.®- Other compounds of this type, but containing the 
diethylmethyl radical, have also been suggested as knock-suppressors. Thus di¬ 
methyl his (diethylmethyl)lead can be prepared by adding diethylchloromethane 
and methyl iodide to a mixture of lead chloride, magnesium and ether.®-^ Jn the 
procedure, 48 g. of metallic magnesium were placed in a glass reaction flask to¬ 
gether with 277 g. of lead chloride. Diethyl ether (148 g.) was employed as a 
solvent for reaction products. A mixture of 106 g. of diethylchloromethane and 
141 g. of methyl iodide were then incorporated dropwise in the mixture. At the 
end of a contact period of 1 hour, the reaction products were cooled to 0°C. Dilute 
hydrochloric acid was then added slowly to bring about a separation of the ether 
layer. The latter contained the dissolved dimethyl bis (diethylmethyl) lead. 

Materials advocated as disinfectants, insecticides or fungicides and also as anti¬ 
oxidants or |)aint driers may he prepared by heating a lead tetra-alkyl with a phenol 
in the presence of silica gel.®"* For example. 14.5 g. of phenol and 49 g. of lead 
tetraethyl were heated at 150-155°C. for 2.5 hours in the presence of 0.25 g. of 
silica gel. At the end of that time the reaction mixture was cooled to 20°C. and 
solidified. The solid material was recrystallized from benzene. In this manner 
38 g. of triethyl lead phenolate, a yellow powder which decomposes at 205°C\, were 
said to be obtained. 

Jn an analysis of a mixture of alkyl chlorides, it has been found advantageous 
to convert the chloride to the corresponding anilide and determine the melting point 
of that substance.®^ The reason for this step is that the anilides of isomers of the 
alkyl chlorides have sharply defined melting points which differ from each other.®® 
To secure the anilide, the chloride is first converted into the corresponding Grig¬ 
nard compound which is then treated with phenyl isocyanate, CT,H-NCO. In some 
cases the toluides and a-naphthylamides are also useful for the same purpose. The 
melting points of scune of the anilides are given in Table 169. 

Although at 5 to 15°C. hutyl and isoamyl chloride react with magnesium to form 
a Grignard compound, use of higher temperatures (78 and 99®C., respectively) 
results in violent reaction producing olefins, paraffins and magnesium chloride, 
according to the equation®^ 

2CnH (Jn + nCl -f- Mg V Mgf I 3 4" CnHjn 4* CnHjn + 1 

Carlcton Elli^. “The Chemistry of Petroleum Derivatives." The Chemical Catalog Co., Inc., \ew 
York. 1934. 

•'For a resiew of \ises of (IriguaKl reagents in various syntheses, sec A. D. Petrov, Uspekhi Khim.. 
19.14. 3. 1050; Chem. Ahs . 19.15. 29. 620.1. 

•“This is discussed in ('hapter 44. For the determination of lead tetraethyl, see J. Studinger. Chem 
and }nd„ 1937. 2.15. 

“G. Allcman, U. S. P. 1.949.948 and 1.949.949, March 6, 19.14, to Sun Oil Co.; Brit. Chem. Ahs. 
B, 19.15, 93; Chem. Ahs.. 19.14. 28. .'229. 

** W. H. Carothers. I'. S. P. 2.008,00.1, July 16. 193.S. to E. 1. du Pont de Nemours & Co.; Chetn 
Ahs.. 1935. 29, 5862. 

“ See Chapter 30. 

••H. W. Underwood. Jr. and T. C. Gale. ./..d.C.V.. 1934. 56. 211/; Brit. Chem. Ahs. A. 1934. 
1330; Chem. Ahs.. 1935. 29, 1 1.5. 

P. P. Shoruigin, V. I. Isagulyantz and A. R. Guseva, /. Gen. Chem. iU.SS.R.), 1934, 4 , 689; 
Chem. Ahs., 1935, 29. 3660. 
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Table 169. —Melting Points of Anilides Derived from Alkyl Chlorides, 


Chloride 

B.P. of Chloride 
°C. 

M.P. of Anilide 
°C. 

Methyl. 

-23.7 

112-113 

Ethyl. 

12.5 

104-104.5 

Isopropyl. 

36.5 

104-104.5 

n-F^opyl. 

46.5 

91-92 

/^-Butyl. 

51 

132-133 

5fc-Butyl. 

68 

105.5-106.5 

Isobutyl. 

68.5 

109-110 

«-Butyl. 

78 

62-63 

ter-Amyl. 

86 

90-91 

3-Chloropentane.. . . 

96.7-97.1 

126-127 

2-Chloropentane. . . . 

96-97 

86-87 

Isoamyl. 

99 

110-110.5 

n-Amyl. 

106 

94-95 


According to Flood and Calingaert®® f^r-butyl chloride and magnesium do not 
form an alkyl magnesium chloride. Instead, at 10-15°C., isobutene, isobutane and 
small proportions (10 per cent) of hexamethylethane, diisobutylene and higher 
polymers are secured. 

Some alkyl bromides, also, do not lead to Grignard reagents when treated with 
magnesium. Ethylene bromide, for instance, is said to break down to ethylene 
and magnesium bromide dietherate [MgBr 2 —(€ 0115 ) 20 ], if ether is employed as 
a solvent.®® At most, a trace of ethylene magnesium bromide is found. 1,2,3- 
Tribromoisobutane when added to magnesium in ethereal solution also breaks down, 
furnishing diisobutenyl.^®® 

2CH,CBr(CH,Br), + Mg —[CH 2 C(=CH 2 )CH,l 2 + MgBr, 

As stated above, aromatic organo magnesium compounds may also be formed 
from the corresponding chlorides and in some cases a solvent is not required. 
Reaction of a-chloronaphthalene with magnesium (filings) at 200°C. is exothermic, 
with a reported yield of 16 per cent of naphthalene magnesium chloride.'®^ Treat¬ 
ment of benzyl chloride in a similar manner furnished a resin whose structure was 
not determined. Miller and Bachman'®^ report that magnesium suspended in ether 
readily combines with 9-bromo-phenanthrene to form an organo magnesium bro¬ 
mide in 92-93 per cent yield.^®^ Fluorene also forms this compound by interaction 
with ethyl magnesium bromide in boiling xylene (144°C.) according to the 
equation, 



H 


\ / 


C 


MgBr 



-f-QH. 


The amount of 9 -fluorylmagnesium bromide was estimated by measuring the volume 
of ethane evolved. Some of the results are indicated in Table 170. 


«D. T. Flood and G. Calingaert, J.A.C.S., 1934, 56. 1211; Chem. Ahs., 1934, 28, 4371; /. Inst. 
Pet. Tech., 1934, 20. 406A; Brtt. Chem. Abs. A. 1934, 752. 

••C. L. Tseng and F. M. Fam, Science Quart. Natl. Univ. Peking, 1934, 4, 1; Brit. Chem. Ahs. 
A. 1934, 508; Chem. Abs., 1934, 28. 4376. 

V. Lebedev and Ya. M. Slobodin, J. Gen. Chem. (U.S.S.R.), 1934, 4. 23; Brit. Chem. Abs. 
A. 1934 , 864; Chem. Abs., 1934. 28, 5399. 

^ P. P. Shoruigin, ,V. 1. Isagulyantz and A. R. Guneva, loc. cit. 

“•H. F. Miller and G. B. Bachman. J.A.C.S., 1935, 57, 766; J. Inst. Pet. Tech., 1935. 21, 160A; 
Chem. Abs.. 1935, 29, 3671; Brit. Chem. Abs. A. 1935, 741. 

»«H. Gilman. P. D. Wilkinaon, W. P. Fiihel and C. H. Meyers, J.A.C.S., 1923, 45, 150; Chem. 
Abs., 1923, 17. 530; J.S.C.I., 1923. 42. 243A. ’ ' . i. m. 
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Table 170.— Yield of 9-Fluorylmagnesium Bromide. 


Moles of CjHiMgBr . 0.42 0.63 

Moles of fluorene. .03 .05 

Hours of heating. 12 18 

Gas volume, cc. S.T.P. 201 345 

Yield, per cent. 30 30.8 


0.63 

.05 

66 

364 

32.5 


Production of Ethers from Chlorinated Paraffins 


Alkyl and aralkyl halides condense with alkali alcoholates or phenolates to form 
ethers, 

RX 4- NaOCnHjn ^ > ROC„H 2 „ ^ , -f NaX 

RX + NaOCJls ROCeH.s + NaX 

The second of these reactions seems to be effected more easily, and the aralkyl 
ethers obtained are said to be of industrial importance in dyeing.^®'* Dispersing or 
emulsifying agents may be obtained by sulphonation of the ethers derived from 
chlorinated high-molecular-weight hydrocarbons. Similar treatment of phenoxy 
ethers derived from the same source furnishes leather solvents. A plastic mate¬ 
rial for molding compositions may be obtained from ethylene dicbloride and sodium 
phenolate heated with ammonium carbonate at 160-190°C. for 6 hours. 

An alkyl ether of 1,2-dihydroxybenzene (pyrocatechol) may be prepared by 
treating the barium salt of the latter with methyl chloride.Xylene is employed 
as an inert solvent and the temperature is maintained at 240°C. In a somewhat 
similar manner, a mixture of mono- and di-decyl ethers of a dihydroxy benzene 
may be secured.'®^". Alkyl chlorides and alkali phenolates will also yield ethers.^®*^ 
For instance, ethyl alcohol is employed to dissolve 117 g. of sodium phenolate, to 
which is added 145 g. of diisobutyl chloride. The mixture is refluxed for 2 hours 
and the alcohol then evaporated. Water may be added to separate the salt and 
diisobutyl phenyl ether and the latter then washed with sodium hvdroxide. The 
ether showed no evidence of rearrangement into a substituted phenol on being 
heated to 250°C. for 2 hours, fn the case of /rr-amyl and /rr-butyl chloride, how¬ 
ever, reaction of 1 mole of either of these substances with 1 mole of potassium 
phenolate at 75°C. leads to the corresponding phenyl ethers, hut a rise in tempera¬ 
ture to 125° C. for 2 hours, then to 180°C. for 1 hour, causes rearrangement to 
substituted phenols. 


OR O OH 



H R R 


Employment of the latter as antiseptics and for the preparation of oil-soluble 
phenol-aldehyde resins has been suggested.Some of the general rules for re¬ 
arrangement given by Natelson follow: 

Carlcton Ellis, "The Chemistry of Petroleum Deri\atives," The Chemical Catalog Co., Inc., New 
York. l«34. 

** C. F. Prulton, U. S. P. 1,950,516, March 13, 1934, to Dow Chemical Co.; Chem. Abs., 1934, 
28, 3196; Bht. Chem. Abs. B. 1935. 111. 

K. Marx, H. Wesche, K. Bittner and H. Saenger, U. S. P. 2,024,534, Dec. 17, 1935, to Gen¬ 
eral Aniline Works; Chem. Abs.. 1936. 30, 1067. 

H. Werntf, U. S. P. 2,067,960. Jan. 19. 1937, to E. I. du Pont de Nemours & Co.; Cktm. 
Abs., 1937, 31. 1428. 

^S. Natelson, J.A.C.S., 1934, 56, 1583; Chem. Abs., 1934, 28. 5052; Brit. Chem. Abs. A. 1934, 
999. 

See Carlcton Ellla, “The Chemiatry of Synthetic Resins,” Reinhold Publishing Corn.. New York. 

1935 . 
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1. All alkyl or cyclohexyl phenyl ethers will form equilibrium mixtures of ether 
and substituted phenol at high temperatures (175-250®C.). 

2. Increase in the molecular weight of the alkyl group favors production of 
substituted phenols. 

3. If the ether-forming carbon of the alkyl group is tertiary, a greater per¬ 
centage of substituted phenols will result than with a secondary or primary car¬ 
bon atom. 

4. A negative group attached to the ether-forming carl>on shifts the equilibrium 
in favor of substituted phenol formation. 

5. Substituting an alkyl group in the phenyl nucleus of an alkyl phenyl ether 
leads to increased amounts of ethers. 

6. Equilibrium mixtures of ortho- and para-substituted phenols are obtained on 
rearrangement. 

Vaughn, Vogt and Nieuwland^^^ have studied the condensation of a number of 
alkyl halides with sodium alcoholates in a solution of liquid ammonia. The tem¬ 
perature was maintained between —33° and — 10°C. and the pressure between 1 
and 10 atmospheres. The chlorides were found to be almost unreactive. Bromides 
gave the highest yields of ethers, together with some olefins. Because of the for¬ 
mation of olefins, the iodides were not efifective in bringing about large yields of 
ethers. Some of the results of this investigation are shown in Table 171. 


Table 171.— Yields of Ether from Alkyl Halides and Sodium Alcoholates. 


Sodium 
Derivative of 

Alkyl Halide 

Time 

Hours 

Pressure 

Atm. 

Product 

Yield 

c* 

/c 

«-Propanol 

Propyl bromide 

1.5 

1 

Dipropyl ether 

12 

«-Butanol 

Butyl bromide 

1 

1 

Dibutyl ether 

8 

fi-Butanol 

Butyl bromide 

1 

10 

Dibutyl ether 

28 

«-Pentanol 

Amyl chloride 

2 

2 7 

Diamyl ether 

3 

n-Pentanol 

Amyl bromide 

2-5 

1 7-2.7 

Diamyl ether 

32-33 

«-Pentanol 

Amyl iodide 

2 

2.7 

Diamyl ether 

17 

n-Pentanol 

Butyl chloride 

2 

3 

Amyl butyl ether 

0 

n-Pentanol 

Butyl bromide 

2 

3 

Amyl butyl ether 

28 


Ethyl sorbitol ether has been obtained by reaction of ethyl chloride with sor¬ 
bitol in aqueous alkaline solution, treatment taking place in a nickel autoclave at 
140-155°C. for 5 hours.ii« 

It is interesting to note that aralkyl halides will also condense with alcohol to 
form ethers. According to Nixon and Brauch^*^ the reaction of triphenylmethyl 
chloride in an excess of alcohol is a unimolecular mechanism, with the reaction-rate 
constant proportional to the initial concentration of the halide. The energy of 
activation of triphenylmethyl chloride is reported to he 13,420 cal. per mole. 

The reaction of alkyl and aryl halides with sodium leads to the formation of 
free radicals, though in the case of the aryl radicals there seems to be some dis¬ 
agreement as to their nature. The reaction between sodium vapor and methyl or 
ethyl bromide is said to proceed according to the equation,'*'-^ 

Na-fRBr NaBr-f-R 


The presence of free radicals at a distance of 8 cm. from the point of formation 
was detected by reacting the radicals with chlorine and iodine. Horn and 


H. Vaughn, R. R. Vogt and J. A. Nieuwland, J.A.C.S., 1935, 57. 510; Brit. Chem. Abs. A, 
19j5, 605; Chem. Abs., 1935. 29, 2908. 


E. I..aw8on, U. S. P. 1,936,093, Nov. 21, 1933, to E. T. du Pont dr Nemoum & Co.; Chem. 
Abs., 1934, 2B. 778; Brit. Chem. Abs. B, 1934. 824. 


A. C. Nixon and G. E. K. Brauch, J.A.C..S.. 1936. 58. 492; Chem, Abs., 1936, 30, 3.103. 

^E. Horn. M. Palanvi and D. W. G. Style, Z. physik. Chem., 1933, B23. 291; Chem. Abs., 1934, 
28, 1013; Brit. Chem. Abs. A, 1933, 1269. 
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Polanyi^^^ report that the action of sodium vapor on bromobenzene gives gaseous 
phenyl. On the other hand, Morton and Stevens^^^ hold that there is an inter¬ 
mediate step in this reaction, the formation of a complex of bromobenzene and 
sodium, designated as a “metal halyl.’* The reaction was explained to be 

^—Br 4- Na —>- <(^ -^ ^ y' NaBr 

Dotted lines represent partial valences, some of which serve to hind the j)hcnyl 
ra<lical and the sodium to the polar atom, and others which are unsaturated and 


C^nection 
to vacuum 



Courtesy MedrawHill Book to, luc. 

Fig. 193.—Mill-T\pe Reactor for Fricdel-Crafts Syntheses. (P. H. Groggins) 


represent unused combining power. As may be seen from the above course of 
reaction, the “metal halyl” eventually l>ecomes a free phenyl radical. Also, it has 
been stated that sodium promotes reaction between aromatic hydrocarbons and 
alkyl halides which in its absence would be relatively inert to each other. For 
example, 100 g. of anthracene may be dissolved in 500 cc. of diethyl ether and 35 g. 
of powdered sodium added. Treatment with 165 g. of isoamyl chloride gives 0.10- 
diisoamyl-9,10-dihydroanthracene.*'^* An analogous reaction takes place in the 
case of phenanthrene and isobutyl chloride, dihydrtxliisobutylphenanthrene being 
obtained.^*® 

E. Horn and M. Polanyi, Z. physik. Chrm., 1934, B25, l.Sl; Brit. Chew. .-Ihs. A. 1934. o41; 
Chvm. Abs., 1934, 28, 4390. 

“*A. A. Morton and J. R. Stevens, J.A.C.S.. 1932, 54. 1919; Bnf. Chem. Abs. A, 1932, 72S; 
Chvm. Abs., 1932, 26, 3249. J.A.C.S.. 1931. 55, 2244; Brit. Chrm. Abs. A, 1931, 1050; Chrm. Abs., 
1931, 25, 3643. J.A.C.S., 1931, 53, 27o9; them. Abs., 1931, 25, 4248; Brit. them. Abs. A. 1931, 
1058. J.A.CS., 1931, 53, 4028; Chem. Abs., 1932. 26, 122; Brit. Chem. Abs. A. 1932. 157. A. A. 
Morton, W. J. LcFevre and I. Hechcnhleikner, J.A.C..^., 1936, 58. 754; Chem. Abs.. 1936, 30, 4841. 
A. A. Morton and I. Hechenbleikncr, J.A.C..S., 19,36. 58, 1024; Chem. Abs., 1936, 30. 5185. J.A.C.S., 
1936, 58, 1697; Chem. Abs., 1936, 30, 7535. J.A.C..^., 1936, 58. 2599; Chem. Abs., 1937, 31, 671. 

Lerer, Ann. combustibles li^uides, 1935, 10, 455; J. Inst, Pet. Tech., 1935, 21, 336A; Chem. 
Abs., 1935, 2», 6593. 

Huge! and M. Lerer, But!, soc. chim., 1933, 53, 1502; Chem. Abs., 1934, 28, 4055; Brit. 
Chem. Abs. A. 1934, 642. 
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In the manufacture of sulphide plastics, alkyl halides and caustic soda may be 
employed. In a process described by Ellis,aqueous caustic soda is mixed with 
sulphur and refluxed to dissolve the latter. Methanol, ethylene chloride and for¬ 
maldehyde are added to the sodium polysulphide and the composite is heated to 
80® C. for several hours, then cooled gradually. A resinous plastic which is said 
to have strong coherence and which may be drawn into threads or sheets results 
The above type of reaction in the presence of copper sulphate is reported to fur¬ 
nish an unsaturated hydroxylated hydrocarbon suggested as a lubricant.^^® Thus, 
115 g. of chlorinated paraffin containing 3 chlorine atoms per molecule and having 
a molecular weight of 367 were admixed with 225 g. of aqueous caustic soda and 
5 g. of copper sulphate. The reaction was effected in an autoclave by heating to 
220-225®C. for 16 hours. Hydrochloric acid was then added to the products until 
the latter showed an acid reaction, at which point an oil layer was said to be 
formed. The latter was reported to contain 88 g. of a light brown oil, having 1 
chlorine atom per molecule. In one method, chloroethylether, instead of ethylene 
chloride, is a reactant.^^® Caustic soda, magnesium chloride and sodium poly¬ 
sulphide in aqueous solution are heated with 2,2'-dichloroethyl ether. The condensa¬ 
tion product obtained may be employed in vulcanizing rubber. 

Hydrolysis of methyl (chlorophenyl)chloromethane With aqueous caustic soda 
and subsequent treatment with concentrated sulphuric acid to dehydrate the methyl 
(chlorophenyl)carbinol is suggested for the production of chlorostyrene.'^® The 
eriuations for the procedure are 

NaOH HtSO« 

CIC 6 H 4 CHCICH, -C1C«H4CH0HCH, -C1C.H4CH=CH, 

Methylenepyrocatechol may be secured in 20 per cent yield from this phenol, 
potassium hydroxide and methylene chloride.^-^ The method consists of heating a 
suspension of 50 g. of pyrocatechol, 40 g. of potassium hydroxide and 140 g. of 
methylene chloride in 200 cc. of water. The reaction chamber is an autoclave in 
which a temperature of 120®C. is maintained during the time of contact, 24 hours. 
The following properties are reported for methylenepyrocatechol: 

Boiling point (11 mm.) S7°C. 
d^g 1.185 n?? 1.53867 

Trichloromcthyl-^-chlorophenylcarbinol and the corresponding tribromo compound 
have been obtained by addition of chloroform and hromoform to /)-chIorobenzalde- 
hyde.^®® The trichloromethyl compound boiled at 187-188®C. under 26 mm. pres¬ 
sure, and the tribromo derivative had a melting point of 0()>91°C. Dehalogena- 
tion of alkyl halides furnishes a means of obtaining pure hydrocarbons. For 
example, to obtain heptane, 179 g. of heptyl bromide are heated with 400 g. of 
zinc and 500 cc. of ethyl alcohol at 78®C. for 12 hours.^®^ At the end of that 
period the mixture is distilled and refluxed with potassium hydroxide, the oily layer 
separated and again distilled. The yield is said to be 79 per cent. 

Alkyl halides undergo double decomposition when treated with thiosulphate 
salts, furnishing, in the case of the monohalides, substances which are said to be 


Carleton U. S. P. 1,964,725, July 3, 1934, to EI)i»-Fostrr Co.; Chvm. Ahs 1934 21 . 

5264; Brit. Chem. Abs. B. 1935. 368. ’ ^ 

»»*K. Keller and E. Gofferje, U. S. P. 1,968,151, July 31, 1934, to (;eneral Aniline Worley; Chrm. 
Abs., 1934, 28, 5998. 

“•British r. 438,965, 1935, to I. G. Farbenind. A.-G.; Brit. Chem. Abs. B. 1916 161* Chem 
Abs., 1936, 30, 3131. French P. 779,927, 1935; Chem. Abs.. 1935, 29. 5548. 

»»Ytt. Zaridnd, M. K. Amusin and 1. P. Berkovich, Russian P. 38,630 and 38 638 1935- Chrm 
Abs., 1936, 30. 3445. 3446. . * 

M. Mattier, Arch. sci. bhys. mat., 1935, 17, 289; Chem. Abs., 1936, 30. 443 
“■T. W. Howard, J.A.C.S.. 1935, 57. 2317; Brit. Chem. Abs. A, 1936, 201. ‘ 

H. Kao and W. S. Chang, J, Chinese Chem. Soc., 1934, 2. 18; Brit. 

752; Chem. Abs., 1934, 28, 3711. 


Chem. Abs. A, 1934, 
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effective as emulsifying agents and as plastics in the case of dihalides. In one pro¬ 
cedure, n-dodecyl iodide and ammonium thiosulphate are heated to 78®C. in an 
ethanol solvent to obtain w-dodecyl ammonium thiosulphate, which is used as a 
soap.^2* Twiss and Neale^^s prepared sulphides reported to be applicable in 
increasing the oil-resistant properties of rubber. Ethylene chloride was caused to 
interact with sodium thiosulphate in aqueous ethanol at 75°C. The alkene thiosul¬ 
phate was then acidified by acetic acid and heated with hydrogen peroxide. 

Acetylene carboxylic acids may be prepared from 1,2-dibromobutane and sodium 
amide .^26 latter is mixed with kerosene and the dihalide incorporated at a 

temperature of 145°C. At the end of the reaction period (2.5 hours) the volume 
of the mixture is doubled by addition of a diluent such as ethyl ether. A stream 
of carbon dioxide is then conducted into the solution to form the ammonium salt 
of the acid which on treatment with hydrochloric acid yields ethyl propiolic acid 
(CH 3 CH 2 C^CC 00 H). Lesbre^®^ points out that sodium plumbite and ethyl 
iodide react according to the equation: 

HOH 

Ph(ONa) 2 -h CjHJ —y C^HiPbOONa-f Nal —>- QjHsPbOOH 

The resulting ethyl plumbonic acid is said to be amphoteric, amorphous and 
infusible. 

In the manufacture of lead alkyls as antiknock agents for motor fuels several 
methods employ the reaction of alkyl halides with lead-sodium alloys.To reduce 
hazards in large-scale production of lead tetraethyl it has been suggested that the 
alloy be first heated to 35-55°C. and then activated with a small proportion of ethyl 
chloride before the remainder of the latter is added to the reaction.Voorhees'^ 
proposed to make lead compounds for knock suppression directly from gasoline. In 
the procedure a mixture of fused sodium chloride and lead was electrolyzed in a 
cell having an anode of graphite and a cathode of molten lead (see Fig. 194). In 
this manner a lead-sodium alloy was formed at the cathode, while chlorine was 
liberated at tlie anode. The latter vapor was employed to halogenate a gasoline 
fraction containing a small proportion of ethane. The chlorinated gasoline and 
lead-sodium were then conducted into a reaction vessel. A portion of the halo- 
genated hydrocarbon was first vaporized to aid in atomizing the alloy. When the 
two substances were admixed, lead tetra-alkyls were said to be formed in the 
gasoline. In this manner, the danger of industrial poisoning from lead tetraethyl 
was said to l>c reduced. 

Chloroethanes, on treatment with sulphuric acid, lead to sulphates and carboxylic 
acids. To obtain glyoxal sulphate, tetrachloroethane is heated to 55-60°C. and 
reacted with fuming sulphuric acid containing 65 per cent of sulphur trioxide, 
using a catalyst of mercuric sulphate. On cooling the mixture the glyoxal 
sulphate crystallizes and may then be filtered, washed with sulphuric acid and ice 

British P. 417,930. 1934, to Henkel & Cie. G.m.b.H.; Brit. Chem. Abs. B. 1935. 13; Chem. 
Abs.. 1935, 29. 1433. French P. 765,360. 1934; Chem. Abs.. 1934. 28. 6958. For a discu.^^ion of 
the kinetic.s of such reactions, see E. A. Moelwyn-HuRhes, J.C.S., 1933, 1576; Chem. Abs., 1934, 

28, 1594; Brit. Chem. Abs. A, 1934. 152. 

'»D. F. Twiss and A. E. T. Neale, British P. 412.349, 1934. to Dunlop Rubber Co.; Brit. 
Chem. Abs. B. 1934. 751. 

'“A. E. Favorskii and V. O. Mokhnach, Bull. Far Eastern Branch Acad. Sci. V.S.S.F!., 1934, 
9, 3: Brit. Chem. Abs. A. 1936, 313; Chem. Abs.. 1935. 29. 3981. 

M. Lesbre, Compt. rend., 1935, 200, 559; Brit. Chem. Abs. A, 1935, 611 ; Chem. Ab.t., 19VS, 

29, 3302. 

^ Carleton Ellis, “The Chemistry of Petroleum Derivatives,” The Chemical Catalog Co., Inc., 
New York, 1934, 813. 

S. Calcott. A. E. Parmalee and J. L. Stecher, IT. S. P. 1,983,535. Dec. 11, 1934, to 
E. I. du Pont de Nemours A Co.; Brit. Chem. Abs. B, 1935, 1086; Chem. Abs., 1935, 29, 817 
BritUh P. 453,271, 1936; Chem. Abs.. 1937. 31. 1043; J. Inst. Pet. Teeh.. 1936. 22. 515A. Cf. 
BritUh P. 450,152. 1936; Brit. Chem. Abs. B, 1936, 973; Chem. Abs.. 1936. SO. 8245. Cf. S. Shai>- 
pirio, U. S. P. 2,012,356, Aug. 27, 1935: Chem. Abs.. 1935, 29. 6752. See also Chapter 30. 

M»V. Voorhees. U. S. P. 1.974.167. Sept. 18. 1934. to Standard Oil Co. of Ind,; Chem. AU, 
1934, 38, 6997; Brit. Chem. Abs. B. 1935, 713. 
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water and dried.The formation of the sulpliate may be exi>ressed by the 
e(|uation, 


CHCbCHCl, -f 4 SO 3 -f 2H,S04 


O 

\ 

4S(),HC1 -f SO, CH- 

\ / 

0 


~CH 


O 

SC).J 

. / 

0 


Dichloroacetic acid may be secured from pentachloroethane and 97 per cent sul¬ 
phuric acid at 13()-I70®C. The concentration of acid is maintained constant by 



Fi(.. 194.—Manufacture of Lead Tetra-alkyls from Gasoline Hydrocarbons. 

(V. Voorhees) 

adding water at intervals as needed.According to Larson*^'* acetic acid may 
be prepared by subjecting a mixture of 95 parts of carbon monoxide, 5 parts of 
ethyl chloride, and 25 parts of water to a temperature of 325®C. and a pressure of 
700 atmospheres. A contact agent of active carbon or silica gel is advocated. 

w' M. A. PrrkiiK. 1*. S. V. 1.999,9‘>5. April .10. lO.VS, to K. I. dti Pont Hr Nemour* & Co.; 
Chem. 19.15, 29. 4026. Cf. (icrmaii P. 362.74.1, to Chcin. Fahr. vonii. Wcilrr-tcr Meer.; 

J.S.C.L, 1923. 42. 628A. 

^ British P. 424,047, 1935, to Compagnic dc pro<lnit« chimiqiicn rt rirctromrtallurgiqiies Alain. 
Froges k Camargue; Brit. Chem. Abs. B, 1935, 396; Chem. Abs., 1935, 29, 4380. French P. 773,623. 
1934. Chem. Abs., 1935, 29. 1437. 

A. T. T.arnon. U. S. P. 1,993.555, March 5. 1935. to E. I. du Pont dc Nemourn & Co.; Brit. 
Chem. Abs. B. 1936. 264; Chem. Abs.. 1935. 29, 2549. Canadian P. 353.452. 1935, to Canadian 
Industrica Ltd.; Chem. Abs., 1935, 29, 8005. 
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Hxtraction of Nitrogen Compounds from Petroleum 

1 lie presence of nilro^en compounds in shale oil’ and coal oil- is well-kiuiwn 
anti ihe analytical constants and structures of many bases have been determined. 
'These substances are composed, for the most part, of pyridines and their simpler 
substituted derivatives, such as pyridine carboxylic acid. On the other hand, in¬ 
vestigations of petroleum fractions reveal that they contain a number of nitrogenous 
bodies whose structures are more complex.-^ These latter compounds seem to be 
hydroaromatic in character and therefore closely related to the alkaloids. Since 
naphthene hydrocarbons, containing rings of 5 carbon atoms, as well as polycyclic 
substances composed of aromatic or hydroaromatic nuclei, are found in petroleum 
and the acids derived from them known as naphthenic acids, those naphthenic com¬ 
pounds possessing nitrogen may be designated as naphthenic bases. 

In general the nitrogen content of petroleum oils is low, in most instances 
r)eing about O.l per cent. American petroleums appear to represent the two ex¬ 
tremes, the paraffin-base oils from Pennsylvania containing only a trace and Cali¬ 
fornia oils the highest proportion. Peckham^ reports that the latter has between 
1.02 and 1.11 per cent of nitrogen. Caucasian oils, particularly those from the 
Baku fields,® are said to possess nitrogenous bodies to the extent of 0.006 per cent.® 

McKee and Parker"^ have developed a method for the estimation of nitrogen 
bases (and unsaturated compounds) in petroleum distillates. They recommend 
extraction with 25 per cent acetic acid, which (they state) is more efficient than 
sulphuric acid which dissolves both nitrogen bases and olefins. Furthermore, acetic 
acid gives a clearer solution, dissolves more of the nitrogenous bodies and causes 
less polymerization than hydrochloric acid. To compare the three reagents. 5 cc. 
of oil were pipetted into a test bottle which had a neck of 6 cc. volume, graduated 
into 30 divisions. The bottle was cooled in iced water and 10 cc. (or 200 per cent 
by volume) of acid added. After stoppering, the bottle was allowed to remain in 
the cooling bath (with occasional shaking) for 30 minutes, except when acetic acid 
was employed. In the latter case 10 cc. of glacial acetic acid were added to the 
oil, the mixture shaken, then diluted with water and immediately centrifuged. More 
acid was then incorporated, to bring the oil layer within the range of the gradua¬ 
tions and the container centrifuged for 2 or 3 minutes at about 1000 r.p.m. The 
percentage of extract was then ascertained from the decrease in volume of oil. Some 
of the results obtained in this ntanner are given in Table 172. 

However, Bailey® reported that a completely satisfactory estimation of the 

'See for example, I. B. Rajwiwrt ami Z. E. Kosola|>ov. Khim. Tx'erdoao Tofdix>a, 1933, 4, 323; 
Chem. Abs., 1934. 28, 6280. J. v. Braun. Bull. soc. chini . 1936. 3. 1919. 

“See, Ya. I. Khisin and V. K. V'asilchakova. Slautzui, 1934. 4 (2). 52; Chem. Abs., 

1934, 28. 6988; Brit. Chem. Abs. B, 1935. 211. 

• See Carleton Ellis, “The Chemistry of Petroleum Derivatives,** The Chemical Catalog Co., Inc., 
New York, 1934. 

« S, F. Peckham, Amer. J. Set., 1894. 48 (3). 250; J.C.S.. 1894. 66. 456. 

•E. Pyhala, Petroleum Z., 1922. 18. 1069; J.S.C.L, 1922, 41, 799A; Chem. Abs.. 1923, 17, 372. 

•P. J. Schestakow. Chem. Ztp.. 189‘J. 23 (5). 41; J.S.C.I.. 1899. 18. 260. 

^ R. H. McKee and H. H. Parker, hid. Eua. Chem., 1927, 19, 1343; Chem. Abs., 1928, 22, 
1032; Brit. Chem. Abs. B, 1928. 43. 

* See Carleton Ellin, “The Cheinivtrv of Petroleum Derivatives.” The Chemical Catalog Co.. Inc., 
New York. 1934. 
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Tabi.e 172.— Analysis of Test Solutions for Unsaturated Hydrocarbons and Nitrogen Bases, 


Unsaturates and Nitrogen Bases. 


Stock 

Reagent 

Per cent 
Observed 

Per cent 
Calculated 

Mixture of Hexane, 

Cone. H?SG 4 

22 

25 

Amylene and Pyridine 

Cone. HCl 

16 

12 

29% HCl 

18 

12 


20% HCl 

18 

12 


10% HCl 

22 

12 

Well Petroleum Gasoline 

Cone. H 2 SO 4 

10-13 

0 


25% Acetic acid 

0 

0 


Cone. HCl 

2 

0 


26% HCl 

1 

0 


4% HCl 

2 

0 

20% Solution of Quinoline in Well 

Cone. H 2 SO 4 

30 

20 

Petroleum Gasoline 

25% Acetic acid 

20 

20 


Cone. HCl 

20 

20 


4% HCl 

20 

20 

16% Solution of Quinoline in Well 

Cone. H 2 SO 4 

24-25 

16 

Petroleum Gasoline 

25% Acetic acid 

16-20 

16 

Gasoline Solution of Quinoline after 

25% Acetic acid 

0 

0 

Washing with Sulphuric Acid 

Distillate Boiling up to 275 °C. from 

Cone. HCl 

10-11 


Crude Shale Petroleum 

25% Acetic acid 

13-14 

— 

naphthene bases in petroleum may be effected by employing a modified Kjeldahl 


method. Using this method the nitrogen content of California oil was found to be 
only 0.82 per cent as a maximum instead of the somewhat higher figures previously 


published. 


Extraction of Nitrogen Bases 


The extraction of these bases from petroleum fractions with sulphur dioxide, 
hydrochloric or sulphuric acid has received some attention. For example, Bailey® 
suggests treating the distillate at 20®F. with liquid sulphur dioxide to obtain a 
composite consisting of this substance, hydrocarbon oil and bases. An aqueous 
solution of the acid sulphites of the latter compounds is obtained on agitating the 
mixture with cold water. The free bases may then be secured by the addition of 
alkali, e.g., caustic soda, to the solution. This method is illustrated diagrammati- 
cally in Fig. 195. Another procedure involves passage of anhydrous sulphur 
dioxide into a body of oil.^® Some of the resulting salts of naphthenic bases are 
precipitated and separated by filtration while others remain suspended in the oil. 
The latter may be extracted with water. Moser*^ advocates the use of sulphuric 
acid after preliminary treatment of the hydrocarbons with sulphur dioxide. Dilute 
acid (15 per cent) is employed in the first step to prevent formation of resins. 
After withdrawal of the aqueous acid from the oil, the latter is contacted with 
concentrated acid to eflfect removal of nitrogenous bodies. 

Schestakow*^ reports that petroleum distillates may be subjected to the action 
of dilute sulphuric acid, the latter then neutralized and steam distilled. In this 


*J. R. Bailey, U. S. P. 2,035.583. Mar. 31. 1936, to Union Oil Co. of Calif.; Chem. Abt., 1936, 
30, 3627. 

D. L. Fox, U. S. P. 1,965.828, July 10, 1934, to Standard Oil Co. of Calif.; Chem. Abs.. 1934, 
28. 5657; Brit. Chem. Abs. B, 1935. 34 5. 

wp. R. Moser. Cfcrman P. 496.224, 1928; Chem. Abs., 1930, 24, 3354. Canadian P. 302,849, 
1930, to Simplex Refininir Co., to Shell Development Co.; Chem. Abs., 1930. 24, 4623. 

“P. J. .SchesUkow, Chem. Ztg., 1899, 23 (5), 41; J.S.C.I., 1899, 18, 260. Cf, G. H. Chlooin. 
Ckem.Ztg. Rep., 1900, 24 (10), 88; J.S.C.I., 1900, 19. 429. Ber., 1900. 33, 2837; Chem. ZtSr., 
J900, 2, 1100; J.C.S., 1901, 80 (1), 42. ' 
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manner he secured (from a Caucasian petroleum distillate) 0.006 per cent of a 
brown liquid which had the characteristic odor of pyridine, was insoluble in water 
but readily soluble in alcohol. It distilled between 260® and 370°C. and on analysis 
was found to contain 6.60 per cent nitrogen, 85.72 per cent carbon and 8.09 per cent 
hydrogen. In some instances the oil may be filtered through fuller's earth before 
treating with acid. After neutralization of the latter the napthenir bases then 
liberated are extracted with ether. With a sample of Baku petroleum this method 
was said to lead to the segregation of mixed bases containing a high percentage of 


Frc. 195. 

Flow Chart for Extraction of Nitrogen Bases from 
Petroleum Fractions. (J. R. Bailey) 



RecftrcMj fotf Nitrooch Bmu 


quinoline.’ * Hydrochloric acid is also suggested as a solvent in place of ether. 
The acid liquor is subseciuently treated with salt and the bases salted out arc 
dissolved in chloroform. Fractional distillation of the latter solution furnished pyri¬ 
dine and quinoline.’^ 

Strl’cture and Rkactions of Naphthknk Bases 

The structures of many of the nitrogen bodies contained in petroleum have not 
been ascertained possibly (as previously mentioned) because they break down 
during distillation and refining operations. J-lowever. the indications are these 
compounds are closely related to the alkaloids. 

«E. PyhaU, Petroleum Z., 1922. 8, 10<>9; J.S.C.I . 1922, 41. 7')9A; Clum. Ahs.. 1922. 17. 372. 
For a diitcusston of continuous refining processes empluying sulphuiic .icid and fuller's earth, 

S. E. Campbell, Refiner. I9.1.S. 14. 381; Chem. Ahs.. 1935. 29. 83«)2. 

»«J. R. Bailey, U. .S. P. 2.03.5..584. M.n. 31. 193(.. i„ I'nion Mil Co. of ('.ilif.: Chem. Ahs., 1936, 
10, 3629. 
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Distillation in vacuo of bases extracted from California petroleum resulted in 
the isolation of fractions whose molecular weights, analyses and boiling points are 
given in Table 173.^® 


Table 173, —Naphthenic Bases from California Petroleum, 


Boiling Point 

®C. Formula 

139-140 C„H,7N 

197-199 C„H,sN 

215-217 ChHi.N 


Boiling Point 

°C. Formula 

223-225 

243-245 CuHi.N 

270-275 CnH«N 


These compounds reacted with platinum chloride to give crystalline precipitates 
and with chromic acid or neutral permanganate to form acetic acid, thus indicating 
the presence of short side chains and a tetrahydroquinoline ring.^® Also these 
nitrogen-containing bodies united with bromine or iodine to yield addition products 
and with phthalic anhydride to furnish phthalones. The latter reaction suggested 
that the side chains were in the a- or y-position in the nitrogen ring. 



The first of the nitrogen compounds to l)e identified was 2,3,8-trimethylquino- 
line, which is present in a petroleum fraction boiling between 276® and 277®C. 
From this same portion an isomeric compound, C 12 H 13 N, and a base having the 
formula Ci(jH 25 N were also isolated. The separation of 2,3- and 2,4-dimethylquino- 
line from the cut boiling around 265®C. has been reported.'^ 

The naphthene base CieH 26 N represents a compound of the cyclopentane type, 
and may be the forerunner of structurally similar bases occurring in petroleum 
distillates. This substance is obtained from its picrate by heating the latter with 
ammonium hydroxide, washing with water and drying in a current of air. The 
material is a colorless, odorless, optically inactive oil, slightly soluble in water. 
It boils at 278.2®C. (746 mm pressure), has a specific gravity of 0.9391 at 20®C. 
(referred to water at 4®C.), and an index of refraction (with sodium light) of 
1.5129 at 20®C. The structure originally assigned by Bailey and his co-workers 
was 

** C. F. Mabcry and L. G. Wet»on, J.A.C.S., 1920, 42, 1014: Chem, Abi., 192(L 14, 1831. 

For a diacusaion of theae reactions, aee Carleton F.lHs, “The ('hemistry of Petrdeum Deriva¬ 
tives," The Chemical Catalog Co., Inc., New York, 1M4. 

A. King and J. K. Bailey, J.A.C.S., 1930. 52, 1245; Chem. Ahs., 19.10, 24, 1864; Brit. 
Chem. Abi. A, 1930, 788. 
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Fig. 1%. 

V'acuum Distillation Apparatus for 
I'Vactionation of Kerosene Bases. (E. 

J. Poth, W. A. Schulze, VV. A. King, 
W. C. Thompson, W. M. Slagle, W. W' 
Floyd and J. R. Hailey) 

A. Ground glass seal 

B. Five-liter glass 

C. Still column 

D. Column jacket 

E. Support for chain in column 

F. Air inlet to jacket 

G. Transite support for jacket 

H. Thermometer tube 

I. Capillary manometer 

J. Condenser 

K. Capillary leaks 

L. Receiver 

M. Manometer 

N. Lead to vacuum pump 
a. Rubber tubing 
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According to lackey and Bailey,'* this saturated naphthenic base, like quino¬ 
line niethylateil in position 2, condenses with phthalic anhydride to form a phthal- 
one. It appears that although formaldehyde does not combine with this base as 
readily as with quinaldine (2-methylquiivoline) nevertheless the reaction does 
take place at 200°C. The product can l)e oxidized with nitric acid to yield a di¬ 
basic acid, Ci 4 Hi 9 N(COOH ) j. The latter conqH)und, on heating furnishes a 
nionocar boxy lie acid, Ci^H^oXCOOH. from which an oxygen-free base was se¬ 
cured. This latter step is effected by converting the acid into its scxliuin salt and 
distilling it in the presence of so<la-lime. The distillate is taken up in dilute 
hydrochloric acid, the solution washed twice with ether, and the base, C, 4 H;,jN, 
liberated by the addition of caustic soda. 

These investigators (lackey and Bailey) stated that the base containing 14 
carbon atoms exhibited resistance to hydrogenation. From this characteristic 
it was concluded that the parent compound (possessing 16 carlxm atoms) is com¬ 
pletely saturated. .\n unsaturated molecule would have resulted had either of the 
two carl>oxylic groupN in the dibasic acid come from cleavage of a methylene or 
ethylene bridge followed by oxidation of these groups. Therefore, the existence 
of at least two methyls in the base is said to he confirmed. 

The latter compound acts in an analogous manner to that of 2,4-dimethyl- 
quinoline in its behavior towards formaldehyde and on oxidation of the resulting 
product to a dicarboxylic acid. The analogy is further extended in the easy 
elimination of one carboxyl group on heating. All these reactions arc reported to 
suggest the same relative positions of the two methyls to nitrogen as exists in 
2,4-dimcthylquinoline, so the following revised formula (with methyls in the 
a- and y-positions to nitrogen) has been proposed.'*** 

c\u 




When bromine is added to this base a rather vigoraus reaction takes place with 
evolution of considerable heat. A tough red gum is formetl which slowly gives 

R. W. I.ackcy and J. K. Wailr>. l.A.C S.. 56. 2741, Hrit C hem Aht A I'y.lS \>7 

J, Inst. Pet. Tech., 1935, 21, 50A; Ciiem. Ah$., 1915. 29, 79J> . ’ 

J. R. Bailcy (private communication) report* that *omc later i^ork involving hydrogenation of 
the nitrogen base CmHsN a* well a* its pyrolytic conversion to 2..1.6 trimethyl|iyridinc appear* to 
indicate it possesses a structure containing both a pyridine and an .ilkylated cvclopentane nucleus 
One of several such possible structure* may be representeil by 


c\u 
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off hydrogen bromide and is transformed into a heavy red liquid containing some 
free, admixed bromine. When agitated at 90®C. with 10 per cent caustic soda 
the liquid becomes colorless, and on drying and distilling under reduced pressure 
solidifies to a white crystalline solid with the following physical characteristics: 
m.p. SS.Z^'C., nJJ 1.5268, n'fj (subcooled liquid) 1.5431. This brominated base 
does not undergo the Fittig reaction,^® is unaffected by heating with metallic 
sodium at 250®C., cannot be transformed into a Grignard reagent and is un¬ 
changed by prolonged refluxing with alcoholic or aqueous potassium hydroxide. 
Furthermore, it is not oxidized by either nitric acid or potassium permanganate 
in acetone solution. Flfforts to replace the halogen by heating with silver acetate 
in glacial acetic acid were ineffective. The bromine derivative is unchanged on 
lengthy heating at 250®C. with sodium methylate as well as on treatment with 
moist silver oxide or alcoholic silver nitrate. Zinc and acetic acid, however, readily 
removed the halogen. Failure to brominate the base C 14 H 21 N, obtained by the 
elimination of two methyls fr(jm the compouml C]#^H 2 r»N, indicates that bromina- 
tion of the higher homologue replaces a hydrogen of a methyl group. 

As previously mentioned, the lower homologue may Ik* prepared by condensing 
the naphthene base CujUm.-.N with formaldehyde, oxidizing the prcxluct to a di¬ 
basic acid, heating to remo\e one carboxylic group and distilling the monobasic 
aci<l over soda-lime. For example. 1 volume of base and 35 volumes of formalde¬ 
hyde (37 per cent) are heated at FX)®C. for 8 hours in a sealed tube. At the end 
of this {>eriod a heavy oil separates. The latter may l)e dissolved in ether and 
extracte<l with dilute hydrochloric acid. Subsequent addition of caustic soda causes 
precipitation of a \iscous, colorless syrup which apparently cannot \)c crystallized. 
Oxidation of the formaldehyde condensation product is accomplished by refluxing 
one \t)lume of the substance with 40 volumes of 1 :1 nitric acid for 4 hours. 
Evaporation of the resulting solution serve<l to exf)el tlie nitric acid and the residue 
was a reddish solid, of indefinite crystalline form, insoluble in water, but soluble 
in alcohol, ether or acetc)ne. d'he yield of acid was 47 per cent of the theoretical. 
Heat treatment of the latter substa;ice at 235-240°('. under a pressure of 3t) mm. 
brings alK)ut sublimati^)!! of a white crystalline product, a monocarlH>xylic acid 
I ( ) melting at 218-22(FC\ d hi'' is converted into its sexlium salt, 

and distilled (under reduced pre'*suie ) at temperatures slightly higher than 360"C. 
from s<Mla-lime. I'lie distillate is washed with hydrochloric acid and ether and 
the base [)recipitated by a«ldition of smlium hydroxide. Fhe structure projx>sed 
for this comjxiund is 
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Fxtkactiox of N.VFHTHKNU' H \sks 


A method for separating aromatic from non-aromatic bases has l>een de- 
velopctl by Perrins and Bailey.-'^ This resolution dej>ends upon the relative in- 

Reaction of aromatic halitlr with alkyl halide in rthrr M>lution in the proicnce of mrlAllic 
MMlium. 

•»T. S. Perrin# and J. R. Bailey. J.A.CS., IP.t.V $5, 4I.t6; Ckrm. Ahs . IQ.t.t. 27. ^742; I^t,t 
Chtm, Abt, A, lV.t3. 1.105. See al'Mo. ('atlcton Klli#. 'The ChemiOry «if Petroleum l>eri\ative»,” 
The (’hemical Catalog Co., Inc.. New Ytirk. 1934. 
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solubility of aromatic base hydrochlorides in chloroform or ethylene dichloride. 
Both types of bases are dissolved in 1:1 hydrochloric acid and the solution ex- 
tracte<l with the orjjanic liquid. The latter, in turn, may I>e washed with water. 
The ac|iK‘ous layer always contains a hijjh concentration of aromatic Iwsc hydro¬ 
chlorides, By employing this method 2,8-dimethyi- and 2,4,8-trimethylquinoline 
were isolated from a mixture of kerosene bases. The former compound was 
secured from a petroleum fraction boiling at 253® to 256°C. and the latter from 
the cut boiling at 273®C. Another method of separating the two types of bases 
is to dissolve the mixture in alcohol or acetone and add sulphuric acid, forming 
insoluble acid sulphates of the aromatic bases and soluble acid sulphates of the 
non-aromatic ones.^' 

A process of microdistillation, termed amplified distillation, has been found of 
service in the separation of naphthene bases in distillates.^- It was stated that some 
difficulty was experienced in working with small samples. This, however, was 
overcome by adding 15 to 20 volumes of an inert “carrier” solvent, whose function 
was to flush out the last traces of one cut before the next one began to distil. In 
the procedure, a fraction of bases is added to a petroleum oil boiling over a some¬ 
what wider temperature range. After fractionation, the nitrogen-containing com¬ 
pounds are removed from admixed hydrocarbons by extraction with sulphuric acid, 
and precipitated in the form of picrates. In this manner the components of a 
complex mixture, even when the total volume is only a fraction of a cubic centi¬ 
meter. are said to be segregated in the order of their boiling points. (See Table 
174.) It was reported, in one instance, that from 130 cc. of a California pressure 


Table 174 .—Bases from California Pressure Distillate. 


Product Boiling Point nf;' Is^date*! as 

2-Methylpyridine. 129 3®C. 1 4983 F^icrate 

2.6- r>imcthylpyri(iine. 144®C. 1.4953 I^icrate 

4-Methylpyridine. 145.3°C. 1 5029 Picrale 

2,S-Dimethylpyridine. 157X. 1.4982 HgClt salt 

2.4- EHmethyp^dine. 158®C. 1 4984 Picrate 

2.4.6- Trimetnylpyridine. 170.3®C. I 4959 HgCli salt 

3.5- Dimethylpyndine. 171.6®C. 1.5032 HgCU salt 

Quinoline. 238 . CC. 1 6245 F’icTate 

Quinaldinc (2-Methylquinoline).. 247 6®C. 1.6093 Picrate 


distillate there were secured seven pyridine homologues, quinoline and quinaldine.** 
In each instance the hydrochlorides of the naphthene bases were extracted with 
chloroform to withdraw non-aromatic derivatives. A very small quantity of nitro¬ 
gen-containing compounds was recovered from the combined extracts, and this 
proved to be aromatic in character. It was concluded, therefore, that the occurrence 
of non-aromatic bases in cracked gasoline was not to lx: expected. 

Sulphur dioxide is reported to be efficient for the partial .s<*paration of these 
nitrogeneous materials. Although it forms addition compounds with both aro¬ 
matic and non-aromatic types nevertheless some of these are fairly stable while 
others dissociate rapidly at room temperature. For example, to res^dve 2,4- and 
2,3-dimethylquinoline, a kerosene fraction boiling between 263® and 267®C. is ex¬ 


tracted with the liquid dioxide. The extracted portion is then treated with an 
alcoholic solution of picric acid. The resulting precipitate is leached with liot 
glacial acetic acid which di.ssolvcs all picrates except that -of 2,4-dimethylquinoline, 


« J. R. B»tley. U. S. P. 2,067,704, Jan. 12, 1937, to Union Oil Co. of Calif.; Ckem. Abs., 1937. 

* A. C. Bratton and J. R. Bailey. Ind. Eng. Chem., 1936, 3t. 424 ; Ckem. Abt 1936 in UJii 

J. R. Baiky, U. S. F. 2,085,287. June 29. 1937. to Union Oil Co. of Calif ‘ ^ ' 

»A. C. Bratton and J. R. Bailey, J.A.C.S., 1937. 59, 175; Chem. Abt., 1937. ||, |9vo. 
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Tlicse are orange colored needles. On cooling the acid the picrate of 2,3-diniethyl' 
(|uinoline crystallizes as microscopic hexagonal prisms melting at 231 ®C. De¬ 
composition of the latter with alkali liberates the base as a white crystalline solid 
melting at 67®C. and boiling at 273®C. 

Ganguli and Guha-^ point out that the nitrogeneous bodies extracted from an 
anthracene oil (boiling between 270® and 3S0®C.) cannot be separated by frac¬ 
tional distillation. That portion of the bases boiling from 180® to 200°C., under 
a pressure of 30 nini., was oxidized to carboxylic acids and their phenylphenacetyl 
esters prepared. To accomplish this the acids were dissolved in water, neutralized 
with caustic soda and a few drops of dilute hydrochloric (just sufficient to main¬ 
tain a slight acidity) were added. Afterwards a solution of phenylphenacetyl 
bromide in ethanol was incorporated and the composite heated under reflux. On 
cooling, the esters precipitated.-^ Three phenylphenacetyl esters melting at 208®C.. 
201 ®C. and 101 °C., respectively, were obtained. The first of these is reported 
to be that of (|uinoline (or iso<|uinoline) carboxylic acid and its formation may be 
represented as: 


/ 





-COOH 




-f 







\ 



-C()<)H,CC- 





HBr 


The fraction of l>ases !x)iling Ixrlween 100° and 105°C. (under a pressure of 
2 inm.) on reaction with an alcoholic solution of picric acid gave six picrates 
melting at 201 °C., 181 ®C'., 212°C, 230®C., 203®C., and 198®C., respectively. The 
structures of the first five were not determined, but the picrate melting at 198®C. 
was found to l)e a derivative of 5,8-dimethylquinoline. Of the others, the first 
four po>sessed the formula and seemed to l>e methyl quinolines or iso¬ 

quinolines. The fifth one had the formula CuHuX and was believed to be a 
dimethyl quinoline or istxjuincline. 

.\rmendt and Bailey^^ investigated the fraction of kerosene bases distilling within 
the range of 215®-216®C. Fractional crystallization of the picrates, follow’ed by 
distilling from soda-lime, yielded a colorless oil melting at 24.5®C. and boiling at 
22S.6®C\ under a pressure of 750 mm. The formula of the base was reported to 
be On comparing with the naphthene base it was found that 

both resisted hydrogenation or dehydrogenation and w’ere unaffected by alkaline 
permanganate. The basic compound (CioH. 25 N) reacted with methyl iodide, but 
under similar conditions the methiixlide of was not formed. The formula 

selected provisionally for the Kise containing 13 carbon atoms is 


** S. K. (laiiKuli and P. C. t»«ha, J. Imdiuu Chrm. Soc., 1934, 11. 197; Ahs., 1934, 2t. 

42S4; Brit. Chrm. Abs. A. 1934. 782. 

*» R. L. Shrinrr and R. C. Puaon, “The Syttematic identiheation ot Orfanic Coinpound»,’’ John 
Wiley & Sona. Inc,. New S'ork, 19J5. 

••B. S. Armendt and J. R. Bailey. J A CS., 1933. S5. 414.S; Ckrm. Abs., 1933, 27. 5743; Brit. 
CMem. Abs, A. 1933, 1305. See alto Carleton Ellia, “The Chemiatry of Petroleum l>eri\alire*.“ 
The Chemical Catalog Co.. Inc.. New York, 1934. 
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An interesting? sidelight on the problem of the origin of nitrogen bases in 
petroleum has been noted.To determine it non-aromatic ba.ses (.similar to those 
in petroleum) could be obtained from a stock containing proteins, carbohydrates 
and fats, an investigation was made of the compounds obtained on the distillation 
of cottonseed meal in a nitrogen-free lubricating oil. 

The complexity of the cottonseed meal bases is reported to be comparable to 
tho.se from petroleum. One of the marked dissimilarities is that one half of the 
first-mentioned substances arc insoluble in jx'troleum ether. Another is that the 
higher boiling portions have a much greater nitrogen content than can be accounted 
for on the assumption of one nitrogen atom |>t*r molecule, btirthermore no evi¬ 
dence for the presence of a nafdithene structure was obtained. I he lower-boiling 
fractions (of cottonseed meal bases), however, did yield j>\ri<litie and a numlK*r of 
its homologues, identical with the products from coal, shale or bones, (’oal-tar 
bases, such as (juinoline, isocjuinoline and lepidine, as well as the kero base^* 
2,3.8-trimethyl(iuinoIine were also found. Vacuum distillation of the high Ixuling 
protein-derived bases in an atmosphere of nitrogen led to the formation of color¬ 
less distillates which, unlike corresponding |>itroletnn hast*", snon darkened and 
precipitated tar. In the boiling range of 13.^ to 17J ( . a total of 14 fractions of 
petroleum ether-soluble bases were M‘cure<l. Fhese con^i^ttsl childly of pyridines. 
together with some pyrazines and dia/ines. The fraction in the range 172^ to 
215®C. had an abnormally high content oi nitrogen and the presence of pyridine 
and quinoline was therefore considered excluded. 

It is pointed out that these results should not be accepted as proof that petroleuni 
bases are not of animal or vegetable origin. Bailey and his collaborators belie\e 
the assumption that the complex nitrogen compounds in crude oil arise from pro¬ 
tein material does not necessitate the conclusion that a high temperature was in¬ 
volved in their formation. It would seem more probable that they resulted from 
bacteriological decay at ordinary temperature. The nitrogen in (California petro¬ 
leum does not exist in preformed basic compounds beyond a negligible amount 
and therefore the bases enc6untered in distillates are products of pyrolysis. 

Nitrogen compounds of the pyridine series have lH*en isolated from a fraction 
of Japanese shale tar/^ According to Oparina and Smirnov''^* the shale-tar cut 
boiling between 140° and 145°C. may lx condenserl with Ixnzaldehyde in the pres¬ 
ence of zinc chloride. The three substances are reacted for 18 hours, and at the 
end of that |xrio<l the portion distilling up to 2(K)°(\ is se|)aratcd. On c(H)ling 
this distillate (listyrylpyridine is said to precipitate. 

Another procedure for the recovery of methyl pyridines is baseil on carefully 

^ Parker, C. T,. riutieit. A. C. Bratton and J. R. Bailey, J.A.C.S , 19.U), 58. 1097; Chem Ahs.. 
1936, 30. 5993; Brit. Chem. Abs. B, 19.16. 1121. 

^ Kero hases are the nitroKen containing compounds ohtainni * from the krro?*ene fraction of 
petrolcMm. 

»T. Egtichi, Butt. Chem. Soe. Japan, 1927. 2, 176; Chem. Ahs.. 1927, 21, .1197; Brit. Ckcm. Abs. 
B. 1927. 696. See alMj Carleton Ellis, 'The Chemintry of Petroleum Derivative*. ' The ('hemica! 
CaUlof Co., Inc., New York, 1934. 

•* M. P. Oparina and B. Smirnov, Khim. Farm. From., 1934, No, 4, 15; Cktm, Abs.. 1935 29. 
1820; Brit. Chem. Abs. A, 1935, 989. ' * * 
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controljed precipitation with picric acid/*^ Application of this method to the low- 
)K)iIing fractions of nitrogen bases from Japanese shale tar led to the isolation of 
a series of pyridine derivatives rich in a- and y-alkyl substituted compounds. The 
majority of these contained methyl groups, though from the fraction boiling at 
2()0® to \ a base called pyrindane was ohtainerl. 



CH, 
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H, 


However, the name pyrindine has been suggested for the comi)Ound 
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an<l on this basis pyrindane U-coines 5.6-dihydropyrin(line. 


I’sKS OF Naphthenk' Basks 


One <»f the uses of iH*troleum bases is as a pickling inhibitor. Rings and 
Kettle-^- prepared a f)ickling acid from sludge resulting from the treatment of 


I-K,. V>7. 

l•'Io\v Diagram for Manufacture of 
PicklitiK Inhibitor from Acid SludRe. 
<1, 1). KiiiRs and K. L. Kettle) 
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*' T FlKtichi, HhU. i'hcm. Soi. Jaf^n, nJ28. S, 227; Brit, C'Arm. ,ihs. B, 192*^. t*; Ch,'m. Jbs . 
1929. 23. .191 

h. King't ami R. L. Kettle, V. S. P. 2,042.412, May 26. 19.lh. to Shell l>e\el<>|»n»ent Co ; 
L'h^m, Abs., 19Jo. 30, 4816. 
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kerosene with sulphuric acid. The sludge is first neutralized with ammonia and 
ammonium hydroxide, then added to the oily layer produced by the preceding 
step. (See Fig. 197.) In this manner a basic extract is secured and removed from 
the mixture. The basic and acid extracts may then be agitated together, causing 
the formation of a layer which contains a mixture of acid oil and nitrogen bases. 
The composite is hydrolyzed and admixed with ammonium sulphate to segregate 
the inhibitor. 

Among the other applications proposed for naphthenic bases are as insecticides**** 
and as inhibitors in the autoxidation of lubricating oils.*^ Investigation of nitrogen 
Iwses from a sulphur dioxide extract of transformer oil has indicated that they 
have germicidal properties comparable with that of phenol..Soap-solution 
emulsions of these water-insoluble bases did not exhibit germicidal action on strains 
of Eherthclla typhi and Staphylococcus aureus, but solutions in O.hV hydrochloric 
acid did. Growth of these bacteria was completely inhibited with some of these 
bases in dilutions as high as 1 ;600. Control tests without the bases showed that 
the acid content of these solutions was not the active germicidal agent. 

» Carleton Ellis, “The Chemistry of Petroleum Derivatives,” The Chemical Catalog Co., Inc., 
New York. 1934. 

a* See Chapter 40. 

»W. N. Axe, D. D. Henson and V. T. Schuhardt, Ind. Eng. Chem., 1937, 29. 50J. 



Chapter 36 

Oxidation of Petroleum Hydrocarbons. 

General Considerations 

The jfrcat (|uaiitities of hydrocarl>ons available in crude |K*troleuin or its frac- 
tions offer a source of materials for organic syntheses at relatively low cost. In 
consetiuence, the possibilities inherent in oxidation, which could convert these 
hydrocarbons into oxygen-containing substances of commercial value, make the 
study of such operations of industrial importance.' Such reactions offer a further 
advantage in that air is one of the raw materials. A great numl>er of oxidation 
products have been reported as resulting from the various suggested processes, 
and in fact almost all possible permutations of oxy derivatives have been detected. 
For instance, alcohols, aldehyde-alcohols, aldehydes, ketones, aldehyde-acids, alde¬ 
hyde-hydroxy acids, keto-acids, hydroxy-keto-acids and esters of these acids, both 
of the normal and of the lactonic ester type, have been found in the oxidized ma¬ 
terials derived from a light petroleum distillate.^ Oxidation carried to a very 
limited extent is effective as a dehydrogenation operation in converting paraffins 
to olefins, and naphthenes to aromatics. Certain processes have been suggested in 
which oxygen, after effecting such dehydrogenation, then serves as a catalytic 
agent for polymerization of the olefinic material to gasoline-like liquids.*^ The 
degree of accuracy recjuired in the control of these oxidations varies both with 
the type of the initial hydrocarbon, and with the product desired. Ivanov and 
Savinova^ reported a study of Ihc oxidation of toluene, mcthylcyclohexane and 
«-hcptane, using varying concentrations of hydrocarbon in air. and carrying out 
the reactions at different temperatures. In this instance hydrocarbons of differing 
degrees of complexity, acids, aldehydes, ketones and alcohols were obtained. It was 
found, however, that of these three seven-carbon hydrocarbons, n-heptane showed 
the greatest readiness to yield oxidation products before ignition occurred, the 
saturated cyclo-paraffin next, and the aromatic the least tendency to partial oxida¬ 
tion. Some hydrogen peroxide was found in the initial oxidation stage of the two 
non-aromatic hydrocarbons. 

A great deal of work has l>een done in attempting to convert the higher hydro¬ 
carbons (e.g., paraffin wax) to acidic bodies which exhibit some properties anal¬ 
ogous to those shown by the acids derived from natural fats and oils. Shoruigin 
and Kreshkov* investigated particularly the acids formed during oxidation (at 
120®C.) of a wax melting at 52®C. The products consisted principally of hydroxy 
acids, lactones, lactides, fatty acids and their anhydrides, as well as unchanged and 
modified hydrocarbons, and lower partial oxidation products. The majority of 
these acids could not be distilled, even in a high vacuum. However, esterification 

‘ For furlbrr tli^cuMion of this mihjrct. Carlrtcm F.lli!*, *'TI>r (*hemi'«iry of IVirolrum Drriva- 
The ('licmtc.’il C'ataloic Co.. Inc., New York. 19)4. 

aj. H. Janies. C. S. P. 2.009.06L July 30. IV35, to C. P. B>rnes; Chem. Jhs.. 1935. 29. 635). 

* See Chapter 26 for a discussion of polymer fasoline. 

* K. I. Ivanov and V. K. Savinova, J. /Ine'-'d CArm. {V.SS.R,), 1935, t. 64; J. lust. Pet. Trek., 
1936. 22. 88A; Chem. Abs., 193S. 29. 6725. 

» P. P. Shoruifin and A. P. Krethkov. /. Cm, Chem. (.U.S.S.R.), 1933. ). 825; Ckem. Abs., 
1934, 29. 6106; Bril. Ckem. Abs. A. 1935. 196. 
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with methyl alcohol yielded more volatile compounds. Distillation of the latter 
in vacuo permitted the separation of fractions which were mixtures of esters of 
hydroxy acids, and the average composition of which were represented by the 
empirical formulas 

C„H,,(OH)COOCHa to CnH,4(OH)COOCHa 

The more important industrial operations are, however, largely catalytic. 
Fokin^^ pointed out some years ago that the catalytic activity of a metal in oxida¬ 
tions or hydrogenations was proportional to its power to form different oxides or 
hydrides, respectively, and to the ease of the dissociation of these. X'anadium 
pentoxide, perhaps one of the most important oxidation contact agents in com¬ 
mercial practice, came into prominence during the 1920’s, and has been used by 
many investigators with considerable success. If air and alcohol vapors are 
passed over the gently heated pentoxide (supported on asbestos) oxidation is 
vigorous enough to maintain the reaction temperature without external application 
of heat. In this instance the main pro<lucts are acetaldehyde and acetic acid. 
According to Naumann, Moesse and Lindenbaum.^ the catalytic activity of vana¬ 
dium pentoxide is accounted for by the readiness with which the metal changes 
its valence from four to five and back, cyclicly, releasing active oxygen in each 
cycle, as follow s: 

\ lOfc \ 2O4 i * 

Oxides of many of the heavy metals react similarly (e.g., the ‘hlue oxides'* 
of molylKlenum), and have been proposed as applicable in a number r)f processes. 
On the other hand, metallic silver or copper, as well as their oxides, are useful 
particularly in the conversion of alcohols to aldehydes.*^ Oxidation »>t the ty)H 
represented by the reaction of ethylene, carbon !tt<nioxi<le atul steam to >ield acids 
is catalyzed by a wdde variety of substances, such as chlorides, metallic oxides, 
phosphoric acid and its acid salts.*' 

Mechanism ok Hydrocarbon' Oxidmion 


The impr>rtance of hydrocarbon oxidation has ine\itably lead tn a great amount 
of study in an effort to understand and expound th<* mechanism of the reactitnis 
involved. Not only must slow oxidation of the liyflrocarUms be comprehended 
for better control and production of intermediates, such as alcohols and aldchyrles. 
but any wholly correct mechanism should include an understanding of the reactions 
taking place during explosive combustion. The latter is of siK'cial interest in 
consequence of its assistance to a more intelligent control of knocking in internal 
combustion engines. However, the very transient nature of the successive com¬ 
pounds formed during combustion renders a study of the problem exceedingly 
difficult. Much work has been done by spectroscopic means, making [K)ssiblc de¬ 
tection of radicals and compounds (particularly formaldehyde'**) f)resent in flames. 
However, the greatest amount of investigation directed toward complete elucidation 
of the mechanism has been done, probably, in connection with sb)w oxiflation, since 
the records then are chemical analyses rather than sj)ectrographic lines. 

Three types of mechanism have been suggested. Bone profM)sed the hydroxyl- 


• S. Fokin, Z. angew. Chem., 1909, 22, H51; Chem. Ahs.. 1909. 3, 
^A. Naumann, L. Moc^s^ and E. Lindcnfiaum, J. prakt. Chrm., 

1907, 1. 1696; 1907. 26, .14H. 

• Chapter 38. 

• .S« Chapter 39. 

L. W'ithrow and G. M. Kaji>afilcr. htd. t’.nn. Chrm., 1934. 26, 
1235; Brit. Chem. Abs. B, 1935, 581, Sfr aNo Ch.iptrr 44. 


2640; J.S.CJ . 1909. 28, 89.1. 
1907, 75, 146; Chrm Ahn , 


1256; Lhrm Aht , I91>. 29, 
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ation mechanism by wliich oxidation of ethane, for instance, proceeds through the 
successive addition of atoms of oxygen at the carbon-hydrogen bond to produce 
first ethyl alcohol and then a dihydroxy ethanol which rearranges, with loss of 
water, to acetaldehyde.^*^* Steacie and Plewes advocate peroxidation whereby 
ethane (for example) is first dehydrogenated to ethylene, followed by addition of 
a molecule of oxygen to the unsaturated compound to give ethylene peroxide. 

This in turn reacts witli ethylene to form ethylene oxide (ITjC-('Hj), or 

/ 

() 

with other intermediate o.\\-compounds to furnish higher oxidation jiKKlucts. On 
the other hand, Xorrisli has developed a nu>dification of the hydroxylation theory 
suggesting that there is a formation of free radicals which are the active chain- 
|)ropagators.*' 

Most investigators agree <»n three necessary conditions which must l)e met: 

( a ) that hydrocarlxm oxidation procee<ls only after the termination of an induc¬ 
tion perio<l which may eiulurc for a fraction of a second or for several minutes; an<l 
(b) the mechanism must account for compounds known to be formed: and (c) 
there is a pronounced surface retardation phenomenon indicating that the reac¬ 
tion may Ik* considc-ia'd as a chain mechanism.** 

Ib'ised on these concepts, three possible mechanisms have been developed. 
Aci'ording to Xorrishd * Hone has deduced his hydroxylation theory from the 
result‘ of long continued experimentation and analytical work on the products 
formed As a conse()uence. his exjdanation has been adapted to a static inter- 
pielatioh r*itlu » than to an undeist.indmg of the kinetics of the problem. Steacie 
and I’Uwis ii.ivc paid particular attention to the kinetics of the problem, and the 
rlih idaiion ni the cliain of reactions involvetl. Xorrish's suggestion, involving a 
miuliluation oj the h\dro.xylation mechanism to include a reaction chain carried on 
h> tree ladicals, has been put forward as adapting the rather static h\|)othesis. 
Hone lavois the kim tics of chain reactions. 

\c(ordiiig to lh»ne and Gardner,*^ oxidation of methane proceeds as follows: 

OH 

< () j ^ 

( II, V ('lion >- }\ c >- rn.o ^ H,() 

uH 

() 

> 0 ;) 

>- HCOH CO-fHa) 

(' 11:0 

>- CO-i-Ht 

Ntnrish,*'* however, Ix-lieves that this is not an adequate explanation, in that it 

•’* For thr formation of methyl alcohol and ethyl alcohol during the oxid.^tu>n of methane and 
elh.me, re»j>ectively. j»ee 1). M. Newitt and J. B. <»ardner. PrcK. Roy. Stw. 19.Vt). A1S4. .V29; But 
Chem. /9bs A, 19Jf>, 801; C'/icm. Abs., 19.16. 30. 4460. 

'' See al»o Carleton Ellis, “The Chenii»ir> of Petroleum l>rrivati\e»,“ The Chemical Cataloit Co.. 
New York. 1934. 

*=• However. Semenov (N. N, Semenov. Acta Physicockim. H'.R.S.S.), 19,14, 1, 11.1; Chrm. Abs. 
I9J5. 29, 6823) ret»ort» that the oxidation of ethane is not influenced hy surface-volume ratio. He 
su|{geiit<i further that the reaction in “douhU' heterogeneous." in that chain branching and breaking 
both take |dace on the walls equally, thus, efieettvely cancelling the influence exerted by surface. 

R. (j. W. Norriih, Proc. Roy. .Soc.. 19.1.S, AlSO. 36; Chem. Abs., 1935. 29, 4920; Bn/. Ckcm 
Abt. A. 1935. 1081. 

W. A. Bone and J. B. Gardner. Proc. Roy. S<*c., 1936. AI54. 297; Bnt. Chem. Abs A, 19.th. 
HOI; Chrm. Abs.. 1936. 30, 4461. See also. (arleton F'lli’*, '‘The ('hemi«tr> of Petiolenm i>eri\a 
tives." The Chemical Catalog ('o., Xew York, 1934. 

R, (i. \V. Norri-^h. loc. ctt. 
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does not account for the observed induction period, does not make provision for 
tlu* action of catalysts and antiknock compounds and is inadequate to explain the 
ctYect of surface in rtHlucini^ the observed induction period and also slowinjj the 
subsei]uent reaction. Finally, it leaves unexplained the observation that the igni¬ 
tion temperature of a given hydrocarbon-oxygen medium, under a given pressure, 
will vary when reaction tubes of different diameters are employed. 

Steacie and Plewes^® report the hydroxylation mechanism is useful to predict 
products formed, but they do not consider it is satisfactory as a kinetic mechanism. 
Their observations show, furthermore, that the addition of excess oxygen may 
retard the rate of reaction after the induction period has passed, although the rate 
normally depends on some fairly high power of the concentration of the organic 
substance. This, they believe, taken in connection with the known retarding ac¬ 
tion of high surface-volume ratio, indicates that the reaction depends on a chain 
propagated by active molecules. Any excess oxygen tends to act as an “inert” 
diluent, and collisions between active hydrocarbon molecules and oxygen atoms 
tend to break the chain. The principal ending of the chain takes place at the sur¬ 
faces of the vessel wall. However, since it has been observed that increased 
wall area decreases the induction period, though retarding the reaction once 
started, it is possible that the induction may involve a reaction between oxygen 
and, for instance, ethane absorbed on the surface of the reactor. 

As previously mentioned, Steacie and Plewes are of the opinion that the first 
step in the oxidation of ethane is dehydrogenation to ethylene. In substantiation of 
this, they point to experiments in which ethylene-oxygen mixtures were heated 
until the induction period was passed and then ethane was added. This did not 
result in a new induction period, indicating that chains begun by etbylene may 
be continued by ethane. The complete oxidation of ethane, they believe, proceeds 
as follows: 


C,H, + JO, 

C,H. 

1 1 

YY 

C,H 4 + H,0 (wall) 1, 1 .• • , 

C,H 4 + h! (in the 

C,H, 

->- 

C,H4* 

C,H,* + O, 

-^ 

C,H,0, 

C,H40, + C,H, 


CjH 4 * 4 - products 

C,H 40 , + O, 

->- 

products 

C,H 40 , + C,H4 

-^ 

C,H4* -f C,H4 -f H, 0 , 

C,H 4 * + surface 


C 1 H 4 (Chain ends.) 


(• Activated molecules). 


One of the principal objections to this proposal mechanism is the fact that the 
hypothetical peroxide has not been detected by observers.Steacie and Plewes** 
point out, however, that a substance suggested as the active agent in chain propaga¬ 
tion should be unstable to secure continuity of the chain. However, according to 
Norrish*® a further objection to this mechanism is that inert diluent gases do not 
exhibit the expected retarding action resulting from deactivation active mole¬ 
cules : 


C,H4 + A 


** E. W'. R. .Steacie and A. C. Plewes, Proc. Roy. Soc., 1934, A146. 583; Cktm. /Ibt 1915 29 
985; Brit. Chem. Ahs. A. 19.14. 1331. ... 

o Higher paraffins, however, do form detectable peroxides which are comparatively stable, when 
oxidtxed at the lower temperatures. Thus A. K. Plisov (Bull. soc. ckim., 1936. (5) J, 1274* CVtrm 
Abi., 1936, so. 7829) reports oxidizing a ('.roznv paraffin wax melting at 52*r. by passing* oxygen 
at the rate of 200 liters per hour through the liquid wax at 140* to I60*r. Active peroxides %^e 
found in the products which liberated iodine from potassium iodide, and oxidized ferrous salts. These 
peroxides were said to be stable to heat, A second class of peroxides was reported which were 
described as inactive, and did not react to the ordinary tests for peroxides. Both classes of per¬ 
oxides are decomposed, the investigator states, by reaction in the presence of acids or alkalies 

»E, W R, ^eaci« »n<l A. C. Pl,w«. Can. Cham. Urt.. 19J.. li. 217; C7,,S. aV 26 

»• R. Ct. W. Norrish, loc. nt. * ‘ * ' 
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where A represents an inert molecule incapable of taking part in the reaction, but 
serving to deactivate the activated molecules of the reactants by collision with 

them. This investigator has proposed a modification of the hydroxylation theory, 
which provides for the kinetics of chain reactions by the assumption that free 
radicals are produced. The existence and possibility of free radicals have been 
shown by many other workers, particularly in the field of high-temperature pyroly¬ 
sis of hydrocarbons.'*^® Norrish suggests, therefore, that the main series of reac¬ 
tions involved in the oxidation of methane is: 

O -f CH 4 -> CH,* -f H,0 + 48 Cal. 

CH,* -f }Ot H,CO -f 15 Cal. 

These are repeated indefinitely, since they are mutually self-sustaining. They 
are ended, however, in either of two ways, the first of which is a ternary collision: 

O + CH 4 + X —>- CH,OH+ X* + 88Cal. 

where X represents an inactive molecule which is activated by the collision. 
This reaction is the source of any methyl alcohol produced. Formaldehyde is, 

then, the primary product, and the alcohol will appear only as the result of such 
ternary collisions. Hence, it would appear in quantity only under high pressure, 
or when a high concentration of an inert diluent gas is present. The second type 
of reaction tending to terminate the chain is: 

0*4- surface -~~y- 

Norrish proposes that the induction pericKl represents the slow reaction of methane 
and oxygen molecules to yield formaldehyde and water, on the surface of the 
vessel, w'ith the result that increased surface speeds the induction. The for¬ 
maldehyde so pr(xiuced can he oxidized, at low tem|)eratures, to the fairly stable 
pcrformic acid, hut at the temperatures prevailing in slow oxidation of the hy- 
drocarfxm, he believes that formic acid and an atom of oxygen result. Much of 
the atomic oxygen will remain adsorbed on the surface of the vessel, but a con¬ 
siderable proportion will pass into the gases, acting as starting points for the 
chains. Thus, the complete reaction chain for ethane becomes: 


C 5 H 4 4 ^ <>s 

CHjCHO -f (), 
( )• C,H4 
CHaCH* 

This is ended by : 


>- 

>- 

>- 

>- 


CH,CHO 4- H,0 
CHjCOHH + O* 
CH,CH* 4- H,0 
CH,CHO 4- O* 


;• Induct if »n 


(\H4 4-()*4-X C%H 40 H 4 -X 

()• 4“ surfacx* >- JOj 

Secomlary reactions take place, breaking the ethane and its o\y deri\ali\e^ to 
methane and methyl compounds: 


CTIiCHO 4-0* K - >- CH* 4 - CO- 

CH 4 4-Cb y H,CO 4-11,0 


However, Norrish proposes a different series of reactions in the combu>tion of 
ethylene, as follows: 


C,H 4 4-Oj >- 2CH,0 4 -60 Cal. 

('H.O + 0 , - HC(X)H f O* 


which is ended by: 


0 *-hC,H 4 -f X >- C,H40 fX. 

• For 1 ditcutiiion of ittt radtcali. ^ Chipirr 2 , 
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Presumably, the compound C 2 H 4 O is vinyl alcohol, which is rapidly transformed 
into its isomers ethylene oxide and acetaldehyde: 


H—C=C-OH 
! I 

H H 

v’inyl alcohol 

It will be noticed that following this mechanism, acetaldehyde will not Ik? found 
as the primary product of ethane oxidation, but as an end prcxluct of the ternary 
collision in the ethylene oxidation. Norrish, however, reports that the aldehyde 
has been found in quantity among the products of ethane oxidation, but not in 
those from ethylene. Moreover, following this mechanism, methyl alcohol is 
unimportant in the oxidation of methane, and occurs only as an incidental product. 
According to Bone and Gardner,'-^^ methyl alcohol is a primary product, and they 
propose to modify the mechanism suggested by Norrish to the extent that methyl 
alcohol l>ecomes the source of the active methylene radicals, thus; 

CHaOH >- + 

CH4 -f- O* —>- CH5OH 

Bone and (iardner point out that all stable intermediates postulated in this mechaii' 
ism are found in (juantity by analytical procedures. 

Pease’"- studied the "ilow oxidation of propane, and from the results obtained, 
believes that the radical chain theory lK?st accounts tor the reaction. For this 
parafhn he prop^)S€s the following radicals: 


2 C 3 H 4 


CjH.* -h C 3 H, 

(), + C,H,* 


4- CH,0* 

CHaO* + C,H» 


CH.OH + C,H:* 

(^H;* 4- 0 . 


C,H4G 4- CH,0* 

C3H4() -f G, 

> 

HCHO 4-CO -K H,0 

> CH,0* -f M 

> 

X 

2 CiH:* 4- M 

>- 

Y 

CHaO* + CJIt 4- M 


Z 


where M may Ik* any molecule capable of comlnning with llie radicals as indicated 
to yield the pnxlucts X, V or Z, making the radicals ( Hd)- and C' 3 H 7 -- the 
active compounds in chain propagation. 

Fxperiments on propane oxidation carried out l)y Pease and Munro'-^* indi¬ 
cated that detectable amounts of a peroxide compound were formed during slow 
combustion. However, it was found that if the reaction tuln* was coated on the 
inside by a thin layer of potassium chloride, the j^roxide was almost completely 
destroyed. Still, the reaction under these peroxide-free conditions was not appre¬ 
ciably slower than that in the clean (i.e., potassium chloride-free) tuln?.-^ 

In conclusion, the work done with photochemical oxidations is of interest in 
understamling the mechanism of oxidation. Schumacher-*'^ rep^irts, for instance, 
that the photochemical oxidation of rubrene indicates that the molecule may undergo 
fluorescence, stabilization, or direct addition <if oxygen, after the absorption of 

W. A. Hone and J. B. (iardnrr, Prac. Roy, Soe., 19J6, A154, 297; Chem. Abs. 19'I6 JO 4461 
Hnt. them. Ahi. A. 1936. 801. 

=* R. X. Pease, J.A.L.S., 19.15, 57. 2296; Chem. Ahs., 1936. 30. 1356; Brit Cktm Abt A 
1936. 33. 

^ R. N. Pease and W. P. Munru, J.,i C S , 1934, 56, 2034; Chrm. Abs., 1934, 2t 7244- Brit 
Chem. Abs. A, 1934, 1329.^ ' * * ' 

•* See also Carleton Ellis, "The Chemistry of Petroleum Derivatives," The Chemical Cataloa 
Inc., New York, 1934. ^ 

• H. J. Schumacher, Z. Eiecirochem., 1936, 42, 522; Chem. Abs., 1936, 30. 7041 
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light energy. A stable peroxide can be formed either by addition of oxygen to 
the stabilized rubrene molecule, or by deactivation of the activated peroxide. In 
any case, he states, the photochemical oxidation of rubrene represents direct 
absorption of light energy by the reactant, followed by a non-chain process. On 
the other hand, the chlorine-sensitized photo-oxidation of methane, methyl chloride 
and dichloromethane are chain reactions, involving the formation of short-lived 
peroxides. The first two reactions (i.e., the oxidation of methane and methyl 
chloride) are markedly inhibited by an excess of oxygen, whereas the oxidation of 
dichloromethane is not. 

Effect of Temperature on Hydrocarbon Oxidation 

In the reaction between the normal paraffins and oxygen, there is a fairly sharp 
spent''neous ignition temperature. Estradere^® found this temperature of inflamma¬ 
tion becomes progressively lower as the number of carbon atoms in the hydro¬ 
carbon molecule increases. Working with the normal paraffins from pentane 
through decane, and the higher homologues dcKlecane, tetradecane and hexadecanc, 
thi> worker noted that the temperature of ignition for such hydrocarbons could be 
related by the expression T = 192 -h 756 /m, where T represents the temperature 
of ignition in degrees Centigrade, and m the numl^er of carbon atoms in the hydro¬ 
carl urn molecule. T was experimentally determined in the instances listed above 
by gradually raising the tem|)crature of a mixture of the hydrocarbon with oxygen 
until a sudden, sharp rise indicated the ignition of the mixture. 

\kita,-‘ studying the similar problem of reaction temi)eratures, determined 
the “reacti<»n starting temf>erature‘’ by heating an oxygen-hydrcKarbon mixture 
under constant volume conditions. The temperature at which a sudden abnormal 
increase in pressure occurred was taken as the point at which oxidation actively 
started. This investigator reported that for each normal hydrocarbon or alcohol, 
a series of reaction temperatures coultf l>e detected, the numl)er of successive 
|>oints l)eing etjual to the numlier of carbon atoms in the original molecule. Each 
succeeding abnormal pressure increa.se occurred at a temperature slightly higher 
than that of the preceding pressure rise, and at a temperature corresponding to 
the ‘ reaction starting temf>erature” of the next lower normal hydrocarbon. An 
analogous series of reaction temfK*ratures was detected for each of the normal 
alij)hatic alcohols. 

The same tyjx* of experimental prtKedure was applied to the study of the oxi¬ 
dation of aromatic hvdrocarlxins of the lienzene and phenol series, but with these 
compounds no such series of reaction temperatures could be detected. 

(iieb and Harteck*” have reported a study of very low (liquid air'l tempera¬ 
ture oxidation reactions. These workers report that additive reactions, in which 
a stable cotnpound can arise by the increase in valency of an atom of a second 
stable compound, occur with difficulty. However, addition occurs readily at low* 
temperatures in the case of compounds having unsaturated bonds, or in which the 
subsidiary (and higher) valence is chemically active. Nevertheless, the union 
is apt to be so unstable as to form compounds unknown at room temperature. 
An additive product of ethylene and oxygen was found which decomposed at 
— 110 ®C. to yield ethylene oxide, formaldehyde, acetaldehyde, carbon dioxide, and 
other liquid products. A similar treatment of acetylene resulted in carlK>n monox- 

F'strtiterr, Compt. rend., 1936, 202, 217; Ckem. Abs,, 1936, SO, 2093; Brit. Chem. Ahs. A, 
1936, 432. 

•» V^ AkiU, /. FnW. Site., /npam, 1934, IS, 19; Brit, Chem. Abs. B, 1934, 487; i hem, 1*334, 

20, 4.^80. 

K. H. Clrb Knd P. Hirteck, Brr., 1933, 60, 1815; Brit, Chem, A, 1934, 157; Chem, Abt,, 
1934, 28. 983. 
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ide, ethylene glycol, formic acid, carbon dioxide, and water. Carbon monoxide 
adds oxygen only to a slight degree (1.3 per cent) to form carbon dioxide. Mono- 
and dimethylamine readily combine with atomic oxygen. At — 80® benzene gives 
a colorless, glassy material which decomposes into carbon monoxide and dioxide, 
formic acid and water. 

Oxidizing Agents Other Than Oxygen 

Oxygen, particularly that in the atmosphere, has a great economic advantage 
over any other oxidizing agent, where it is applicable. However, various other 
oxidizing agents are of importance, especially the oxides of nitrogen. These latter 
compounds are reported to be useful in many instances as catalytic agents in 
processes employing air. According to Serbinov and Neiman,^® the velocity of re¬ 
action between oxygen and ethane is increased several-fold by the addition of 
traces of nitrogen dioxide. Experiments were conducted with the reactants at 
a temperature somewhat below 500®C. and under 100 mm. pressure. It was found 
that the reaction velocity was higher, although the autocatalytic character of the 
normal oxygen-ethane oxidation was eliminated. These investigators did not be¬ 
lieve that any direct interaction took place between the nitrogen compound and the 
hydrocarbon, but rather that the nitrogen oxide .served to activate the oxygen 
present, according to the following series of reactions: 

N0,® + 0, NO,-fO/ 

O,®-h > C,H,(), 

O,® -f O, —>- 20, (chain ends.) 

They suggest that a chain length of 1(X) may be possible in the complete reaction. 
James^ described a method of oxidizing petroleum pro<lucts using nitric acid, and 
the nitrogen oxides produced from it, as catalysts. In an example, he cites using 
a w'ax distillate which was atomized and injected into a reaction glol>e, maintained 
at 85® to 88®C. Simultaneously, nitric acid (1650 cc. of 70 per cent acid per 
1100 cc. of wax distillate) w'as atomized and injected. The acid was recovered, 
to the extent of 85 per cent, in the liquids drawn off at the end of the reaction. 
The recovered oil containing oxidized substances (about 27 per cent of carboxylic 
acids) represented 95 per cent of the hydrocarbon injected. The operation w'as 
carried out at temperatures of 72® to 120®C. The inve.stigator suggests that the 
mechanism involved the reduction of the nitrogen pentoxide, with oxidation of the 
hydrocarbon, and the subsequent regeneration of the higher nitrogen oxide by re¬ 
action with oxygen of the air. The oxide of nitrogen thus acts more in the role 
of carrier than catalyst. 

Platonov and Shaikind,^^ however, investigated the oxidation of various hydr<»- 
carbons using nitric oxide as the oxidizing agent, rather than as a catalyst. In 
these experiments propane, hexane and heptane as well as gasoline (boiling from 
63® to 77®C.) vapors were passed over catalysts in ratios from 1:1 to 1:3.5 with 
nitrogen monoxide. Various mixtures of aluminum, cerium and thorium oxides 
were used as catalysts (with and without carriers), also platinum black and vana¬ 
dium pentoxide deposited on ceramic rings. When the milder catalysts (aluminum, 
cerium and thorium oxides) were employed, there were found some primary 

*A. I. Serbinov and M. B. Neiman, compt. rend. acad. td. (V.S.S.R.), |9.U 2 297- Bril 

Chem .lbs. A. 1934, 737; Ckem. Abi., 1934. 2i. 5321. ... 

"J. H. James U.S.P. 2.009,663. July ,10. 1935. to C. P. Byniri.; Brit. C/irm Ahs. B. 1936 

6S3; Chem, Abs., 1935. 29, 6416. Sec alao U. S. P. 2,009.662 and 2,009,664. Jwlv 30 JVIS Chem 

Abs., 1935. 29. 6416; Brit. Chem. Abs. B. 19.16. 6«3. . . v rm. 

M. S. Platonov and S. P. Shaikitid, /. Gen. Chem, {V.S.S.R.), 1934, 4, 434- Chem Abs 
1935. 29. 1769; Brit. Chem. Abs. A. 1934. 1329. ' ' 
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nitro compounds, sometimes primary amines, and considerable amounts of am¬ 
monium carlKMiate mixed witli ammonium nitrate and nitrite in the products. 
A small proiK)rtion of the hydrocarbon was decomposed, forming unsaturated com¬ 
pounds and carbon dioxide. The ammonium carbonate is evidently the result 
of the union of ammonia (from the reduction of nitrogen monoxide) with water 
and carbon dioxide (from the oxidation of the hydrocarbons). The mechanism 
of the formation of the nitrates and nitrites was not clear, however, since air 
was excluded from the reaction zone. Employment of platinum and vanadium- 
pentoxide catalysts gave no organic nitrogen compounds, the chief products con¬ 
sisting of carbon monoxide, carbon dioxide, water, and free nitrogen, while most 
of the hydrocarbon remained unchanged. In none of the experimental runs was 
there any noticeable formation of organic acids, while nearly 30 per cent of the 
hydrocarbon was burned to carbon dioxide and water, with a considerable pro¬ 
duction of unsaturated compounds accounting for a major portion of the remainder. 
Addition of water vapor to the reactants increased thermal decomposition of the 
hydrocarl>ons without increase in the formation of organic acids. On the other 
hand, it has been reported^^ that the oxidation of hydrocarbon gas with nitrogen 
oxides may be controlled to yield hydrocyanic acid. High temperatures are needed, 
it is said, temperatures in the range of 1200® to 1400®C. being recommended. The 
mixed hydrocarbon and nitrogen oxides, together with a diluent such as nitrogen, 
carbon monoxide, or water is passed over platinum, platinum-rhodium or platinum- 
palladium catalyst at a temperature between 800® and 1400°C. but best betw^een 
1200® and 1400°C.. as previously mentioned. 

Steacie and McDonald^^ investigated the reactions involved when nitrous 
oxide (NoO) was used as the oxidizing atmosphere in place of oxygen. Tests were 
made with methyl alcohol, ethylene, acetaldehyde, phosphine and carbon disulphide. 
Their results indicated uniformly higher ignition temperatures in the nitrous oxide 
atmosphere than in oxygen. W ith ethylene, the oxygen atmosphere reacts at a 
measureable rate at 300® to 450®C. On the other hand, nitrous oxide-ethylene 
mixtures interact only slowly at 530®C. With methyl alcohol, too, nitrous oxide 
reacts only at a much higher temperature (500® to 750°C.) than is required for 
the oxygen-methanol reaction. The temperatures required for acetaldehyde oxi¬ 
dation were even more widely separated. This aldehyde reacts with oxygen at 
60° to 120®C., but with nitrous oxide a temperature of 450°C. was required. In 
the latter instance a very appreciable portion of th^ acetaldehyde disappearing was 
not oxidized, but thermally decomposed. 

Various organic nitro compounds also serve as oxidants in certain reactions. 
Martin and Flctcher^^ report that aromatic nitro compounds such as the nitrobcnzoic 
acids, nitrobromol)cnzenes and nitroanilines. for instance, will oxidize benzyl 
alcohol to benzoic acid, the yield varying with the temperature, alkalinity and 
nature of the nitro compound employed. The latter was, in no case, reduced to 
the primary amine. Either the azo, azoxy or bydrazo compound resulted. Zhu¬ 
kov*^ suggested using the salt-like bodies formed by aldehydes and ketones wdth 
nitric acid as oxidizing agents. Such Ixxlies are obtained by dissolving the par¬ 
ticular oxygenated compound chosen (e.g., camphor, menthone, cinnamic alde¬ 
hyde) in strong nitric acid, slightly more than one molecular proportion of the 
acid being employed. The solution is cooled, and the crystalline precipitate sepa¬ 
rated. To effect oxidation, the organic compound to be treated is dissolvetl in 

•* Britifh P. 446.277, 19.14. fo E. I. du Pont de Nrmoun 9t Co.; Brii. Ckem. Jbs. B, 1936. 1150. 

• E. W. R. Sicacic and R. D. McDonald, Ca*i, J. Rete^ck, 1935, 12, 711; Chtm. Abs., 1935, 
If, 5727- Brit. Chem. Abs. A. 1935, 1213. 

•• E. I.. Martin and W. A. Fletcher, Trtns. Ksmsss Ac^d. Sci., 1934, 37, 135; Chtm. Abs, 1935, 
29. 2940. 

Zhukov, German P. 206.695, 1907; Ckem Abt , 1909. 3. 1R03. 
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the (molten) nitrate thus obtained, and the mixture allowed to react for some 
time at ordinary temperatures. The proilucts are recovered by washing with water 
to separate the freed nitric acid. 

Hydrogen peroxide has been an important oxidizing agent, and may fre¬ 
quently be used in studying the constitution of an organic compound by oxidation. 
Giacomello and Mascarello^** investigated the oxidation of the lower aliphatic 
acids in this way, and report that reaction takes place in several stages, with 
ultimate formation of carbon dioxide. The radicals liberated from the functional 
carbon atom which forms carbon dioxide, either form hydrocarbons or ref)eat 
the cycle with oxidation to alcohols, aldehydes and acids. Dupont and Dulou^" 
report oxidizing cyclohexene in an ether solution of hydrogen peroxide, using 
osmic tetroxide as catalyst. In anhydrous ether, the reaction is \ery >low. the 
investigators state, and the products consist largely of acetaldehyde and acetic 
acid. The solvent is more readily oxidized than the cyclohexene. However, 
in methanol, ethanol, butanol or benzene solutions, cyclohexene is easily oxidi/e<l to 
cyclohexanediol. 

The activity of ozone as an oxidizing agent is well known hut, according to 
Briner and Carceller^** it can act also as a catalyst in bringing about oxidati<Mi. 
Below 150°C. butane and i>entane are oxidized to a very flight extent by oxygen, 
though in the presence of ozone appreciable proportions of aldehydes and acids are 
formed. At higher temperatures, ozone appears to function catalytically to bring 
about combination of the hydrocarl>on with oxygen in the diatomic state. When 
ozone is not present, a certain amount of oxygen is found fixed in the recovered 
oxidation prcKlucts. With ozone present (imder conditions otherwi^e identical) 
the quantity of combined oxygen is greater than that repre>ente<l l>y the ozone 
consumed plus the amount that would have been fixed bad no o/one l>t»en jiresent. 
This difference was taken to represent diatomic oxygen which bad been brought 
into combination by the catalytic activity of the ozom*. 

Perhaps selenium dioxide is one of the most interesting of the other oxidizing 
agents used. It displays peculiar selectivity in its oxidation reactions, in some 
cases attacking unsaturated compounds at saturated carbon atoms once, and even 
two successive times, without affecting the double bond.^'* 'fliis dioxide is a 
relatively vigorous oxidizing agent, according to Astin, .Moulds and Rileypar¬ 
ticularly at high temperatures, and it is therefore someuliat surprising that un¬ 
stable, highly reactive compounds such as mesoxalic ester and ketohydrosuccinic 
ester can be prepared through its agency. Intermediate compf>unds may form an 
important part in the mechanism, and in support of this \ iew unstable organoselen- 
ium compounds have lK*en isolated. However, the iinestigators mentioned believe 
that the explanation is to be found in the reactions of the selenium atom itself, 
rather than in the oxide molecule. One peculiar manifestalion of the oxidizing 
powers of this selenium oxide is disjilayed by flames being profiagated in an 

^ Ct, Giacomello an^i G. Maacarello, Cass. chim. ital., 19J4, 64, 96H; Chem. Abs., 19.15, 29, JJO.i, 
Brit Chrm. Abs. A. 1935, 472. 

G. Dupont and R. Dutou, Compt. rend., 1936, 203, 92; Brit. Chem. Abs. A, 1936, 1238; Chem 
Abs., 1936, 30. 8179. 

K. Briner and J- Carccllcr. Helv. Chim. Acta, 1935. 18, 971; J. Inst. /’<•/, Tech.. 1936. 22. 

Chem. Abs., 1935. 29, 6130. See also E. Briner, J. Carccllcr and I. Adler. Swiss V. I82.9.S7, 
1936; Chem. Abs., 1936. 30. 8240. 

** A. Guillemonat, Compt. rend., 1935, 200, 1416; Bnt. Chem. Abs. A, 1935, 852; Chem. Abs . 
1935, 29, 5085. Compt. rend., 1935, 201. 904; Brit. Chem. Abs. A. 1936, 51; Chem. Abs.. 1936 30 
i357. See Chapter .39, 

S. Astin. L. de V. Moulds, and H. L. Riley, J.C.S., 1935, 901; Chem. Abs., 1935, 29 6574* 
Brit. Chem. Abs, B, 1935, 1231. See also: S. Astin and H. 1.. Riley, J.C.S., 1934, 844 >’ Chem 
Abs.. 1934, 28, 5409; Brit. Chem. Abs. A, 1934, 869; S. Astin, A. ('. C. Xewmann and H f Rilev 
J.C..S., 1933, 391; Chem. Abs., 1933, 27, 3193; Bnt. Chem. Abs. A, 1933, 591; 11 I Rdev and 
S. A. r. Friend. J.C.S.. 1932, 2342; Chem. Abs.. 1932. 26, 5903; Brit. Chem. Abs. A 1932 1108 
H. L. Riley, J. F. Morley and N. A. C. Friend, J.C.S., 1932, 1875; Chem. Abs., 19*32 26* 4305* 
Brit Chem. Abs. A, 1932, 833. ' * * 
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atmosphere of selenium dioxide vapor. Ammonia, carbon disulphide, hydrogen 
sulphide and a large number of organic compounds burned in this way all give 
flames producing similar spectra which are characteristic of selenium and selenium 
dioxide, but not of the compounds undergoing oxidation. This phenomenon, it 
was believed, indicates that the selenium compound possesses the property of 
providing compounds undergoing combustion with oxygen atoms in a very low 
energy state. If the dioxide retains this property at lower temf>eratures (e.g., 
those temperature ranges in which it displays its specific oxidizing reactivity ) 
then it is understandable that certain unstable compounds can l>e formed. As an 
example of this selectivity, Riley"*' reports that selenium dioxide will oxidize 
a methyl group adjacent to a carbonyl group. Thus, pyruvic aldehyde may l)e pro¬ 
duced from acetone, or, hydrated phenyl glyoxal may be obtained from aceto¬ 
phenone : 
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Kleclrolylic o.xidatioii of hydrocarbons has been difficult, and not generally 
attended by great succes>, since tlie hydrocarbons are n(>t electrolytes, and must 
be emulsified with an electrolyte. However, a suggestion made by Hultman^- offers 
an indirect electr<dytic method which is said to overc(une this difiicully. 'Die in¬ 
vestigator i)rof)oses that an apparatus be constructed holding sulphuric acid in a 
lower chamlHT. and hydrocarbon in the upjK'r chandler. In the lower chamlK-r 
a platiitum attode ( water cfMiled ) is set under a glass cup, or funnel, which is car¬ 
ried on a tube running up tlirough a division membrane to the upper chamber. 
lead sheet surrounding the anode and inverted cup serves as cathode. On ])assing 
current In'tween the electrolytic poles, the release of active oxygen at the anode 
serves to pr<Mince various highly oxidized sulphur acids, such as persulphuric acid, 
Caro’s acid, as well as forming free oxygen, some ozone, and hydrogen i>eroxide. 
The release the free gases causes a vigorous bubbling in the confined region 
tmder the gla^s cup, and the rising bubbles carry the highly oxidized acids with 
them, into the hydrocarlx^n chamber. .\ vigorous action is reported to take place 
here, giving the apix'arance of rapid Ixnling. The six'nl acid settles back through 
the hydrocarbon to a pipe which permits its return to the electrtdyzing chamber 
Ik'Iow. (See h'ig. 1^8.) 

Hy means of the water-cooling coils, the temperature of the electrolyte is 
maintained near 23°C. According to llultman, under these conditions vigorous 
oxidation results, but the low temperatures permit the stability and recovery of 
the prcKlucts. Saturated compounds can l)e oxidized in this manner to acids, alco- 
hf)ls, aldehydes and ketones. Unsaturatecl hydrcKarlHms yield either similar com- 
IKHinds, or glycols and their oxidation prcxlucts. For example, a j)etroleinn ether 
(uncracked) consisting largely of pentane, hexane and heptane was oxidizeil by 
this methoil, and at the end of three to five minutes, the pnxiuct contained butyl, 
amyl, hexyl and heptyl alcohols. After running for 10 to 15 minutes, the corre- 

“ H. t. RiU>. U. S. P. 1.955.890. April 24, 1934, to Imperial Thrmio-d Indu^trir-*. T.td ; Chem 
, 1 h,i . 19 .U. 28, 4or»7, 

\V. Huttman, U. S. P. 1.992,308. U. S. P. 1.092J09. and I’. S. P. 1 . 9 Q:. 310 . FrU io. 1935, 
llultman and Powrll Corp. ; Chrm. Jhj., 19 V5, 29. /?rif .fht. B. 



854 


CHEMISTRY OF PETROLEUM DERIVATIVES 


sponding aldehydes were reported to be present in the electrolyte in considerable 
amount. After half an hour, fatty acids corresponding to these hydrocarbons were 
found in about 5 per cent concentration. When a cracked petroleum ether (boil¬ 
ing from about 40® to 70®C.) was used as the starting material, dihydric alcohols 
were produced. Continued oxidation yielded aldehydes and acids of a lower num¬ 
ber of carbon atoms. A cracked gasoline furnished butyric and higher acids as 
well as higher glycols and their oxidation products. Hultman reports that catalysts, 
such as cerium sulphate, may be employed in addition to the electrolyte. It was 
further pointed out that the necessary factor in this method is that there be the 
shortest i>ossible time interval between the production and utilization of-the highly 



Fi(.. 198. 

Apparatus fur Electrolytic 
Oxidation of Liquid Hy¬ 
drocarbons. (E. W. Hult¬ 
man ) 


oxidized sulphuric acids. A mixture of sulphuric and persulphuric acids (made 
by reacting potassium persulphate and sulphuric acid) is practically ineffective. 

Peroxides in Gasolines and Oils 

Although it has not been shown that the peroxides of the lower hydrocarbons 
can be isolated, the naphthenes and higher olefins do form comparatively stable 
peroxides. These latter compounds arc generally powerful oxidizing agents, and 
serve to bring about the formation of gums and colored substances in gasoline and 
oils.^^ The naphthenes appear to be particularly prone to give peroxides, some 
of which are suflficiently stable to be concentrated to a considerable degree. Thus, 
Ivanov^^ reports oxidizing cyclohexane in the vapor phase at 316® to 370®C., in 
the presence of air, to an extent that yielded 6.5 grants of crude peroxide from 
25.5 grams of cyclohexane. This required al>out ten hours. The crude product 

•• See Chapter 40. 

♦•K. J. Ivanov, /. Gen. Chem. (U.S.S.R.), 1936, 6. 470; Chem. Abs., 1936, 30. 6344; Brii. Cbem. 
Abe, A. 1936, 975. * 
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decomposed very rapidly on standing at room temperature, in the presence of light, 
to give about 52 per cent active oxygen. It could not be distill^ (under 2 mm. 
pressure of nitrogen, at a maximum temperature of 170®C.) without decomposi¬ 
tion. However, it was possible to remove volatile impurities, and water, by sub¬ 
jecting the crude product to 3 mm. pressure. The purified product was more stable, 
and released a greater proportion of active oxygen. By fractionation with di¬ 
ethyl ether, the material was separated into two substances. Analyses and mole¬ 
cular weight determinations indicated the empirical formula C 7 Hi 407 for the 
soluble fraction, and C 7 Hi 40 (j for the insoluble portion. These compounds were 
Ix-lieved to be (H00)2CeH»00CH20H and HOOQHofOHjOOCH.OH, re- 
sf>ectively, from their reactions. It was thought that they resulted from the con¬ 
densation of formaldehyde (formed during oxidation) with a peroxide of the 
formula C(jH 9 (OOH) 3 . 

Candea and Cristodulo'*® studied the oxidation of a light gasoline derived from 
a Rumanian Moreni crude oil, and compared the products obtained with those 
derived from the oxidation of pure cyclohexane, pinene, benzene, and mixtures of 
hydrocarbon fractions extracted from the original oil. Cyclohexane, and especially 
pinene, promoted the formation of peroxides at 320®C., while the aromatics were 
not only harder to oxidize, but retarded the development of peroxides. Oxidation 
of the pinene gave rise to gummy materials. The conclusion that naphthenes 
generally promoted peroxide formation (as did also pinene) while benzene and 
aromatics minimized this reaction appears to be confirmed by the work of Cher- 
nozhukov and Krein^® with heavier hydrocarbon materials. These investigators 
worked with lubricating oils, and reported that an oil containing naphthenes and 
15 to 20 per cent of aromatic hydrocarbons with paraffin side-chains formed no 
precipitate on oxidation, though the acid content increased due to oxidation of 
the side chains. In such material, the course of oxidation is the same as in the 
absence of naphthenes. However, if less than 10 per cent of aromatics is present, 
oxidation prcKeeds as in the case of purely naphthenic material. When an oil 
contained as much as 5 per cent of hydrogenated aromatic hydrocarbons, a precipi¬ 
tate formed on oxidation. The latter was found to consist largely of hydroxy 
acids, asphaltenes and carbenes. At higher concentrations of the hydrogenate<l 
aroinatics, the insoluble bodies are almost entirely hydroxy acids. Aromatic tarry 
substances did not affect the oxidation, although naphthene-tars accelerated it. 

It is believed by many investigators that the cause of autoxidation is to be 
found in the production of active peroxide substances. This autoxidation is a 
problem of considerable industrial importance, as it affects the storage of gasoline, 
the reactions of lubricating oils, the aging of rubber, gum deposition, and in many 
other ways affects the handling and usage of hydrocarbon materials. Autoxidation 
can be to a large extent controlled by the use of antioxidants, the choice of which 
being dircctetl by the conditions under which it must serve. Dufraisse^^ has shown 
the antioxidant effect of an ether solution of hydroquinone on an unsaturated ma¬ 
terial such as .sheet rubber. If one portion of a sheet of this material is dipped into 
the ether s<dution, and another portion is not, natural aging will harden the un¬ 
dipped portion, making it brittle and friable, while the dipped portion, protected 
by the antioxidant, remains pliable.^® I^ercr^® has derived equations representing 

Candea and N. Criatodulo, Bmit. Sci, tEcaU P^yt. Timisoara, 1934, 5, 233; J. Inst. Prt. 
Tech., 1935. 21. 135A; Cham. Ab$., 1935. ft, 8304. 

••N. I. CliernothukQv and S. E. Krein; J. Applied Chrm. iU.SS.R.), 1935, t. 251; Cktm. Abt., 
1935. 29, 7057: Brit. Cktm. Ats. B. 1935. 711. 

C. Dufraiaae, BuH. moc, mcour. ind. natl., 1934, ISS. 107; Chrm. Abs., 1934. 28. 3615. 

^ The general ditcuaaton of antioxidantt. and the conditiona covering their utilisation and choice, 
wilt he found in Chanter 40. 

••K. I.. I.ederer. Prtroiemm Z., 1935, SI. No. 44, 1; Brii. Ckrm. Abs. B, 1936, 10; Ckrm Ahs., 
19.36, 18. 2734. 
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the rate of oxidation on either of two proposed mechanisms; that involving the 
absorption of an atom of oxygen, and that in which a molecule of oxygen is 
absorbed with the formation of a peroxide. The plot of time versus oxygen ab¬ 
sorbed should, on purely theoretical grounds, be parabolic in the first case, and 
sigmoid in the second type of reaction. Experimental work indicated that reac¬ 
tions of the second type ( peroxide formation) occur as the main ones with com¬ 
pounds containing two or more double bonds, and an active hydroxy or carboxy 
group, or a branched chain. Aromatic compounds with alkyl side chains possessing 
these characteristics react in a similar manner. In general, the reaction coefficient 
increases with increasing molecular weight, and the terpenes show the highest 
reaction rate of any hydrocarbons. A knowledge of oxidation characteristics is 
important in evaluation of transformer and lubricating oils, but determinations of 
the reaction velocities are cumbersome and unsatisfactory. It is usually sufficient 
to determine the “oxidation number.” i.e., the amount of oxygen which one gram 
of oil will absorb in 100 minutes at 100®C., since in almost all cases the oxygen 
absorbed-time curve is nearly linear. 

Of the various types of mineral oils, the super-refined mineral white oils 
absorb most oxygen at 110°(.\. according to Muller.^ Tests were made on various 
transformer oils at this temperature during periods up to 5CK) hours, though most 
of the tests were concluded at the end of 4(X) hours. It was found that the white 
oils absorbed by far the largest (|uantity of oxygen (40() to 10,(KK) cc. \k'v 
100 cc. of oil), the partially refined oils absorbed least, approximately 70 to 170 cc. 
per 100 cc. of oil, with the slightly refined oils intermediate, absorbing KK) to 250 
cc. per 100 cc. The addition of a catalyst ( copper stearate) increased the absorp¬ 
tion in the latter two oils, but had little effect on the white oil. Tlu* products at 
the end of 400 hours consisted (in order of decreasing amount) water, non¬ 
volatile saponified matter, ketones, fixed acidity, alcohols, and volatile acidity. 
Though peroxides formed in the early stages of the oxidation, at the end of the 
test period ( w hen the oil was cooled ) none was found. 

The Tech.nical Oxidatio.n of Hydrocar bo .vs 

General Considerations. In technical proces>es for the partial oxidation of 
hydrocarbons, air or oxygen is most widely used as the source of oxygen, and 
natural or cracking gases frequently furnish the hydrocarbon material. Oxitlation 
of the high molecular weight hydrcKarbons of paraffin wax to carboxylic acids 
has attracted considerable attention. Perhaps because of the extreme flifficulty of 
separating the complex compounds produced, petroleum hydrocarbons of the middle 
range (fuel oil and higher) have attracted somewhat less intercNt heretofore. 

As Newitt and Townend^* have pointed out, both natural and cracking gases 
contain upwards of 80 per cent of paraffin hydrocarbons, chiefly methane and 
ethane, with smaller proportions of olefins, higher paraffins, hydrogen, carl>on 
dioxide and nitrogen. The enormous quantities of these gases available make 
them an attractive source of oxygenated compounds. 'I'hat such operations can 
be economic is indicated by the work of these investigators on oxidizing ethane at 
272®C. under 100 atmospheres pressure. Over 71 per cent of the carbon of the 
ethane consumed was found in the condensed products, which had the following 
con position: 

»«G. Muller. Compt. rend., 19.15, 200. 1769; Chrm. Aht.. 19.15. 29. 5255; lint Chem. Abi B. 
1935, 709. 

** D. M. Newitt and D. T. A. Townrml. World Petroleum Coo(jr., London, Proe 19.1.1 2 M7‘ 
Chem. Abf., 1934, 2t, 4871; /. tnsi. Pet. Tech., 1934, 20, 252A. . . . 



OXIDATION OF PETROLEUM HYDROCARBONS 


857 


Ethyl alcohol... 

51.0 Per Cent 

Methyl alcohol.. 

. 28.0 

Acetaldehyde... 

. 11.1 

Acetic acid. 

9.0 

Formaldehyde. . 

0.3 

Formic acid. . . 

0.6 


100 0 


The principal considerations involved in technical partial oxidations of these 
hydrocarbons are the necessity for rigid heat control and the danger of explosive 
mixtures.^^ At room temperature and atmospheric pressure, mixtures of oxygen 
and methane containing between 6 and 58 per cent of the latter are explosive. At 
the higher temperatures employed in slow combustion these limits are further 
widened. The control of the temperature of the reaction must also take into con¬ 
sideration the great amounts of heat liberated according to the following equations: 

2C\U TO, 2CH,()H T 2 X 29.730 calories. 

2CH,()H T O. 2CH,f) -f 2 H 5 () + 2 X 20,640 calories. 

2CH,() -f (b >- 2HC()()H . 4 - 2 X 81.540 calories. 

Since the formation of methyl alcohol and formic acid (from methane and 
oxygen) results in a decrease in \olume, and that of formaldehyde is accompanied 
by an increase in v(»lume, increasing the pressure tends to displace the equilibrium 
in favor of the alcohol and the acid. High temperatures accelerate all three reac¬ 
tions and lead to complete oxidation to carbon dioxide and water. Hence, tem¬ 
peratures as low as possible, with high pressures, favor the development and sta¬ 
bility of the alcohol. h'rf)m the kinetic standpoint, high pressures wcmld tend to 
accelerate the reaction'', as uould high tenqx*ratures. A certain degree of heat 
would 1 h‘ necessary to cause the reaction velocity to reach a practicable value, but 
the temperature must then he limited fairl\ closely. This effect may be obtained 
in a number of ways, hut the use of high sj)ace velocities in the reaction chand>er 
is, i)erhaps. one of the smiple'<t. 

Due to the close relationship Ix'tween tem{H*rature and pressure in reactions of 
this type, the in\estigators could not entirely sej)arate the effect of the two factors. 
Therefore, in studying the effects of presMire. a wide range was tested, employing 
in each case a temperature previously ascertained a-' the optimum for obtaining 
li(|uid products. I'lie results so obtaiiual (see 1 able 1751 indicated the result 
of etiiploying increased pressure. 


I aiii.k 175 .- Effect of Pressure on Liquid Prodiut Yirid. 


Initial 

Reaction 

Liquid Prcxlucts in Per Cent of 

Pressure 

Temperature 

X\ 

Carbon of Hydrocarbon Consumeii 

(Atmospheres) 

8 ICH 4 T lot), 88 4CtHt T 11 6 t^ 

10 

400 

1 1 

15 

315 

41 8 

25 

385 

5.46 

48 

373 

14 5 

50 

294 

— 39 1 

75 

279 

- 46 0 

100 

270.5 

~ .SO 4 

149 

341 

19 6 


The cx[>crinienls conducted in the circulatory system unit generally contirmed 
the results obtained statically. Thus, with the* 10 per cent oxygen concentration 
in ethane, at 260 to 270®C., under 50 atmospheres pressure, the reaction took place 
slowly. A yield of a clear, water-soluble condensate containing 70 per cent of 

•• See Chapter 44. 
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alcohols, and 20 per cent of aldehydes, with small quantities of acetic and formic 
acids resulted. By varying the rate of circulation, the ratio of methyl to ethyl 
alcohol could be varied between comparatively wide limits, although the total 
aldehydes and acids remained comparatively constant. 

Wiezevich and Frolich®^ reported an extended study of the partial oxidation 
of the saturated hydrocarbons of natural gas. It was found that methane (from 
natural gas) reacted with oxygen at temperatures near 500°C., though at higher 
temperatures, the tendency was toward the pro<luction of carbon oxides, rather 
than oxygenated derivatives. Of the products formed, methanol was present in 
preponderance, generally in quantities three to eight times the amount of formal' 
dehyde. Some formic acid was produced as well as considerable amounts of water. 

Since propane is liquid at normal temperatures at the high pressures employed, 
advantage was taken of the fact that oxygen is relatively soluble in the liquid 
propane. By saturating the liquid with air, an automatic control of the oxygen- 
hydrocarbon ratio below the explosive limit was maintained. Experiments indi¬ 
cated that the ideal conditions for the production of alcohols from propane were 
pressures above 130 atmospheres (up to 200 atmospheres, though higher pressures 
did not increase the formation of alcohols tp a noteworthy extent), temperatures as 
low as practicable, time of reaction under 10 seconds, and oxygen concentration 
as high as the limits of explosiveness permitted. A representative reaction at 
350°C. under 170 atmospheres pressure, in a steel tube, using 7.0 per cent oxygen 
concentration gave the results shown in Table 176. 


Table 176 .—Oxidation Products of Propane. 


f^roduct 

Acetaldehyde (and formaldehyde). 

Acetone. 

Methyl Alcohol] 

Ethyl Alcohol Upproximate ratio of 13 4:8:5 2 
Propyl Alcohol j 

Butyl alcohol. 

Acetic acid (containing formic) . 


Per CVnt (if Oxygen 
Converted to Compounds 
0 4 
2.3 

26 6 

0.7 

4.1 


Total Useful Products 

Carbon Dioxide. 

Carbon Monoxide.. . 

Water. 

Unconverted oxygen 


43 1 
10 1 
9 7 
30 7 
7 0 


Variation of the propane-oxygen reaction with pressure was studied in a 
reactor immersed in a lead bath. A 6 per cent oxygen concentration and a long 
contact time were employed. The results showed that increase in pressure lowers 
the temperature at which appreciable reaction occurs. (See Table 177.) 


Table 177.— Variation of Propane-Oxygen Reaction Temperature with Pressure. 


Pressure 

Atmospheres 

150 

67 

53 


Reaction Temperature 
°C. 

112.8 
143 8 
151.7 


A circulatory flow system was developed for the production of acids from pro¬ 
pane, the apparatus Ixring so arranged that the acids were removed by neutralization, 
and the remaining products recirculated until they too were converted to acids. The 


•• P- i. Witizevich and P. K. FroUch, tnd. Eng. Chtm., 1934, 26, 267; Chem. Abi,, 19J4. 26 . 
2249; Bnt. Chem. Abi. B, 1934, 491. 













OXIDATION OF PETROLEUM HYDROCARBONS 


859 


propane-oxyg;en mixture was reacted at 400®C., then passed to a neutralizer and 
separator. The non-acidic procUicts, and unreacted hydrocarbon, were returned for 
further reaction. 'I'hc yiehls. in terms of liters |kt thousand liters of liquid pro¬ 
pane, per pass were: 


Acetic acid. 1.5 

Formic acid. 1.1 

Intermediate products (remaining in system after run). . 8.0 

Formaldehyde. 0.4 

Propane lost as CO and CO*. 7.0 

Water. 9.5 


Work with butane indicated that the reaction temperature varied with pressure 
in a manner similar to that of the propane-oxygen reaction. Further, the higher 
pressures used favored the production of higher, rather than lower, molecular 
weight alcohols and acids. As with propane, an acid-production run was made, 
recirculating the products for further oxidation to acids. In the case of butane, 
somewhat higher yields (3.62 liters per thousand liters of liquid butane per pass) 
of acetic acid were reported, and a lower (0.62) yield of formic acid. It was 
found, however, that increasing the isobutane content of the gas increased the 
formation of formic acid. 

With pentane, oxidation under generally similar conditions gave somewhat bet¬ 
ter yields of higher alcohols, Wiezevich and Frolich reported. The products boiling 
from 80® to 110®C. consisted mainly of a mixture of ethyl and propyl alcohols. 
The higher alcohols were largely .fcr-amyl with small amounts of /cr-amyl. The 
pentane consumption indicated a ratio of liters of pentane consumed to liters of 
product of 1.7:1. The run made with recycling of all products, except acids, 
changed the ratio of acids produced from 98 parts acetic to 2 of formic (found in 
the unrecycled product) to the following composition: 

Per Cent 
Acid by Volume 

Formic 20 

Acetic. . vS3 

IVopionic 14 

Higher 13 


About 7 liters of acid were produced per 10(X) liters of pentane per pass, while the 
loss to carbon dioxide and monoxide amounted to about 0.2 per cent of the pentane 
per pass. 

Since the main products of the oxidation of pentane contained 2 or 3 carbon 
atoms per molecule, it was believed that the oxidation of heptane might lead to the 
production of 5 carbon compounds, such as amyl alcohols. The heptane used was 
a light gasoline fraction boiling between 70 and 97®C., containing all the heptane 
isomers present in casinghead ga.soline. With this heavier hydrocarbon, longer 
contact times w^ere needed. The operation was carried out at 225®C. under 135 
atmospheres pressure (and hence presumably in the licpiid phase). The products 
actually obtained were found to consist largely of alcohols in the heptyl-hexyl 
range, boiling Ixrtween 140 and 180°C. 

Klatt and Jcllinek®^ liave investigates! the oxidation of kerosene, using a 
naphthene-base Russian oil, to produce the maximum of water-soluble compoumis. 
No attempt was made to isolate the component hydrocarlx^ns in this petroleum 
fraction. Manganese dioxide and vanadium pentoxide were trietl as caulysts at 
temperatures ranging from 250 to 500®C. It was found that the manganese 

R. KUtt and H. TeUinek. Pftroleum 19.14, 30, No. 12. 1; Chrm, Abs,, 1934, 28, 488.1; 
Bril. Ckem, Abt, B. 1934, 438. Alto 19.16, IS, 18.1; J. inst. /Vf. Tech., 19.16, 22, .157A. 
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catalyst induced considerable pyrolysis. Vanadium pentoxide had a favorable 
effect on acid formation, improving with use. Reaction tubes of various types 
were tried, such as a copper tube packed with aluminum foil or turnings. In this 
case, acid-reacting substances were formed which were insoluble in water. It was 
concluded, however, that the most satisfactory arrangement of apparatus included 
a metal reaction tube, vanadium pentoxide catalyst, and diluent gases in the stream 
of reactants. Steam and nitrogen were used as diluents, and the amount and 
character of the yield were influenced to some extent by the proportion of diluents. 
The use of steam tended to inhibit secondary reactions, and very rapid cooling 
after passing the reaction zone aided in suppressing undesirable changes. The 
best metlux! of vaporizing the kerosene was found to consist in dropping the oil on 
hot glass wool or pumice. Using 5 per cent vanadic oxide catalyst on pumice, at 
440®C.. about 7.5 per cent of converted material was obtained. The ratio of 
water to kerosene vaporized was 3 to 1. The reaction prcxluct so produced con- 
siste<l of a water-soluble, yellow-brown material, highly acidic and pungent. A 
heavy white precipitate was formed at the oil-water interface consi.sting appar¬ 
ently of solid, carboxylic acids. It w’as impossible to characterize individual com¬ 
pounds in these products, but in certain cuts the presence of formic and acetic 
acids, U)rmaldehyde, acetaldehyde and acetone was demonstrated. 

In oxidizing the heavy hydrocarbons of parafhn wax, even lower temperatures 
are practicable. BurwelP^ reports that these heavy hydrocarbons may be oxidized 
in the liquid phase at temperatures in the range of 120 to 180°C\, with or without 
a catalyst. With air, pressures of 200 to 500 pounds per square inch are employed; 
with oxygen. 150 to 250 pounds per square inch is sufficient. It was found tliat 
in the absence (»f catalysts, the straight-chain compounds were more readily at- 
tacke(| tlian other types. Under the mild temperature conditions indicated, the end 
(or methyl) group of the hydrocarl>on is not attacked, but the reaction seems to 
involve primarily the second or third carlxm of the chain, causing scis>ion at the 
|)oint of attack. (See also Chapter 43.) 

Since oxidations are strongly exothermic reactions, in general, and are, as has 
l)een indicated, sensitive to temperature change, accurate control of the tempera¬ 
tures involved in th6 reactions is Ixnh necessary and difiicult. In certain cases the 
cheapest of all heat-transfer nunlia, water, is practicable, but in many instances the 
reactions must l)e carried out at temperatures above tbe critical for water. 

Wiezevich and F*rolich’'** used a number of different heat-transfer media while 
working on the oxidation of pentane, some for preheating the entering gas, and 
some for heat-transfer .systems controlling the reactor tem{)erature. Pentane was 
preheated to a temperature of 180®C. in a steel tube immersed in boiling naphthalene. 
The vapors were then passed into a steel reactor kept at about 240°C. by a lK)iling 
diphenyl oxide bath. At this point a small stream of pentane superheated tf) 
about 550°C. by a lead bath was injected, serving to start the reaction. Although 
the molten lead bath served as a heat reservoir for stabilizing temperature to some 
extent, it was somewhat handicapped where large (|uantities of heat were con- 
cernerl at such a temperature as this (55()°C.) becau.se of its low specific heat. 
Transition temperatures (e.g., melting point, boiling t)oint) were generally em¬ 
ployed, since large quantities of heat may then be ab.sorl>ed without cliange in 
temperature. Thus for cooling the reactor itself, where the highly exothermic 
reaction was taking place, the latent heat of vaporization of diphenyl oxide was 
employ?d as a controlling agent The latent heat of volatilization of various sub- 

^ A. NV. Burwrll, Ind. Bng, Chfm., 1934, 26. 204; J. Inst. Pet. Tah., 19.U. 20. 158A‘ Chrm 
Abs., IV.^4. 26. 2169. S«e alto Chapter 42. 

^ P. J. Wietcvich and P. K. Fr^ich, toe, cii. 
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stances may be employed, or the latent heat of fusion of eutectics may Ik? used.'^^ 
Evidently the latent heat of vaporization is advantageous in that temperature may 
l)e controlled over some range by the application of pressure, while it may be 
accurately held at a chosen temperature by the large thermal capacity of the vola¬ 
tilization of the heat absorbing agent. Either elements such as mercury, or sul- 
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React<jr Kniploycd for Hydniear* 
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phur,*^^ or comjmunds such as the aryl ethers, fur instance diphenyl, naphthyl 
phenxl. «M li\dr(K|ninone phenxl ether. ma\ Ik* useil Im this |>nr|>ose.''‘'‘ 

EglofT^^* suggest> the rate the reaction may U* controlled chemically, by the 
addition of certain substances, such as tetraethyl lead. This methcHl is applicable, 
for instance, in the oxidation of {H*troleum prcnlucts (in the gasoline range) to 
alcohols, aldehydes and acids. Less than one jH*r cent of the lead compound necnl 
be used, and the reaction may Ik? carrie<l out at 

Another problem is the separation of the complex mixtures of oxi<lation piaxl- 
ucts. Those resulting from the treatment of hydrocarl)ons in the intermediate or 
fuel oil range of petroleum distillates In-comc so complex that fractional di-^tillatitm 

A culrctic mixture having a melting point xt the aedred tem|»eraiure nwy U' cho>r»i. such .ix 
the eutectic of .sodium and pota.^^ium nitrates a* in the oxidation of naphthalene to phthalic anhydride. 
(H. D. Gi!)b», r. S. P. I.>99,228, Sept. 7. 1926, to K. I. ^iu Pont de Nemours St Co.; Orm. /Ihs., 
1926. 20, 3460; Brit. Chrm. Jbi. B. 1926. 1029. 

•"C. R. Down*. J.S.Cf.. 1926, 4S. 18RT; Brtt, Ck^m. Abs. B, 1926. 767; Chrm. Ahs.. 1926. 20, 
2990. U. S. P. 1.589.632. June 22. 1926; C/nm. ^6*., 1926. 20. 3015; Bni. Ckem. Abs. B, 1926, 
8S1. 

••French P. 758.940. 1934, to Zahn St Co. G.m.h.M,; C/nwi. Abs.. 19.U. 28, 3150. 

•• G. Egloff, U. S. P. 1,939,255, Dec. 12, 1933. to I'niversal Oil Prodnetv Co.; Cbcm. .fhs . 1934 
28, 1354; Bnt. Chem. Abi. B. 1934, 872. 
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is frequently exceedingly difficult. It has been suggested that the reacted gases 
be conducted over a scries of oil layers containing oxidation products and main¬ 
tained at different temperatures. In this way, it is reported, fractional condensa¬ 
tion of the various oxygen-containing compounds is obtained.®^ James®^ recom¬ 
mended a solvent process, using liquid sulphur dioxide to extract the more-highly 
oxidized bodies. The operation is carried out at a temperature of —18 or —20®C., 
and the products are separated by further cooling at —45®C. Sulphur dioxide may 
be recovered by evaporation. 

Oxidation in the Vapor Phase. In processes devised for obtaining oxi¬ 
dation products from hydrocarbons, both vapor- and liquid-phase methods have 
been mentioned, and it will be recalled that the progress of oxidation appears to 
differ in the two modes. It is evident that inasmuch as a large percentage of 
such operations are carried out at elevated temperatures, using hydrocarbons of 
low carbon atom number, these reactions may take place in tl;e vapor phase. As 
pointed out previously, the oxides of metals of variable valence (such as vanadium 
pentoxide) are frequently employed as contact agents. However, meth(Kls involv¬ 
ing catalysts such as the lower alkyl ethers have l)cen suggested. Burke and 
Fryling®^ report that dimethyl or diethyl ether acts effectively in this capacity. 
In an example, liquid propane and diethyl ether were mixed (in pro|X)rtions such 
as to yield 0.8 per cent ether in the vapors), and vaporized. The gases were then 
mixed with sufficient air to give 5.9 per cent oxygen in the resulting mixture. The 
gas mixture, under a pressure of 750 pounds per scjuare inch, was passed through 
an aluminum-lined reaction tube 1/16 of an inch in inside diameter, and 20 inches 
in length. A flow of 15j4 cubic feet of gas per hour was maintained through the 
tube, which was immersed in a bath of fused sodium and potassium nitrates kept 
at 350®C. (Contact time under these conditions was 0.185 second.) The prcnlucts 
were immediately, and rapidly, chilled on leaving the reaction zone, and the li(|uid 
portion collected. The latter consisted of water, methanol, formaldehyde, acetal¬ 
dehyde, together with higher alcohols, aldehydes, acids and ketones. This process 
is said to be quite sensitive to conditions of preheat. When the reactants were 
first heated to 357®C., the average molecular weight of the condensable products 
was 38.2. With a preheat of 370®C., the average molecular weight fell to 33.7. 
Using a lean natural gas (containing over 85 j>er cent methane), dimethyl ether as 
catalyst, and increasing the reaction temperature to 450°C., the products were 
methanol and formaldehyde. It was reported that yields approximately three times 
as great were obtained when employing the ether catalyst, as compared to those 
obtained without catalyst. 

Burke®^ has proposed a metho<i based on the fact that the temperature of 
reaction of a mixture of gaseous hydrenrarbon and oxygen or air is lower in a tube 
of large diameter than in one of small diameter. In his process the reactants arc 
heated to the proper temperature in a small diameter tube from which they emerge 
into a large chamber where reaction commences at once. He points out that in 
this manner it is possible to limit the zone of interaction to a relatively small 
volume and thus minimize changes in pressure and resultant fluctuations in the 
process. From the enlarged compartment the gases pass to small tubes, where 
efficient and rapid cooling is possible, bringing about a rapid extinction of the 
reaction. As an example, propane was vaporized and heated to 150®C., and the 

•*J. H. Jamei. U. S. P. 1,948,817, Feb. 27, 19J4, to C. P. Byrneii; Chem. Abs., 19,14, 28, 2889; 
nrit. them. Abi. B, 19J5. IJ. 

«j. H. Jamei, U. S. P. 1,970.535, Aug. 14, 1934, to C. P. Byrnei; Brit. Chem. Abi. B. 1935, 
664; Chem. Abs., 1934, 28, 6156. 

•.S. P. Burke and C. F. Fryling. U. S. P. 2,018,994. Oct. 29, 1935, to Doherty Reiearch Co.: 
Brit. Chem. Abi. B, 1936, 730; Ck^. Abi., 1936, 80. 106. 

•*S. P. Burke, U. S. P. 1,978,621, Oct. 30, 1934, to Doherty Reiearch Co.; Chem. Abi., 1935, 
n, 176; Brit. Chem. Abi. B, 1935, 983. 
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vapor mixed with air sufficient to give a 6.15 per cent oxygen concentration. 
Under a pressure of 750 pounds per square inch, the gases were passed through 
a 51 inch length of steel tube of 1/32 inch internal diameter. During this passage, 
the temperature was raised to 339®C. However, no reaction occurred under the 
conditions prevailing. The reactants were then conducted into a reaction zone 
having an internal diameter of 13/32 inch, and an internal length of 13/32 inch. 
The gases flowed at a rate of 15.4 cubic feet per hour, giving a reaction time of 
approximately 0.33 second, after which they again entered into a 1/32 inch steel 
tul)e, which extinguished the action. The prcKlucts consisted largely of methanol, 
formaldehyde and other higher alcohols, aldehydes and acids. 

Hludworth®® reports that the oxidation of butane can be more accurately con¬ 
trolled by a method involving many recyclings of the reactants while a very small 
proportion of the ultimate oxidation to be obtained takes place at each pass. The 
latter condition is secured by using a very limited quantity of air at each pass. 
This investigator states that a maximum yield of methanol, acetone and acetal¬ 
dehyde may be procured by this metho<i. As an illustration, if an ultimate yield of 
eight gallons of liquid product is to be produced from 1000 cubic feet of butane, 
Bludworth recommends that not more than 0.0005 gallon be produced per cubic 
foot of butane per pass. He states that there should be not more than 1.25 per 
cent of oxygen in the reaction zone at any time, nor less than 0.4 per cent. By 
recycling the gases, fifteen or more times, introducing only a small fraction of the 
required oxygen in any one pass, interaction is controlled to prevent over-oxida¬ 
tion. Condensable liquids (methanol, acetone and acetaldehyde) are extracted from 
the gases after each passage through the reaction zone. In practice, about % per 
cent recycle and four per cent fresh butane (or propane) is used. The products 
then consist of about 8 gallons of methanol (75 per cent), acetone (12.5 per cent) 
and acetaldehyde (12.5 per cent). 

Another method of controlled oxidation is to dilute the reactants with an 
inert gas, e.g., nitrogen. One procedure consists in cycling a quantity of inert 
gas in a closed ring system and introducing into this a hydrocarbon-air mixture, 
suhsecpiently passing the commingled gases through a heated reaction zone and 
thence to a condenser to remove oxidation products by condensation.®^ Excess 
inert gases are vented from the system and the remainder are returned to repeat 
the cycle. (See Eig. 2(X).) 

Oxidation of gas oil in the vapor phase has been described by James.®® In this 
case, vanadium, uranium or molybdenum oxides were used as catalysts. These 
were deposited on a .screen of asbestos, through which the oil vapors, mi.xed with 
air, were passed. In one instance, a contact agent consisting of the “blue oxides” 
of molybdenum was used, coated on an asbestos screen one centimeter thick, and 
4.4 centimeters in diameter. The gas oil was a fraction distilling around 275®C. 
Approximately 125 cc. of the liquid was volatilized and fed into the reaction zone 
each hour together with 1.6 times the quantity of air theoretically needed for the 
formation of aldehyde fatty acids. The catalyst was maintained at 270®C. during 
the run, and the rate of flow was such as to allow 0.32 second contact time. Tests 
of the exit gases showed 2.4 per cent of carbon dioxide and 1 per cent of oxygen 
escaping unchanged. At the end of one hour and 35 minutes, 150 cubic centi¬ 
meters of liquid oxidation pro<lucts had been recovered, consisting of about 85 

^K. Bludworth. V. S. P. 1,92.1.610, Aug. 22, 19.1.1. to Hanlon^Buchanin. Inc.; Ckfm. Abs., 
I9J.1. 27. 5341; Brit. Chrm Abs. B, 1934. 533. 

J. K. Bludw'orth. O. R. Sweeney and F. C. Vilbrandt. U. S. P. 1,963.070, June 19, 1934, to 
Hanlon Buchanan, Inc.: Ckrm. Abs., 19.14. 2t, 4743; Brit. Chrm. Abs. B, 19.15. 347. 

J.H. Jamen. T. S. P. 2.010.086, Aug. 6. 1935. to C. P. Byrne*; Brtf. them. Abs. B, 1936. 
7.10; Chem. Abs., 1935. 29. 6414. See aUo J. H. Jame*. U. S. P. 2,054.571, Sept. 15, 19.16. to 
r. P. Byrne*; Chem. Abs.. 19.16. 10. 7581. 
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per cent aldehyde fatty acids, and 15 per cent mixed aldehydes and unchanged 
hydrocarbons. 

Ellis®^ pointed out that the antiknock value of a gasoline can be considerably 
increased by subjecting it to partial oxidation. The suggested process involves 
transfer of the hot hydrocarbon vapors (from a cracking operation) into a long 
flue-like reaction chamber into which air is admitted at a number of points. The 
fuel vapors taken directly from the cracking zone are still hot enough to react 
readily with oxygen, thus eliminating the need of preheating. Since oxidation is 



I'lci. 200.—Schematic Diagram of Metiunl for Partial Oxidatiofi of (iaseoiis Hydroi'ai 
hHjns. (J. K. Bliidworth, O. R. Sweeney and F. C. X'ilbrandt) 


exothermic, Ellis recommends that the reaction chaml)er l>e C(X)led by heat exchange 
with raw oil passing to the cracking unit. In this manner the temperature can be 
maintained between 120® and 250®C. Pressures of 250 to 350 pounds per square 
inch are employed. The resultant product is found to l>e enriched in aromatic con¬ 
tent, and contains various partial oxidation products having antiknock properties.*** 
Oxidation in the Liquid Phase. As previously mentioned, Wiezevich and 
Frolich** found that oxidation of f>entane in the gaseous phase yielded largely 
propyl alcohol. This appeared to indicate degradation of the hydrocarbon molecule 


•"Carleton Kllii. U. .S. P. 1,976.696, Oct. 9. 1934, to EllU Foatcr Co.; /. In$t. Pet. Tech., 1935, 
21, 26A; Ckcm. Abs.. 19.H. 2f. 7483. 

** Catalytic oxidation has been sugfcstcd as a means of freeing the exhaust gases of internal 
cotid>tistion engines of carbon monoxide and unburned hydrocarbon materials. T. Harger and A. Elliott 
(British P. 405,976, 1934; Brit. Ckem. Abs. B, 1934. 439; Chem. Abs., 1934, 2t. 4869) propose 
conducting the exhaust through a Venturi injector, where air is admixed. The mixed gases then 
past through a casing, over bauxite granules activated by impregnation with iron, copper, manganese 
or titanium compounds. 

• P. J. Wiexevich and P. K. Frolich, Ind, Hng. Chrm.. 1934, 26. 267; Chem. Abs., 1934, IS, 
2249; Brit. Chrm. Abs. B. 1934, 491. 
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by the elimination of two carbon atoms. By analogy, it was thought that oxidation 
of heptane would yield amyl alcohols. Experiment .showed, on the other hand, 
that the principal pro(iucts were alcohols of the hexyl-heptyl range. It was sug¬ 
gested that the difference in behavior, under the conditions of oxidation, could be 
attributed to pentane reacting in the gas phase and heptane in the liquid phase. It 
appears then, that li(|uid-phase oxidations do not follow the course pursued by 
gas-phase operation. Further, certain other considerations must be taken into 
account in licjuid-pha.se oxidation. Thus, for instance, it is fre<iuently the practice 
to bubble the oxidizing gas (e.g., air) through the li(iuid hydrocarbon. If not all 
the oxygen is consumed, there may be an accumulation of the gas above the surface 
of the li(juid, mixed with \ai)or> from the hydrocarbon, which may lead to the 
formation of a dangerou> explosive mixture. IVnniman'^^' suggests that this con¬ 
dition may lx* prevented hy bubbling air through a depth (3 feet or more) of 
li(|uid hydrocarbon siitficient to completely deoxygenate it. This treatment is 
effected under superatmo-plieric jiressure at 320“ to 480®C. The liquid con¬ 
densate obtained from this operation separates into twc) layers. The upper layer 
of oily material may he relined lor use as an antiknock motor tuel. paint thinners, 
kerosenes, or similar products. The lower layer is an atiueous so]uli(»n of organic 
compounds such as aldehydes, acids and alcohols. Penniman^^ projK>sed oxidation 
in the licjuid phase at about 4(K)®C*., while the vapors prt>duced are continuously 
withdrawn. .\ir is introduced into the liquid, and the volatile products formed 
are removed. From these the less volatile constituents are condensed and the 
resulting hot ccuulensate is returned to the reaction ves^scl without further heating. 
The vap(Us are fractionated to yield motor fuel, alcohols, aldehydes, ketones and 
fatty acids. 

Heavier hydrocarbons sucli as j>aralVin wax are usually oxidized in the liquid 
phase at a lower temperature. 'I'hus, Friedtdsheim and Luther^- pa^s liquid paraffin 
wax (at U)l)' to 221) F. I and air concurrently through two or more reaction 
chamlxrs succes>i\ely. 'I'hese reactors are arranged one above another in such 
a way that a <|iiantity of the hydrcx'arbon is maintained in each and reflux of the 
li<iuid is avoided while the gas bubbles through it. According to Xamelkin and 
Zvoruikina'* the oxidation <•! hvdrocarlMin waxes gives rise to lighter, volatile 
fraction^, as well as the heavier acids. I'he^e lighter fraction^ were collected and 
after condensation were treated with sodium carbonate to remove acidic IxKiies, 
leaving a neutral or weakly acid oil c<»ntaining the aldehyde-alcohol fraction. The 
latter was then washed with sodium carbonate aiul tiilute so<lium hydroxide, and 
afterwaials with concentrated aqueous sodium acid sulphite. .\n oily licjuid was 
separated froiti the resulting crystalline mass, and the crystals disstdved iit water. 
The aqu<*ous solution of the latter was extracted with ether, and the aldehydes 
recovered therefrom amounted to 7.7 per cent (123 grams from U)(H) grams of 
crude aldehyde-alcohol fraction). Their In^iling range indicated the presence of 

compounds containing five to nine carbon atoms. Alxnjt 200 grams of the alcohols 

were rec<uere<l from the cnule ahlehytle-alcoho! fraction. Distillation of the 
latter yiehled cuts corresponding roughly to each of the normal alcohols from 
hexyl to diHlecyl. These were further characterized hy oxidation to the corresjxmd- 
ing acids. 

\V. B. I). IVuniman, I*. Is. P. 1.9<J5..tJ4. MArch 2»». Hitl. Citem. ,1bs. B. 4.t8; 

( hrm Ahs., tV.tS. 29. 2^72. 

W. B. I). Prnniman. V. S. P. 2.044.014. lunr I^. i kem Ahs., 30. 540.t. 

A. V. ami .M, I.nthrr. t’. S. 1*. t 19,1^. to 1 (I. Fart>rnim!. A -O.; 

C^»rm. Ahs . l9.t.V. 29. IHtJ Srr .tUo French P 779.t'MV, t,, St.^tvI.Aut Oil Development Co.; 

(View. Ahj.. 19.15. 29, .^(.4^ 

^ S. ,S. N.'imrtkin aikI \‘. K. /\oruikin.i, f i firm if S'..S' f\ ). l‘^34. 4, 90(i, i'/trm. Ahs., 

1V.15, 29, 2(.99, lint Chrm Ahs. B. PO.S. 



Chapter 37 


Oxidation of Methane and Its Homologues 

In this chapter the oxidation of gaseous and relatively low-hoiling- saturated 
aliphatic hydrocarbons is considered, not only for the preparation of alcohols, 
aldehydes and acids, but also from the standpoint of proilucing hydrogen, the 
oxides of carbon and unsaturated hydrocarbons. Such operations involve prin¬ 
cipally so-called quiet combustions and include as oxidizing agents, oxygen or air as 
well as other substances. The theories involving the mechanism of such reactions 
are discussed in the preceding chapter. Although several have been proposed to 
represent the various steps for methane and its homologues, no single explanation 
is without criticism.' Oxidation of the higher saturated hydrocarbons will be 
found in Chapters 42 and 43. as well as in a later section of this chapter. 

Oxidation of Mf.thank 

In the case of methane, as well as with its homologues, the oxidation may be 
made partial or complete, depending on the proportion of methane and oxygen 
and on the conditions of temperature and pressure, as well as catalytic materials 
present. For instance, Yoshikawa^ oxidized methane under pressures of 1 to 100 
atmospheres using catalysts of various degrees of effectiveness. Methanol and 
formaldehyde were formed as intermecliate i)roducts but the amounts obtained 
varied in inverse proportion to the activity of the catalyst. When very reactive 
contact agents were employed these intermediates were absent from the final reac¬ 
tion mixtures. Burke and Fryling-' treated methane with 10 per cent by volume 
of oxygen (50 per cent by volume of air) without the use of any catalytic material 
and obtained, as end products, acids and aldehydes. Reactions were carried out at 
200-500®C. and under 200-1750 pounds per s<|uare inch pressure. On the other 
hand, when air and methane, containing only 15 per cent of the latter, were passed 
over a cobaltic oxide catalyst (C 02 O 3 ) at 500-550°( transformation, almost com¬ 
pletely to carbon dioxide and water, (Kcurred. Use was made of this catalyst by 
Walker and Christensen,^ in determining methane quantitatively in certain ga*^ 
mixtures. They found further that nitrogen had no appreciable effect on the oxida¬ 
tion of methane under these conditions. 

Newitt and Townend-^ conducted a series of experiments on the oxidation of 
methane with oxygen, in both static and dynamic systems, without the use of cata¬ 
lysts. In the former type, the apparatus consisted of a steel reaction cylinder of 
heavy construction fitted with inlet and outlet valves. In carrying out the experi- 

• See »l*o, Carleton EDi's, "Ttie Chemiulry of Petroirum Derivative^,” The Chemical ('ataloe Co.. 
Irc., New York. 1914. 

• K. Yothikawa. Bu//. tnsi. Phyt. Chem. Research (Tokyo), 19.11, 10, *(1.1; .S'ri. Paters Inst. 
Pkyt. Chem. Research (Tokyo). 25, 289; Chem. Ahs.. 19.15, 29, 24.14 

• S. P. Borke and C. F. Fryling, U. S. P. 1,991,344, Feb. 12. 1935, to Doherty Reaearch Co.; 
Bri$. Chem. Abs, B, 1936. 86; Chem. Ahs.. 19.35, 29. 2174. 

♦I. F. Walker and B. E. Chriatenaen, Ind. Eng. Chem. Anat. fid., 1935, 7. 9; Chem. Abs., 1935, 
29. 1362; BHt. Chem. Abe. B, 1935. 261. 

• D. M. Newitt and D. T. A. Townend. Prac. World Petr. Congr., 1933, 2, 847; Brit. Chem. 
Abs. B, 1934, 823; Chem. Abs., 1934, 28, 4871. 
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mtrnts tfie reaction vessel was heated to the desired temperature and the hydro¬ 
carbon-oxygen mixture forced in until some predetermined pressure was attained. 
Temperatures were determined by means of thermocouples. The reaction could 
be stopped at any time merely by allowing the reactants to expand into a much 
larger vessel at room temperature. All products were analyzed so that a “balance" 
on the system could be determined. Some of the results obtained are shown in 
Table 178. 

Table 178 .—Effect of Time on Reaction of Methane {HA vols.)—Oxygen (I vol.) Mixture at 

34J°C. and 106A Atmospheres. 


Experiment —Comfx>sition of Gaseous Me<iium Ml. at N.T.P.— Oxygen Distribution 


Minutes 

G. 

CHaOH 

HCHO 

CO 

CO, 

CH 4 

CHaOHiCO 

-f CO, 

0 

1000 

.— 

— 

10 

— 

8100 

— 

— 

6 5 

820 

25 5 

3.5 

35 

82 

7890 

1 

7 8 

7 25 

600 

50 0 

7 0 

52 

142 

7880 

1 

6 8 

9 0 

177 

82 0 

7 5 

198 

242 

7540 

1 

5.7 

12 0 . 

Nil 

142 0 

4 5 

300 

198 

7450 

1 

4 1 

30 0 

Nil 

140 0 

2 0 

215 

328 

7410 

1 

6 2 

10000 .. 

Nil 

63 0 

1 5 

69 

440 

7520 

1 

15 2 


As indicated by these results, prolonged contact of the heated gases results in de¬ 
composition of the intermediate products of oxidation. The investigators observed 
an induction period in the early stages, during which time little chemical change 
took place. It wa^ shown also that by increasing the initial pressure of the system 
from 48.2 to 106.4 atmospheres, the temperature of an equivalent reactivity is 
lowered by 30®C. After a temperature of maximum yield is reached, the latter 
diminishes rapidly with further increase in temperature. This together with the 
fact that a relatively ‘'inall temperature range (20°C. at the higher pressure) 
separates slow from rapid reaction rates, emphasizes the importance of accurate 
temperature control in o.xidations of this type. Experiments carried out in a circu¬ 
latory system, in general, confirmed results obtained by static operation. 

Paris^ also oxidized methane with oxygen under elevated pressure and con¬ 
cluded that the prcMluction of methanol in appreciable quantities depended upon 
the fact that as the pressure is increased, the following reaction increases at tlie 
expense of other possible conversions: 

CH, -f CH,OH 

The l)est yields of alcohol were ohtaine<i when the oxygen concentration was low 
and when the temperature ilid not exceed 450°C. On the other hand, methanol may 
al.so he prepared under milder conditions. Thus, C'ristesco^ conducted a 3:1 mix¬ 
ture of methane and air through boiling water (atm<^spheric pressure) containing, 
as catalyst, lead peroxide (PbO.,) mixed with granular cop[>er oxide. A 57 per 
cent yield of methanol was obtained, along with some formaldehyde and methylal. 
The formation of methanol was explained as taking place according to the following 
equation: 


CH 4 A H ,0 - O) A 3H, >- CH,C)H + H, 

Extensive investigations have been carried on by Wiezevich and Frolich® on 
the direct oxidation of saturatcfl hydrtxrarlrons at high pressures. Lal>oratory and 
semi-commercial runs were made, both from the standixiint of producing inter- 

• A. P»ri*. Chimic ct ittiittstrir, I9.t4. St, Spec. No.. 411; Brit. Chrm. A. 1934, 752; Cktm. 

Abi.. 19.t4. 2», 5R06. 

*^1. Crittevu. /‘nW, 1‘J.l.S. 14, 23; /. fnst. Ret. Tech., 1935, 21, o7A; Chrm Ahs.. 1935. 29, 4326. 

• r. J. Wificvich unci P. K. Frolich. frtj. /:wp, Chrm. 1934, 26, 267; Chrm. .46j.. 1934. tS. 
2249; Brit. Chrm. Abs. B. 1934, 491. 
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mediates such as alcohols and aldehydes, and also of obtaining acids as principal 
products. In dealing with methane, a natural gas rich in this material (2.1 per 
cent ethane, 6.3 per cent propane, 5 per cent nitrogen, remainder methane) was 
employed. In some instances, when concerned with the oxidation of mixtures of 
methane and ethane, this natural gas was enriched by incorporation of ethane. 
As oxidizing agent, 90 per cent oxygen was used, although similar results were 
obtained with air. provided the pressure was adjusted so as to comj)ensate for the 
dilution by nitrogen. Reactions were carried on at various temperatures and the 



Courtesy Industrial and Unyiiu'criHfj Chi’mistry 

Fig. 2C1.—Sketch of Apparatus for Uigh>|)resNure Oxidation of H\(lnH‘arf)ons. ( P. J. 

W'iczcvich arul P. K. I'rolich ) 


proilucts removed by condensation and scrubbing. In Table 179 are summarized 
some of the results obtained using different catalysts: 


Table 179. — Oxidation of Mrthane and Ethan*'. 


CH« 4-Follow¬ 
ing % CjH* 

Pressure 
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Liters/Hr. 
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ih 
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2 
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68 
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410 
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2 
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70 
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410 

.Mumi- 
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[28 7 moil 
. 7 4 CHi<) 

1 iriM); 

18 

22 

130 

34 .5 

5 0 

390 

Nickel 

10 0 ( HjOh 

6 0 Ciiuon 

14 4 

22 

1 n 

58 

6 0 

392 


[32 (H.Oll 

4 (',11.011 

; 1 5 higher ales, 



Bludworth^ oxidized a saturated gaseous hydrocarl)on by a stepwise [iriKredure. 
The hydrocarbons and air were intrmjuced into a reaction chamlnfr. the entrance 
and exit temperatures of the gases Iwing 2(K)'’ and 230-480''C., respectively. 
F'urther injections of air were made at various points along the tube. The final 
reaction products contained, among other substances, methanol, acetone and acetal- 


•J. E. Bludwofth. t;. .S. P. 1.923,610. Aug. 22. 1933; Bnt. Chem Ahs. B. 
Thompson, T. S. Bacon and f. E. Blndworth, t . S. P. 2,004.714, June 1 1. 1935; 
29, 5123. Both assigned to Hanlon-Buchanan, Inc. 


1934. 533 r r.. 
Chem. Abs.. 1935. 
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dchyde. Walker^^ has suggested a stepwise oxidation of natural gas in which a 
series of reaction chambers is employed. The gas is mixed with a small per¬ 
centage of air, this amount l>eing sufficient however to generate enough heat (by 
reaction) to maintain the desired conditions of temperature within the reaction 
chaml)er. The products then pass through a heat exchanger wherein the raw in¬ 
coming gas is preheated, and the condensable oxidation products (alcohols and- 
aldehydes) duly removed. The remaining, uncondensed gas is mixed with an addi¬ 
tional portion of air and passed to a second reaction zone where again the heat of 
reaction maintains the desired temperature (425 to 500®C.) of the catalyst. As 
catalyst, this investigator found metallic platinum on pumice satisfactory. A 
further suggestion made, is that the oxidation may be carried only one step, thus 
getting a relatively small yield of alcohols and aldehydes, the exit gases being dis¬ 
tributed as a commercial fuel gas. This is reported advantageous in that the exit 
gases contain no free oxygen, although natural gas does, in some instances, contain 
sufficient uncombined oxygen to render it highly corrosive to pipe lines and dis¬ 
tributing equipment. On the other hand, if natural gas is treated with an insuffi- 



I'h.. — Flow Diagram for Stepwise Oxi<lation of Gaseous Hydrocarbons. 

(J. E. Hind worth) 


ciency of oxygen at considerably higher tem|)eratures (in the range of 1000°C.), 
acetylene is produced.^* .Among other catalysts which have been used in the par¬ 
tial oxidation of methane are included, the oxides of molybdenum.copper, silver 
or zinc oxides in the presence of aluminum phosphate,*’* metallic silver and alumi¬ 
num,*^ metallic platinum, palladium, chromium, iron or vanadium,*‘* and the carbide¬ 
forming metals and their oxides.*^ 

Platinized silica gel*^ has been utilized in the complete oxidation of methane. 
Thus, a study of the effect of oxygen on mixtures of hydrogen and carbon mon¬ 
oxide with the gaseous siituratetl paraffins, using this catalyst, revealed that both 
hydrogen and carbon monoxide could be oxidized simultaneously at 300°C. in the 
t)rescnce of methane, but not when some of the higher memlxTs were present. 
Under these conditions methane was o.\idized at about 375°C., ethane at alxiut 
250°C ., propatie at 150°C., an<l butane at 14()-145°C., but the reactions were not 
complete even at 4(K)®C. 

If nickel catalysts and relatively high temperatures are employed, methane is 

J r. Walker, U. S. P. 2,042.134, May 26. 193^. to Kmpire Oil and Refining Co.; Chem, Abs., 

JO. 4870. 

J. Burgin, I*. S. P. 1.965,770, July 10, 1934. to Shell Development Co,; Ch^m. .4M., 1934, 29. 

5474; Ckcm. Abs B, 1935. 343. 

r. H. famea, V. S. P. 2.036.215. April 7. 1936, to C. P Bxrnen; Cium. Abs., 1936. 30, 3627. 

'*)• C. VValker. C. S. P. 2,007.1 It*. July 2. 1935, to Empire Oil ami Refining Co.; /?rif, Ckcm. 
Ahs. B. 1936. 822; Ckrm, Abs,, 1935. 29. 5456. 

P. J. Wietevich and P. K. Krolich. /aid. ling. Chem., 1934, 26, 267; Bri*, Chem. Abs. B, 1934, 
491; Chem. Abs,, 19.14, 28. 2249 

“ J. C. Walker. U. S. P. 2,007,115. July 2. 1935, to Empire Oil and Refining Co.; Rrif. Ckem. 
Abs. B. 19.16. 920; Ckem. Abs . 1935. 29. 5456. 

*• W. K. f^wia and P. K. Krolich, O. S. P. 1.976,790. (3ct. 16. 1934, to Standard t>il Develop 
ment Co.; Bht, Chem. Abs. B, 1935. 839; Chem. Abs , 1934. 28, 7263. 

K. A. Kobe and E. B. Hruokt»ank, Ind Hug. Chem., An^l. lid., 1934. 6, 35; .4bs 1934 

28, 991; Bh( Chem Abs A, 1934. 269 
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converted into carbon monoxide and hydrogen, provided the correct proportion of 
oxygen is used. Padovani and Franchetti** employed temperatures of 850® to 
050®C. At 900®C\ less than 1 per cent of methane remained unchanged. The 
reaction is 

+ -->• CO + 2H,-h 8 kg. cal. 

At temperatures below 1000°C. sulphur in the reacting gases, in concentrations of 
0.2 to 0.25 per cent, acts as a poi.son for the nickel catalyst.*® 

The internal combustion engine-® has provided means for partially oxidizing 
hydrocarbons. Thus, a mi.xture of methane and air was introduced into an engine 
of this type, ignited, and the size of the combustion chamber then reduced and igni¬ 
tion discontinued. In this way it was possible to bring about the partial conversion 
(i.e., the formation of methanol and formaldehyde) by means of the adiabatic com¬ 
pression of the mixture and at the same time to retard combustion. This scheme 
has also been employed by Odell-* who used the oxides of nitrogen as cataly.^ts, 
aldehydes being among the products formed. 

In addition to the action of oxygen or air on methane at elevated temperatures, 
the effect of other oxides has also been investigated. For instance, the influence of 
nitrogen peroxide (NOj) on the ignition temperature of e(|uimolecular portions of 
methane and oxygen has been investigated by Norrish and W allace.-- The ratio 
of methane to oxygen was held constant and the proportion of nitrogen peroxide 
varied. An induction period was noted which passed through a maximum with 
increasing partial pressure of the nitrogen oxide. A mechanism was projwsed 
which involved the initiation of chains by oxygen which resulted from the oxide of 
nitrogen present. On the other hand, Krovatzkii-’* oxidized a gas rich in methane 
(52-56 per cent), using oxygen, and found that the oxidcN of nitrogen had no 
catalytic effect on the reaction. The maximum yield (32 jx^r cent) of alcohols, 
without the use of catalysts, was obtained at 4(K)-5(X)"’(\ .\i higher temperatures 

decomposition of the oxidation pr(xlucts took place with the formation of carbon 
ntonoxide, carbon dioxide and water. 

Methane react.<with carbon dioxide, at 3()0-500®C. and under elevated pressure, 
to give acetic acid.-^ .Alkali or alkaline earth compounds having alkaline reac¬ 
tions, or phosphoric acid (H 3 PO 4 ) or a phosphate having an acid reaction may be 
used as catalysts. 

Steam acts on methane, in the presence of catalysts, at elevated tcm|)eratures 
and pressures, to give aldehydes and alcohols.-' .As an example, a mixture of 
steam and methane (1 to 5 volumes of steam to 1 volume of methane) was con- 
ducterl, under a pressure of 180-250 atmospheres, over a catalyst mass (potassium 
bichromate and zinc oxide) heated to 350® to 450°C. The resulting oxygenated 
organic compounds consisted essentially of ethanol and the higher alcohols. Alde¬ 
hydes, acids and ketones were practically absent. However, when oxygen was 
added to the original methane-steam mixture, and a zinc chromate-cobalt oxide 
catalyst used, aldehydes and acids were obtained as principal pnnlucts, alcohols 

C. Padovani and P Franchetti. Ciotn. chim. ind. apf^ticata, I9.n, 15, 429, ( hem. Abs., 1934. 
2f. 2853. 

V. A. Karzhavin and A. C. I^thu^h. /. Chem. Ind. (Mosetnv), 19.t4. 10 (I). 34; Hrit. (hem. Abt. 
B, 19.34. 611; Ckem, Abs.. 19.14. 20. 3189. 

** Bella* Procr^n^ing Corp.. British P, 428.406. 19,14; Brit. Chem. Abs. B, 1935. 661; Chem. Ahg., 
1935, 29. 6803. 

«W. W. 0<k!f, V. S. P. 1.939.018. Dec. 12. 1933; Brit. Chem. Abs. B. 1934. 872; Chem. Abs,, 
19.34. 2t. 1517. 

® R. C. W. Norrinh and J. Wallace, Prnr. Roy. Sor. (l^mlon). 1934. A145. 307; Brit. Ckfm, 
Abs. A, 1934. 973; Chem. Abs., 1935. 29. 1700. 

•Referred to hy A. D. Petrov. Coke and Chem. (U.S.S.R.), 1932. No. 9, 28; Chem. Abs 19.34. 
2S, 1983. 

** H. Dreyfui, French P. 768.584, 1934; Chem. Abs., 1935. 29, 479. 

•H. Dreyfu*. U. S. P. 2.020.671. Nov. 12. 1935; Chem. Abs., 1936. 20, 484. 
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being almost completely absent. Further, the statement has been made that steam 
acts on carbon monoxide, in the presence of a catalyst such as chlorine or hydrogen 
chloride, to give formic acid.'^® 

Metallic oxides alone have been employed to oxidize methane.-^ Arneir-^® 
passed methane-nitrogen mixtures at various temperatures through copper oxide 
(CuO) impregnated with other metallic oxides. Among the latter were the oxides 
of cerium, chromium, iron, molybdenum and uranium. F’erric oxide (Fe 203 ) was 
found to be the most effective and reduced the temperature of complete oxidation 
by 200®C., when present in an amount representing 4 per cent by weight of the 
copper oxide. The conditions were adjusted so as to effect complete oxidation, 
which was determined by the amount of carbon dioxide present in the final gases. 

On the other hand, under proper conditions hydrogen may result from the action 
of cupric oxide (CuO) on methane.-^ Sarinasel natural gas (98.6 per cent meth¬ 
ane) was oxidized by this metallic oxide at temperatures ranging between 400"^ and 
720®C. When oxidized at temperatures below 6(X)°C., carbon dioxide was the 
only gaseous product formed. AlK)ve this temperature however, both carbon mon¬ 
oxide and hydrogen (up to 6.5 per cent) were formed. Carbon was deposited in 
all instances. In variance with this is the effect of stannic oxide (SnO-j) on this 
natural gas, .Xt temperatures of 700-910°C. unsaturated hydrocarbons result, very 
little carbon and hydrogen being formed. 

Zinc oxide also serves as an oxidant for methane. Thus. Candea and Kiihn''^ 
subjected Sarmasel natural gas (containing 98.7 per cent methane) to zinc oxide 
at 850° to 950°C. By varying the velocity of the gas flow over the oxide, con¬ 
tained in a quartz tube (20 min. diameter), two peaks of maximum oxidation were 
noted, one at a gas velocity of 6 liter> hour and the other at 10.5 liters per 
hour. These maxima were thought to he represented, re'^pectively. by the reactions. 

Zn( ) 4 - (' y- Zn + CO and. 

ZnO-hC'Hi - >- Zn + CO + 2H: 

The final gases C(»ntained [uincipally carbon monoxide and hydrogen, in a ratio 
of 1:5. 

The oxidation of ammonia-methane mixtures to hydrocyanic acid (HCX) has 
been investigated by .Andriissow** who found that for good yields the ammonia, 
methane and oxygen (air) must Ik- present in the proportions representeti by the 
equation, 

2NH, -P 5(\ 4 2CH, V 2HCN 4 6Hj() 4 22^,800 cal. 

.At 10(K)°C'.. 58 to 63 per cent of the ammonia is converted into hvdnx'vanic acid, 
about 8 to 12 j)er cent to nitrogen, and 26 to 30 per cent remains unreacted. The 
priK'ess is distinctly catalytic, platinum serving the piirjK>se satisfactorily but nickel 
Iwing without effect. 


OxiD.xnox OF Ethank 


Reaction between ethane ami air or oxygen appears to proceed in a manner 
similar to that of methane.’'^ Alcohols, aldehydes and acids result from partial, 

•• J. (’, \Vo<Kthou<»c. I*. S. P. 2.noi.r>5^. Mav H. to K I. <hi Pont dc Nemours & Co,; 

Chrm. Ahs.. 19.15. 29. 4.179; Bnt. (hrm. Ahs B. lo.lf.. 019. 

For a further di^rtission, see Carletun Ellis. “The ( hemistry of Petndejim Oenvatives.” The 
Chemical C'alaloft Co.. Inc., New York. 1934, 84n. 

Ariieil, ./ V.C ./ . 19.14. 53. M9T; Brit Ch m Abt. A. 19.14, ^O.S; Cbrm Ahs , 19.14. 2i, ,4177. 
*• C. Candea .ind T. Kdhn. Bfirotcum 19.16. 32 <,451, II; Clu'm, Ahs. A, 19J6. 1212, 

• C. Catulea and J. Kuhn. Bui. citim. Romaitia. 19.4S, 16. 121; Chem. Ahs., 19.15. 29. 42S0: 
Hnf. Chtm. Ahs. A, 19.15. .592. 

4. Andrutsow. Chrm . 19.15. 46. .59.1; Chem. Ahs., 19.15. 29. 8244; Brit. Chem. .46i. 

A. 19.15, 1.192. 

•*\V. A. Bone and W. K StockinK'. J.C.S., 1904, 6S. 69,1; J S.C.I . 1904. 23. 601. 
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and carbon dioxide and water from complete, oxidation, luhanol, an intermediate 
product, may be converted, under appropriate conditions, into acetaldehyde by 
further oxidation, by dehydroj>:enation, or by these two effects occurring simul^ 
taneously. Ethane, treated with oxygen under high pressure and at moderately 
high temperatures, without catalysts, yields ethanol along with other substances. 
Newitt and Townend*"*** investigated this oxidation using 88.2 volumes of ethane 
to 11.8 of oxygen. The tests were carried on in a closed (static) system w'hich 
consisted of an electrically heated steel chamber from which the reactants could be 
removed at any time and cooled rapidly to lower temperatures at which the reac¬ 
tion stopj)ed. They found that the reaction of ethane with oxygen under these 
conditions is preceded by an induction period similar to that ol>served in the case 
of methane. Ethane-oxygen mixtures react, under these circumstances, at ap¬ 
proximately 80°C. lower than methane-oxygen mixtures of identical proportions. 
The results obtained from experiments at various temperatures are given in 
Table 180. 


Table 180 ,—Effect of Temperature on Reaction of FJhane- 
Oxygen Mixture {88.2:11.8 volurnte ratio) under 100 Atmospheres. 


Initial 

Temp. 

^C. 

Dura¬ 
tion of 
Reac¬ 
tion 
Mins. 

QHiOH 

CHjDH 

Percentage of the Carbon 
of Ethane. 

Surviving as: 

CH.CHO HCHO CH.COOH 

HC'OOH 

Total 

Li(}uid 

Pnxl- 

ucts 

Per 

Cent 

262 2 

40 

22 6 

10 5 

6 2 

0 04 

27 2 

0 8 

67..U 

265 0 

34 

21 8 

12 5 

6 6 

0 08 

22 4 

0 7 

64.08 

266 5 

34 5 

23 7 

11 2 

6 0 

0 05 

23 8 

0 6 

6.S.35 

270.5 

16 5 

23 6 

14 0 

9 7 

0 05 

12 5 

0 5 

60.35 

275.0 

8.5 

16 5 

13 1 

6 8 

0 10 

4 9 

0 3 

41.70 

278 0 

5.25 

14 6 

15 4 

111 

0 60 

2 2 

0.3 

44.20 


VV’ith respect to dehydrogenation, it has been shown that ethanol vapor passed over 
heated copper (200-350®C.) yields acetaldehyde.*^^ This catalyst containing a small 
amount (1 to 5 per cent) of chromium also serves in the reaction.^*'" 

Partial oxidation of gaseous hydrocarbon mixtures containing ethane is de¬ 
scribed by Walker.He employed oxygen at elevated temperatures and pressures, 
and a catalyst mass consisting of aluminum phosphate and copper oxide on pumice, 
and obtained alcohols and aldehydes. Mixtures of gaseous saturated hydrocarbons 
oxidized with oxygen containing 1 per cent or less of nitric oxide (NO) at 5(X)- 
8 (X)®C., using chromium, molyb<lenum or vanadium as catalyst, pro<luce formalde¬ 
hyde, formic acid, acetaldehyde and other products.Serbinov and Neiman,*’'* 
in the oxidation of ethane with oxygen, observed that the conversion is accelerated 
several-fold by the presence of small quantities of nitrogen j)eroxidc (NO.j), but 
the effect was l)elieved not to l>e due to direct reaction ni this oxide with ethane, 
l)Ut rather to a transfer of energy from nitrogen peroxide to oxygen molecules. 


Oxidation of Higher Paraffin Hydrocarbons 
Pease and Munro*’® studied the slow oxidation of propane in an attempt to ascer¬ 
tain the actual steps occurring. Propane-oxygen mixtures were reacted at 4()0®C. 

* D. M. Newitt and \). T. A. Townrnd. Proc. World Petr. Conifr., 193J. 2, 847; Brit. Chrm. Abs. 
B, 1934. 823; Chem. Abs.. 1934, 28, 4871 

“V. N. Ipatieff, Btr., 1903, 36, 1990; Chem. Zentr., 1905. I. 1002. 

* C. O. Vouni^ U. S. P. 1.977.750, Oct. 23, 1934, to Carbide and CarlH>n ChemicaU Corp.; 
Brit. Chem. Abs. B, 1935, 894; Chem. Abs., 1935. 29. 180. 

*• J. C. Walker, U. S, P. 2,007.116, July 2, 1935, to Empire Oil fk Refinine Co.; Chem. Abs., 
1935, 29. 5456; Brit. Chem. Abs. B. 1936, 822. 

FreiKb P. 788,533, 1935, to Outehoffniingahutte 01>erhau!*en ; Chem. Abs., 1936, 30, 1383. 
••A. I. 5^rbinov and M. B. Neiman. Compt. rend. acad. sci. ((/./?..?.5.), 1934, 2. 297; Chem. 
Abs., 1934, 28, 5320; Brit. Chem. Abs. A. 1934, 737. 

»R. N. Peaac and W. P. Munro. J.A.C.S., 1934, 56, 2034; Chem. Abs., 1934, 28. 7244; Brit, 
Chem, Abs. A. 1934, 1329. 
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and under 1 atmosphere pressure. The gases were passed through a reaction tube 
heated to this temperature. The tube was 1.7 cm. in diameter and 14 cm. in length, 
its volume being 31 cc. Contact time was kept short so as to minimize secondary 
oxidation. The early appearance of propene without the equivalent of hydrogen 
was pointed out. As secondary products, organic peroxides, aldehydes (mainly 
formaldehyde) and alcohols (principally methanol) represented the main portion 
of the substances formed. Although some of the earlier investigators^ failed to 
stress the importance of peroxides as initial products, Pease and Munro found that 
in sonic instances as high as 25 moles of peroxide were formed per 100 moles of 
propane used. Analytical data seemed to indicate the formula 

I X)OH 

H 

as representing this peroxide. On decomposing, this compound gave formaldehyde. 
However, by coating the reaction tube with potassium chloride, peroxides were 
practically eliminated without materially changing the rate of oxidation. Some of 
their results are listed in Table 181. 


Table 181. —Production of Peroxides and Aldehydes. 


Temp. 

Ratio 

Rate of Flow 

cc. min. 
25'’C. and 

(lascs 
Reacted cc. 


Products Formed, cc. 

Gas or 

V'apor 


Carbon 

Defi¬ 

ciency* 

•c. 

(MI. Ot 

1 Atrn. 

C.H, 

O; 

c\\u 

C,H, 

H, 

CO 

CO, 

Perox. 

AM. 

Per Cent 

350 

11 

100 

73 

161 

20 

6 

5 

60 

8 

18 

11 

10 



SO 

87 

196 

20 

7 

7 

79 

10 

18 

20 

18 

4(M 

11 

2H0 

20 

18 

6 

2 

5 

8 

1 

4 

— 

— 



50 

61 

141 

12 

5 

7 

67 

16 

15 

2 

12 


’* 

25 

67 

166 

11 

3 

14 

77 

21 

9 

— 

— 

400 

1 1 

50 

109 

198 

28 

12 

5 

103 

15 

17 

4 

19 

400 

3 1 

100 

67 

71 

28 

9 

5 

37 

4 

10 

7 

15 



.50 

85 

99 

28 

11 

5 

49 

5 

7 

14 

26 

400 

1 3 

100 

25 

“K('l-Coatcd Tul»e'’ 

45 10 2 

7 

16 

6 

Trace 

8 

15 

400 

13 

100 

41 

Before Coating 

74 13 

11 

28 

5 

9 

1 



• In cakuUttntf thin value the was t.msulere<l as oontaminK 2 carbon atoms and the aldehyde was 

taken as formaldenytle. 


In the oxidation of propane with oxygen in a Pyrex flask (static methcxl) 
.Munru^* oh.served the appearance of a fairly long induction period followed by a 
rapid reaction v\hich was reported as lK*ing t<H) rapid to permit precise measure¬ 
ment. riiis induction peritxl, which was fairly reprtxlucible, was measured as the 
time retjuired for the pressure increase to build up to 5 per cent of its final value. 
However, when the walls of the fiask were coaled with potassium chloride, the 
pressure rose steadily, the induction period apparently being eliminated. An¬ 
dreev,^* in studying the oxidation of ethane with oxygen, found that metal wire 
such as gold, iron or cop|)cr lengthened an analogous induction period. Munro 
found further that with propane in exce.ss the reaction started as low as 245®C., 
whereas, 306®C. was retpiired for its initiation when oxygen predominated. On the 
other hand, Beatty and Kdgar,^’' in oxidizing pure n-heptane with air, using the 
flow' method, were unable to detect an induction |>eriod. 

\V. A. Hone and S. (». ttill, Proc. How Soc. (I.ondon^, 19.^0. A129. Brit. Ckcm. Abs. A, 

19,n. 45; Chem. Abs., 19.U. 25, 1360. W. A. Bone and D. T. A. Townrnd, ‘ FUme and Com 
hutttion in (iaiie«,” l.onKman», (Iwn A Co . New York. 1927. 

•» V\\ V. Munro. 19.15. 57. 105.1; CArwi. Abs.. 1935. 29, 4999; Brit. Chrm. Abs. A. 

1935. 938. 

E. A. Andreev, Compt. rrMrf. orad. set. {U.H..S S.), 1935. I, 610; CUem. Abs., 1935, 29, 4659; 
Brit. Chrm. Abs. A. 1935. 830. 

H. A. Ukatty and <i K<l|pir. J.A.CS. 1934. 56, 102; Bnt. Chrm. Abs. A, 19.14, 259; 

Abs., 1934, 28, 1656. 
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Wiezevich and Frolich^^ oxidized several of the lower paraffins (methane 
through heptanes), with air and oxygen, at high pressures. Among the catalysts 
used were calcium, chromel, silver, and aluminum. It was found that the higher 
members of the series were oxidized at lower temperatures than those required by 
the lower members. In dealing with a given hydrocarbon, it was learned also that 
lower pressures favored the formation of the lower alcohols and acids, whereas 
higher pressures gave more of the higher molecular weight products. This is l>est 
>lu>wn by runs made with pure ti-butane. See Table 182. 

T.\ble 182 .—Effect of Pressure on Oxidation of Butane. 

Per Cent of Oxygen 

Inlet Oxygen Going to: At 33 Atm. At 133 Atm. 

Acetone. 1.4 07 

Methanol.. 15.0 8 4 

Ethanol... 2 5 6 3 

Propyl alcohols 3.2 89 

Butyl alcohols 0.6 2.5 

Aldehydes. . 6.9 15 9 

Acids. 167 46 

Total Useful PrcKlucts. 46 3 47 3 

In some instances it was desired to »)btain acids as main products. In such cases, 
the acids formed were removed (by dry lime) after each pass, the unahsorlnxl gases 
being then recirculated through the reaction chamber.'*'' 

It has been suggested**** that the lower alkyl ethers, e.g.. metiiyl or ethyl, be 
used as catalysts in air-oxidation of gaseous hydrocarbons such as propane. These 
ethers are satisfactorily employed in amounts of 1 i)cr cent or less (on basis of 
hydrocarlK)n) and serve not only to allow oxidation to proceed at lower tempera¬ 
tures but also to make the velocity of reaction less susceptible to tenqK*rature varia¬ 
tions. It is also reported^^ that alcohols, acids, aldehydes and kctone> which result 
from the oxidation of hydrocarbons of this type (eg., butane) may Ik* separated 
from the hydrocarbon material present by extracting the mass with methanol con¬ 
taining water. The efficiency of the extraction is further improved by ojHTating 
under superatmospheric pressures. 

In the oxidation of cyclohexane with air Candea and Oistodulo^** pointed out 
that this hydrocarbon favored peroxide formation more than did aromatic hydro¬ 
carbons which retarded peroxide formation and which were difficult to oxidize. 
In this connection may be mentioned that the oxidizability of naphthenes increases 
with increasing molecular weight and that their stability is further lowered by the 
presence of side chains.^® 

Beatty and Edgar®® studied the oxidation of w-heptane as a function of tem¬ 
perature. The flow method was used and the reaction chamber consisted of an 
externally-heated Pyrex tube. 2.41 cm. in diameter and 106 cm. in length. Of this, 
a 65 cm. SxfCtion was included in the heating zone of an electric furnace. In their 
experiments the pure hydrocarbon was vaporized in a current of nitrogen and later 


^ P. J. WicMvich and P. K. Frnlich. Ind. f.ng. Chrm . 19.U. 26. 267; Chem. Ahs.. 19.14. 2t, 
2249; Brit. Chem. Ahs. B. I9J4. 491. 

Stt also Chapter 42 for the production of acids from |»etrolrtim hydrocarUmn. 

S. P. Burke and C. F. Fryling, V. S. P. 2.0IX.994. Oct. 29. 1‘05 T .S P 1 991 t44 Feh 

12. 19J5; Chrm. Ahs., 1936. SO, 106; 1935. 29. 2174. Both to Doherty Research ( o 

P. K. Frolich and J. W, Pugh, C. S. P. 2.002.533, May 28, I93.S, to Standard Oil Develop* 
ment Co.; Brit. Chrm. Ahs. B, 1936. 584; Chem. Ahs., 1935. 29. 4373. 

^C. Candea and N. Criatodulo, Butt. set. rcoU potytech. Timisoara. 1934. 5. 233; C hrm Ahs 

1935. 29. 8304. . . v nrm. nos., 

I. CTternoahiikov and .S. E. Krein, Seft. Khos.. 1932. 24, 242. 285; Chrm. Ahs.. 1933, 27, 
Ckm^Abt' ®l934’'»Cl6$6^*'' ^ JWi 
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mixed with oxygen (an amount sufficient for complete combustion) so tliat tlie 
oxygen-nitrogen ratio was the same as that of air. The mixture was then intro¬ 
duced into the reaction zone, the temperatures in the various sections being meas¬ 
ured by means of movable thermocouples. It was found that as the temperature 
of the gas is increased, oxidation proceeds in the following definite stages: 

(1) At 150-250®C. a slight reaction occurs which is possibly heterogeneous. 

(2) At 250-350®C. a primary reaction takes place which is terminated within 
the furnace. In this step 3 moles of oxygen per mole of heptane are consumed. 

(3) At 350-470®C. a subsequent reaction raises the oxygen consumption to 4.7 
moles. The velocity of both the primary and subsequent reactions decreases rapidly 
with increasing temperature. 



Courtesy luJustrial and llnfjtneering Chemistry 

Fig. 202.—Flow Sheet for Pentane Oxidation. (P. J. Wiezevich and P. K. Frolich) 


(4) At 470-510®C. the velocity of the i)rimary reaction continues to decrease 
but the subsequent reaction is accelerated and al>ove 490°C. the final amount of 
oxygen used is increased. 

(5) At about 510®C. inflammation occurs. 

Although the complex mixture representing the reaction products was not 
analyzed, it was noted that some of the intermediate products exhibited extraordi¬ 
nary stability toward oxygen. This followed from the fact that even though a 
rapid increase occurred in the total amount of oxidation between 350® and 380®C.. 
raising the amount of oxygen used to 42.7 per cent of the final value, no change 
whatever occurred in the oxygen consumption from 380® to 490®C. The main re¬ 
action, which l)egan at about 250®C. and which was believed to be of the chain- 
mechanism type, was accompanied by visible chemiluminescence. This continued 
even up to the tem|>eraturc of inflammation. A similar chemiluminescence was 
exhibited during the oxidation of 3-heptene, although the latter was attacked at 
somewhat higher temperatures than the corresj>onding paraffin. Iso-octane (2,2,4- 
trimethylpentane) was found to be very inert toward oxygen and when mixed with 
n-heptane had an inhibitory cflfect on the oxidation of the latter. This is indeed in 
accor<l with the high antiknock value of the former material when use<l as fuel 
in gasoline engines (Chapter 44). 

Aldehydes averaging eight to ten carbon atoms, and proposeil tor use in per¬ 
fumery. have l>een obtained by the vapor-phase air-oxidation of a cleaner’s naphtha 
from West Texas crude oil. Oxidation was effecteil using nitric acid vapor as 
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catalyst. The best yield of aldehydes (20 per cent) was secured at 444®C., to¬ 
gether with a 25 per cent yield of acids. The aldehydes obtained were separated 
from other products by means of sodium bisulphite. They possessed pleasant odors 
when first prepared but, when exposed to the air, soon became badly rancid, due 
to oxidation to the corresponding acids. No alcohols were obtained when nitric 
acid was employed but these did appear when small amounts of tetraethyl lead, 
nitrobenzene, copper oleate or benzoyl peroxide were used as catalysts.*^' Boe- 
seken and Wildschut*''^ report that benzoyl peroxide may be employed as the oxi¬ 
dizing agent in certain reactions. These investigators conducted experiments on 
the oxidation of triethylmethane, using benzoyl peroxide as the source of oxygen. 
Contrary to expectations, it was found that a small amount of a primary alcohol 
was formed, indicating that a hydrogen attached to a primary carbon of one of the 
methyl groups had been activated, rather than the hydrogen attached to the tertiary 
carbon. 

In the oxidation of light paraffin oils'*-** at 120®C., it was found that phosphorus 
pentoxide, potassium hydroxide, sodium sulphate, calcium chloride, or cupric sul¬ 
phate produce little effect on the reaction. It was learned however, that when 
means are exerted to remove water from the mixture (e.g. by suspending de¬ 
hydrating agents above the lu^uid), the yield of acidic products is diminished. 

In a rather extended study'*^ of the oxidation of hydrocarbons (boiling between 
175-250®C.; sp. gr. 0.77-0.85 at 15®('.). in the vapor phase bv air. it was learned 
that at least six reactions occur simultaneously, no catalyst being found which 
would sufficiently increase any one of these reactions at the expense of the others. 
The hydrocarbon, heated to 150°C., is mixed with a limited amount of air (pre¬ 
viously heated to 300®C.), and passed into a reaction vessel containing the cata¬ 
lyst. The conditions are such that only 1-1.5 per cent of carbon monoxide and 
dioxide are formed. The prcxlucts, recovered by condensation, consist of un¬ 
saturated and aromatic hydrocarbons, aliphatic aldehydes and ketones (saturated 
and unsaturated), alcohols, lactones, and small quantities of acidic compounds. 
The various fractions obtained have been used as (xlorizers ( sold under the name 
of Detektol O. Special) for odorless gases, denaturants (“Denoxr»r’) for alcohol, 
and for the prevention of deposits in coal-gas lines, and as inhibitors (known as 
“Denoxol-Solve”) for the formation of resins and gums from unsaturates. 

In nitrating a cyclopeniane fraction < b.p. .50-51®C’.) of a C aucasian petroleum, 
Markownikow'*-’' obtained a large yield of glutaric acid, in addition tf) nitrocyclo- 
pentane. Nametkin^** obtained succinic and a-niethylglutaric acids by treating 
cyclopentane and methylcyclopentane with nitric acid. Similarly, adipic acid has 
been obtained from a cyclohexane fraction. 

«C. Q. Sherly and W. H. Kinu, Ind. Hnn. Chem.. 26, 1150; lint i hem. Abs. A. 19.U. 

13J5; Chem. Abs., 1935, 29. lOftl 

•*J. Bocacken and S. J. Wildiichut. Her trar. ckim . 19.t2. 51, Chrm. Abt., 1932, 26. 12,13; 

Brit. Chem. Abs. A. 1932. 250. 

••A. K. Pliaov and E. Male«va. Bull. soc. chim., 1936, 3 (5). 1281; Chem Abt , 19.U>. 30, 7995 

•• W. J. Piotrowftki and J. Winkler, Oil & Oaj /.. 1936, 25 (9). 58; /, lust. Pet. Teeh., 1936, 

22. SUA. 

“W. B. Markownikow. Ber. 1897, 30. 974; 1897. 72. 329 

••S. S. Nametkin. J. Russ. Phys. Chem. Soc.. 1911, 43, 1603; J.C..S.. 1912. 102 ( 1), 175. 



Chapter 38 

Formaldehyde and Other Aldehydes 

Since its discovery in the latter part of the nineteenth century as an oxidation 
product of methanol,^ formaldehyde has been of ever increasing interest to chemi¬ 
cal industry. P'irst used as a fumigant and disinfectant, its properties of ready 
polymerization and a catholic willingness to condense with other substances has 
made it very important in the plastics industry,^ the greatest consumer of formal¬ 
dehyde at present. Although formaldehyde has a sharply irritant odor, the higher 
aldehydes differ in this property and some are used in the manufacture of perfumes 
and as solvents.^ 

Formaldehyde is generally available as the 40 per cent aqueous solution (for¬ 
malin). as the solid polymer, paraformaldehyde, which deposits from the water 
solution, and also as the compound formed with ammonia, hexamethylenetetramine. 
The aldehyde is readily regenerated by heating the latter substance with acid. 
Another solid polymer, polyo.wmethylene, is formed directly by polymerization of 
the licjuid or gaseous monomer, sometimes with explosive violence.The gaseous 
monomer condenses to a licjuid at --19.2^C. which freezes at according 

to Spence and Wild,' but is stable only at temperatures near that of liquid air, 
due to the strong tendency to form polyoxyrnethylene. Maintained in a solid car¬ 
bon dioxide-ether bath, polymerization still proceeds to such an extent that inter¬ 
locking tine crystals of the pol\Tner convert the aldehyde to a gelatinous mass. So 
insoluble is this polymer in the li(|uid monomer, however, that no effect was dis¬ 
cernible on the vapor pressure curve of the latter. Spence and Wild^ believed 
that this polymerization of liquid formaldehyde to polyoxyrnethylene took place 
j)rogressively from solid nuclei or solid surfaces. In an effort to test the belief, 
gaseous formaldehyde (obtained by heating paraformaldehyde) was specially 
treated to free it of any entrained solid matter. The liquid prepared by con¬ 
densing this gas in a liquid air-cooled trap proved to be distinctly more stable than 
liquid formaldehyde pre[)ared from gas not thus freed of solids. However, even 
this more stable liquid polymerized slowly from the solid surfaces of the containing 
vessel. 


OXIl>.^TlON OF AuOHOLS 

F'ormaldehyde is an oxidation pro<luci of methanol, and this method of produc¬ 
tion has maintained its preeminence to the present time since the process is siniple, 


> A, \V. Hofmann, Amn 1868. 145. .157; Ptr.. 1869. 2. 152. 

* .Sc^ ('aricton Hlliik. “Thr Chemistry of Svnthetic Resina,” Rcinhold Publi‘‘hing Cor;».. New 
York. 19S5. 

• P. Shoruigin and V. Kor»hak. fler,. l‘i.15. 68. 858; Chtm. Abs , 1955. 29, 4756. See also 
French P. 779,789. 1955, to I.. (>ivauden and Cie. Soc. anon,: Cbrm. Ahs.. 195.'^. 29. 5457. 

* R. Sjience and W. Wild, 1935, 538. 506; finf. Cktm Abs A. 1955. 608. 691; Ckrm, 

Aht . 1955. 29. 5502. 4659. 

• R. Si>ence and W. Wild. tcH'. cit. The International Critic.il Tal>le*i. however, list the boiling 
jHiint of formaldehyde aa — 2l*C. and the melting t>oint as ~92*C. 

•.See J. K. Carruthera and R. («. W. Norriah, Saturf, 1955. 13S, 582; Brit. Cktm. Ahs. 
A. 1955, 71 1 ; L btm. Abt.. 1955. 29. 4100. 
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the products readily purified, and the raw materials not costly. Oxidation of the 
corresponding: primary alcohol is a g^eneral metho<l for preparing formaldehyde or 
its higher homologues. The aldehydes can also he prepared by dehydrogenation 
reactions, without oxidation. Sinolenski and Kowalewski^ reported that dehydro¬ 
genation was promoted by a copper catalyst. Thus they obtained acetaldehyde by 
the dehydrogenation of ethyl alcohol heated in the presence of copper. Young® 
found that the copper catalyst was further activated by the addition of 1 to 5 per 
cent of chromium. It was prepared by impregnating a porous artificial filter stone 
support with mixed cupric and chromic nitrates, followed by reduction in a stream 
of ethyl alcohol vapor. The catalyst was then used at a temperature of 225 to 
350®C., the ethyl alcohol vapors Inring passed over it under 0.5 to 5 atmospheres 
pressure. Similar dehydrogenation reactions may be carried out in the liquid 
phase. Thus, according to Brus,'* anhydrous zinc sulphate reacts with ethyl alco¬ 
hol, first converting it to acetaldehyde and then condensing the latter product (with 
loss of water) to crotonaldehyde. With ii-propyl alcohol the action is similar, 
although isopropyl alcohol is dehydrogenated to acetone. The latter substance is 
condensed to mesityl oxide and phorone. That acetone was a primary product of 
dehydrogenation was confirmed by treating some of this ketone with the anhydrous 
sulphate and testing for mesityl oxide and phorone. Butyl alcohol is similarly 
converted to butyraldehyde, which in turn furnishes an iso-octenyl aldehyde. 
When polyhydric alcohols such as glycerol are treated in this manner, dehydration 
takes place, leading, in the case of glycerol, to acrolein. 

However, the usual procedure consists of a catalytic oxidation by air or oxygen. 
The importance of the reaction has led to considerable investigation of possible 
catalysts, and though copf>er, silver, or a mixed copper-silver mass is generally 
used,^® various investigators have proposed oxides of molybdenum, vanadium, iron, 
lanthanum, thorium, neodvinium, zinc or tin,** or certain of these substances as 
well as cerium, aluminum or chromium used in conjunction w ith electrolytic silver 
crystals.Nevertheless, Dolgov and Bocharova,*-* after detailed experiments with 
synthetic methanol and air, reported that the metallic catalysts other than silver 
and copper were of little use. Their findings indicate that most metal oxides arc 
not satisfactory but that a catalyst consisting of copper discs placed close together 
(within the reaction zone) gave a yield of 42 per cent of formaldehyde. Copper 
oxide with an activator such as thorium or uranium furnished yields of 21 to 42 
per cent. On the other hand, Ghosh and Baksi*^ reported that cerium and thorium 
w'ere advantageous promoters for copper catalyst. Ivannikov and Zherko,*® how¬ 
ever, working on this same problem, tested these metals and found the results dis¬ 
appointing. They believed that this cerium-promoted copt)er catalyst favored the 
production of methyl formate rather than formaldehyde. I'hey aUo suggest that 
the results reported by Ghosh and Baksi may have l)een misleading due to the 

^ K. Smolenskt and S. Kowalewski, Bull, intern, acad. polonaae, Clatse Si i. math, nat., 1934A, 

304; Ckem. Abs., 1935, 29, 1060; Brit. Chem. Abs. A. 1935, 193 

• C. O. Young, U. .S. P. 1,977,750, Oct. 23. 1934. to (';»rl>iflr and TarlKm ('hrnucaU Corn.; 

Ckem. Abs., 1935, 29, ISO; Brit. Chem. Abs. B, 1935. «94 

Bruii, Bull. soc. chim., 1923, 33, 1433; Chem. Ab.r., 1924. 18. <>11; J.SCl.. 1924. 43, 74B. 

H. Dreyfut. British P. 425,550, 1935; Chem. Abs.. 1935. 29. 54M; Brit. Chrm. Abs. B. 1935, 

»» V. E. Meharg and H. Adkina, S. P. 1,913.404, June 13. 1933, to Bakrlilc Corn.; Bnt. Chem. 
Abs. B. 1934, 186; Ckem. Abs., 1933, 27, 4252. 

*• H. A. Bond and I.. B, Smith, \J. S. P. 1.968.552, July 31, 1934, to K. I. dtt Pont d« 

Ncmotira A Co.; Ckem. Abs., 1934, 28, 5832; Brit. Chem. Abs. B. 193.5, 621, 

** B. N. Dolgov and E. .M. Bocharova. Khim. Tvrrdopo Toptiva, 1932. 3, 406; Chem Abs. 1934 
28, 5805. 

”J. C. Ghofth and J. B. Bakai, Quart. J. Indian Chem .S'oc , 1926. 3. 415; (hem. Abs 1927 21, 
2249. 

w P. Y. Ivannikov and A, V. Zhtrko, /. Applied Chrm. <(’ S .S H ). 1913. 6. 1148; Chem Abt 
1934. 28. 40.36; Brit. Ckem. Abs. B, 1934. 231/ i^^rm einr. 
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method of analysis employed, i.e., testing by gas analysis, since methyl formate and 
formaldehyde possess identical empirical formulas. 

Gurevich and Chirvinskaya'® found that copper gauze was the optimum cata¬ 
lyst, the most desirable temperature being 360®C., when the gas was composed of 
methanol with 52 to 57 per cent of the theoretical amount of oxygen. Under these 
conditions, yields of 92 to 93 per cent of formaldehyde were secured. Silver on 
pumice gave a 90 per cent yield, and when this metal was deposited on copper 
gauze, 92 per cent of the theoretical quantity was obtained. If the oxygen content 
of the reacting gases was increased, the yield fell rapidly. Simultaneous oxidation 
to carbon dioxide and formaldehyde occurred, the latter then breaking down 
to carl>on monoxide and hydrogen. Bond and Smith^^ prepared a silver catalyst 
for the oxirlation of methanol by forming a compacted mass of silver oxide without 
inert diluent and sul)seqiiently reducing this mass to silver. This was further acti¬ 
vated by incorporation of such other metals as cerium, thorium, chromium, molyb¬ 
denum. vanadium, tungsten or zinc. 

In oxidizing the higher primary alcohols to the corresponding aldehydes, there 
is some tendency to completely oxidize off the carbinol groups with resultant de¬ 
gradation to the next lower aliphatic compound. Thus, Flanzy'* reported a study 
of ethyl alcohol-oxidation catalyzed by copper oxide, which indicated that con¬ 
siderable quantities of formaldehyde were formed at 300°('. He proposed a mecha¬ 
nism for this reaction as follows: 

K>, 

HaC CH,OK V -f H,() H:C= + ==CHOH 

HCHO 

In an investigation of the oxidation of ethyl alcohol to acetaldehyde, using copper 
gauze as catalyst, Nikolskii*^ concluded that the process was one of dehydrogena¬ 
tion with subse(juent oxidation of the hydrogen split off. He believed carbon mon¬ 
oxide to be the result of decomposition of the acetaldehyde formed, as follows: 

() 

\UC- ('H.OH y H,C CH ^ Hj (H, -f O * H,0) 

() 

!| 

H,C CH ~> CH 4 + CO 

His work indicated that the reactions were due to the high temperature (600 to 
700°C.) of the contact mass and the low concentration of oxygen employed. By 
increasing the size of the reaction chamber and reducing the catalyst temperature 
to 40()°C., it was possible to raise the oxygen content of the entering gases to 55 
or 60 per cent and to u.se a heavier gauge of copper gauze. This eliminated a 
second source of trouble, the fusion of the fine copper mesh to a sintered mass due 
to the heat of oxidation of hydrogen on the surface of the catalyst. 

Patterson and Day'-'^ oxidized ethyl alcohol (with air) to acetaldehyde (using 
a silver catalyst) at pressures ranging from 1 to 50 atntospheres. The yield and 
the yield efficiency (ratio of alcohol converted to aldehyde to the total alcohol 
oxidized) both decreased as the pres.sure mounted. The data in Table 183 indi- 

Z. B. (lurrvich amt E. Y. Chirvinnkaya. /. Chrm. /«</. iMosextw), 1915, Xo. 1. 57; Chtm. Abs., 
19.15. 29. firit. Chrm. Ahs. B, 19.15, 442. 

H. A. Born! ami L, B. Smith. V. S, P. 2,005.645, June IS, 19.15. to E. 1. tlu Pont de Nemours 
it (V; them, Abs.. 19.15. 29. 5124. 

M. KUn«y. Corner rend.. 19.14. 199, 179.1; Chem. Abs.. 1954. 2S. 5040; Bril. CArm. Abs. A. 
19.14. 7S». 

'• M. S. Nikolskii, Anilinokran^ehnaya Prom.. 19.12, 2, No. 4, 22; Chrm. Abs.. 1933, 27, 5305. 

*>J. A. Patterson and A. R. Day. Ind. Iln^. Cktm., 1934, 26. 1277; Cktm. Abs., 193S. 29. 1059; 
Brit. Chfm Abs B, 1935. 584. 
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cate also that considerable decomposition of intermediate products to hydrocarbon 
and hydrogen took place: 

Table 183.— F.fffct of Pressure on Oxidation of Ethyl Alcohol. 



Ratio of 
Oxygen to 

Alde¬ 

Acetic 

Hydro¬ 

H, Moles 

Effi¬ 

Temp. 

Alcohol 

hyde 

Acid CD, CO 

carbon 

Per Mole 

ciency 

c/ 

/o 

°C. 

(Moles) 

-d 

C' Cf c.' 

C 0 0 

C/ 

yC 

Alcohol 

322 

0 712 

37 0 

Three Atmospheres Pressure 

27 114 67 

2 2 

.067 

61 7 

331 

0 139 

28 9 

0 6 10 13 

0 8 

097 

88 7 

330 

0.238 

22 7 

Ten Atmospheres Pressure 

0 6 0 5 1 3 

0 8 

.039 

87 2 

370 

0.386 

27 0 

0 5 1 4 2 9 

2 3 

191 

75 0 

326 

0 443 

Twenty-Five Atmospheres Prc.ssure 

14 4 1 2 2.7 1 9 6 40 

067 

51 8 

370 

0.420 

14 8 

0 7 2 9 15 9 

9.70 

.k)0 

32.8 

330 

0.281 

9 0 

Fifty Atmospheres Pressure 

0 8 2 5 7 3 

4 4 

062 

35 0 

371 

0 804 

3 4 

04 16 2 26 0 

IS 4 

.395 

5 5 


Butyl alcohol can l)e oxidized with either air or carbon dioxide, according to 
Rubinshtein and his asMKiate>.-^ Catalyst.s of chromic, manganic, ferric and 
vanadic oxides, precipitated silver, copper and silver-co[)|)er, and various com¬ 
binations of these were tested. W ith air as an oxidant, a catalyst of silver (pre¬ 
cipitated from a silver-ammonia complex by formaldehyde) mixed with 4 per cent 
of a copper-silver mixture was most successful, giving a yield of 68 per cent hutyr- 
aldehyde with 7 per cent butyric acid at 350° to 360°('. Although less effective, 
ferric and vanadic oxides catalyzed the reaction at higher temperatures (4(K)° to 
550°C.), but the other metal oxides tested were useless. \'anadic oxide was re¬ 
ported satisfactory, however, w'hen using carbon dioxide as the oxidizing agent, at 
a temperature of 550°C. 

Catalytic Oxidation of Hydrocarbons to Aldkiiydks 

Due to the large quantities of hydrocarbons available at very low' cost in natu¬ 
ral gase>, interest ha^ been aroused in catalytic oxidation j)r(Klucing ahlehydcs 
directly from them. Even without catalysts, the reaction takes place to a certain 
extent. Frear'-^* investigated this action using a silica tube 1.37 cm. in diameter, the 
reaction being carried out at atmospheric pressure or lower, with tem|H‘ratures 
close to 600°C. With a methane-oxygen ratio (presumably by volume) of 77 to 
21 at atmospheric pressure, the formaldehyde yield increased with increasing con¬ 
tact time until a maximum was reached at 54 seconds. Under these condition> a 
0.23 per cent yield of the aldehyde was obtained, together with 10.9 per cent carbon 
dioxide and 0.14 per cent of carbon monoxide. Contact times greater than 54 
seconds decreased the yield and, at 103 .seconds, but 0.035 per cent of formaldehyde 
was formed, while 13.2 per cent of carbon dioxide was prwluced. FVem these 
data, Frear concluded that in an unpacked silica tube the reaction is of the chain 
type of the 3.45 order^^ under pressures between 450 and 575 mm., the order in- 

•* A. M. Rubtnfthtein, A. A. Balandin, B. Dolffoplo.nka. K. A. Morojtov an<l L. I. Vagrantkiiya. 
/. Apptied Chem. (V.SS.R.), 1933, 6. 278; Chem. Abi , 1934, 28. 2983; BrU. Chem Abt. A, 1933, 
805. 

•C. L. Frear, J.A,C.S., 1934, 56, 305; Chem. Abt.. 1934, 28. 1916; Brit. them. Abt. A, 1934, 368. 

•Thii fractional order number indtcatei that calculation! baaed on experimentally determined re- 
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creasing rapidly with the pressure. In a packed tube the reaction is of the first 
order and, at pressures below 300 nun., proceeds more rapidly than the chain 
mechanism. 

In industrial work, however, catalysts are almost invariably employed. In a 
process described by James,oxygen and methane are circulated through a reaction 
chamber in which the “blue oxides” of molybdenum are used as catalysts. The 
gases then pass to a chamber in which the desired oxidation product (formalde¬ 
hyde) is separated out. 'I'he unreacted gases are recirculated with the addition of 
fresh oxygen and methane to re[)lace that converted. Tikhomirova and Mona¬ 
khova^*'* used a mixture of cracking gas and air, with a catalyst of vanadic oxide 
precipitated on kaolin. 'I'lic reaction was'carried out at 280° to 34()°C., yields of 
from 5 to II per cent formaldehyde. 2 to 3.5 per cent formic acid, and 6 to 7 per 
cent of acetic acid being obtained, Tikhomirova-* found that copper gauze de¬ 
creased rather than increased the i)roportion of formaldehyde when used in con¬ 
junction with the vanadic oxide catalyst. The optimum degree of oxidation was 
obtained by 8 to 10 recyclings of the gaseous mixture. 

Soli<l catalysts are not always U'^ed alone but sometimes are aided by gaseous 
catalysts, particularly the oxides of nitrogen.-^ As an example, the methane- 
oxygen mixture may have added to it le>s than 1 f>er cent of nitric oxide and the 
gases then passed over solid catalysts at temperatures between 600 and 700°C. 
The reaction may be carried out in the presence of zinc or zirconium and oxides 
or carbonate^' of such inetaK as ,'ilnmimnn. chromium, vanadium, molyf>denum, 
tungsten, matiganese. nickel or cobalt.-^ 

.Sheely and King-'* oxidized a cleaner’s naphtha (from West Texas crude oil) 
in the vapor phase, using nitric acid vapor as catal\st. The best yield of aldehydes 
(20 f)er cetit) containing 8 to 10 carbon atoms, along with some acids, was ob¬ 
tained at 444''C'. rile aldehydes p<»sscssfd j)leasant odors and were suggested for 
use in p<*rfutnery. 

KlKC 1K0-( AT.\1.YT1C TRODri TION OF A1-1)FHY1)F.S 

Since, as already noted, oxides of nitrogen are sometimes used as catalysts in 
the oxidation of methane-oxygen mixtures, a number of methods have been pro- 
p<3sed which combine the manufacture of the nitrogen oxides with their utilization 
in this process. Thus, Harter'^^ suggested that air be blown through an electric 
arc causing the formation of mixed nitrogen oxides which are. however, unstable 
at the lower temperatures outside the arc. Methane tir other hydrocarbon is 
blown into the ajiparatus to Ik* mixed with the stream of unstable and decomposing 
nitrogen oxides escajiing from the immediate region of the arc. Tlie decomposition 
of the oxides releases oxygen in a highly activated form so that the hydrocarbon 
is oxidized at comparatively low temperatures, e g., 1(X1 to 5()0°C. Under these 

action velocity con^t.ints sh«mr<l the series t t j»n>ccr<lra s\ a r.ntr levs than that < f a jhita 

order reaction. ihouKh greater than that «if .» fourth onlrr tcaction. For a ihvcuHjuon of reaction orders. 
%tt Chapler 20. 
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918; rJicm Ahi,, 19.14. 28. l.^S4. 

• M. M. Tikhomirova and W Mon.ikho\a. Affcr Seft KhoT . 19.15. No. 0. 79; Chetn Ahs.. 19,t<». 

10 , 3986 . 

M. M. Tikhomirova. Asrr. \rft. Kbog.. 19,t4. No. 10. 82; Chem Ahs.. 29. 6033 

•’See Carleton Elli«, “The ('hemo^try of Petroleum Derivatives.** The Chemical Catalog Co.. New 

York, 1934. 
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•• C. 0 - Sheely and \V. H. King, Jnd. V.rut. Chem , 1934. 26. 1150; c'kcm. Ahs., 19.15. 29, 1061; 
Brit. Cktm. Abt. A. 1934. 1335. 

••H. Harter, IV S. P. 1,985.875. I3ec. 25. 1934; Chtm. Ahs., 1935. 29, 1103; Brit. Chtm. Abs. 
B, 1935. 1130. 
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conditions the partial oxidation products are relatively stable. “Bleaching earths/* 
silica gel, or metallic catalysts may be used as additional catalysts to direct the 
oxidation to the formation of formaldehyde. A method described by Nashan^^ use? 
an undamped, visible discharge of high-tension, high-frequency alternating cur¬ 
rent as the activating agent. In this case the nitrogen oxides produced are some¬ 
what more stable and react with the hydrocarbon (methane, for instance) to pro¬ 
duce partial oxidation products, but also a quantity of the nitrogen is sufficiently 
activated to further react with some of the formaldehyde produced. The products 



Fig. 203. —Oxidation of Hydrexarbon Gases with Nitrogen (>xidcs Formed in Klectric 

Arc. (H. Harter) 


of this process include not only formaldehyde, but also hexamethylenetetramine, 
which can be recovered by solvent extraction and recryslallization. Xashan^*’-^ also 
reported that oxygen may be used as the oxidizing agent in such a high-frequency, 
high-tension field if less than atmospheric pressure is applied. If methane is used 
as the hydrocarbon, a good yield of formaldehyde is obtainetl. Fujimoto*'' found 
that a similar mixture produced dihydroxydimethylperoxide (HOC'HjOOCHoOH) 
when treated with the silent electric discharge. This compound is fairly stable, but 
breaks down on heating with or without a catalyst (platinum black or zinc may be 
used) to yield formaldehyde, formic acid, acetaldehyde and methyl alcohol. 

Not only can the electric <liscliargc bring about combination of hydrocarbons 
with oxygen, but carbon dioxide may be used as the oxidizing agent in the dis- 

•* P. Nathan, U. S. P. 1.9.10,210. Oct. 10, 19.13, to (fUtehoffnunK«httttc OI>«rhau»cn A. O.; Cktm 
/tbs., 1934. 28. 2280. 

•• P. Nathan, U. S. P. 1,909.215, May 16. 1933, to (ilutehoffnungiihutte (Hwrhau»ctt A.*G.' Cktm 
Abs.. 1933, 27, 3675. 

•H. Fujiinoto, Japancte P. 109,412, 1935. to Minttter of the Navy; Ckcm. Abs., 1935, 28, 3691. 
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charge. Finlayson and Plant^^ reported a method for the production of acetalde¬ 
hyde and formaldehyde based (3n the oxidatiotj of methane by means of carbon 
dioxide. The gaseous mixture was passed througli an electric discliarge supplied 
with alternating current at a fre<iuency of about 10(K) cycles. Other investigators 
have sliown that by varying the proportions of methane to carbon dioxide, the 
products are accordingly varied. Thus, if an excess of methane is present, the 
reaction tends to produce acetaldehyde,^® but if the carbon dioxide concentration 
is equal to or greater than the methane concentration, the product is principally 
formaldehyde. 

Fester and Schivazai)pa-^ investigated'the electrolytic reduction of carbon mon¬ 
oxide and concluded frcjin their results that only traces of formaldehyde are 
formed in this manner, since this lower oxide of carbon is not a true unsaturated 
compound. However, they believed that a combination of catalytic and electro¬ 
lytic reduction in solution should give determinable amounts of the aldehyde, and 
this conclusion was verified by experiments. \>ry small quantities of formic acifl 
and methyl alcohol were formed simultaneously. 

DkCOM POSITION OF AlDKHYDES 


The high temperatures used in the catalytic oxidations of the gaseous hydro¬ 
carbons to aldehydes lead to considerable decomposition of the desired products. 
Spence’^” finds that formaldehyde, for instance, reacts rapidly with oxygen in a 
Pyrex tube at 317^(*. In an unpacked tul>e, the products are largely carbon 
monoxide and water, liut in a tube packed with powdered glass, carbon dioxide 
and water are produced. In addition to loss of product through such oxidation as 
this, purely thermal decomposition is a considerable factor. The mechanism of 
this dectimposition has In^en studied in a number of ways. Patat and Sachsse*''® 
took advantage of the fact that atomic hydrogen is a catalyst for the conversion 
of parahydrtigen to orthohydrogen in tracing the reaction.**’* In this way it wa^ 
possible to show that no more than very minute quantities of free hydrogen radi¬ 
cals could be present. Tests were made using formaldehyde and parahydrogen 
heated together at a temi>crature of 823°C. A total pressure of 625 mm. was used, 
600 mm. due to parahydrogen and 25 mm. pressure of formaldehyde. No decrease 
in the concentration of parahydrogen was detected. Work with formic acid (20 
mm. partial pressure) and parahydrogen (760 mm.) heated together at 300 to 
440°C. gave similar negative results. It was concluded from the data that the 
decomposition of such methyl compounds proceeds through saturated substances. 
The same investigators also report that the free-radical, or chain mechanism, can¬ 
not \)c applicable in these decomj>ositions. The parahydrogen results indicate so 


1). Finlayvjn and J. H. Plant. . .S. P. 1.986.885, June 
Aht,, 1935. 29. 10»1. 

(ierman P. 600.040, 19.14. to (•utehoffnungfthutte 01>rrhau*cn 
•• (Irrmai* P. 580.580. 19.1,1. lo (•utchofFnungnhulte Oherhauaen 
G. Fruiter and M. Schivaaappa. Rtv. lacultad qnim, Argentina 
29. 5359. 


8. 1935. to Cclane-^ Corp.; Cktm. 

A. G.; Chtm. Abs., 1934. 28. 6376. 

(t.; Chrm. Abs., 19.14. 28. 979 
. 1934. 22. 238B; Chrm. Abs., 1935. 


K. Spence. 7 C.S.. 1936. 649; /^nt. Ckrm. Abs. A. 1936, 801; Chrm. Abs.. 1936. 30. 6631. 

** F. Patat and H. Sach^ive. .VurAr. 6Vj. IFujr. Gi’flmpcii, Matk. f*h\stk. Klassc, Fachgruppe III, 
1935. I, 41; Ckrm. Abs., 1935. 29. 6878; and Satnrrviss.. 1935, 23, 24/; Brit. Ckrm. Abs. B, 1935, 
708; Ckrm. Abs . 1935, 29. 5072. 


•• The parahydrogen molecule differ* from the orth<^yrlrogen molecule in that the proton spin of the 
two hydrogen atorn* forming the ortho molecule i* in the same direction; in the para molecule the 
two proton* *pin in oppti^ing direction*. The two forms of the molecule differ in various physical 
propertiet. jiuch a* atwcihc heat and thermal conductivity. Normal hvdrogen ga* contain* both torma 
in ratio of 1 (>arahydrogen to 3 orthohydrogen molecule*, according to R. F. Bonhoeffer and P. Harteck 
(N^lnm'isimsckaftrn. 1929, 17, 182; Ckrm. Abs., 1929. 23. 2614,). Practically pure parahydrogen 
can be f>rei»are<l by ad*onition on activated carbon at liquid hydrogen temperature*. So prepared, the 

ff ra molecule* are *n^cientl.v *tAble to remain practically unenanged for a week at room temperature. 

ydnigrn atom*, platinum black, and certain other «ub<tance« catalyte the convertion to the 1 to 3 
equilibrium mixture nearly inttantaneou»ly. 
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low a concentration of free hydrogen atoms that an improbably high heat of activa¬ 
tion (29,000 cal.) must be postulated to account for the acetaldehyde decomposi¬ 
tion on the basis of a chain reaction. Winkler and Hinshelwood'^' arrived at a 
similar conclusion from investigations of the effect of surface-volume ratios on 
reaction speed. Results obtained from operations at a temperature of 562®C. and 
an initial pressure of 240 mm. gave no evidence that the decomposition of acetal¬ 
dehyde was heterogeneous or depended on a chain reaction. Staveley and Hinshel- 
wood’*^ have shown that sufficient nitric oxide (NO) may accelerate the decompo¬ 
sition of acetaldehyde, although smaller amounts do not have this effect; neither 
do small percentages inhibit the decomposition. On the other hand, partial pres¬ 
sures of nitric oxide in the range near 2 mm. do act to inhibit the decomposition 
of propionaldehyde. However, increasing the amount of nitric oxide present di¬ 
minishes this effect, until a positive catalytic effect is finally exerted when large 
proportions of the nitrogen comprnmd are present. Fhe investigators believe that 
the decomposition of the latter aldehyde involves a short (2 unit) chain reaction, 
although the decomposition of acetaldehyde involves no chain mechanism. 

A number of substances frequently present as intermediates in the productiem 
of aldehydes from hydrocarbons by oxidation are cataly^ts f<»r the decomposition 
of aldehydes. Letort^^ reports that traces of oxygen act in this manner at tem¬ 
peratures in the range of 477°C. Fletcher^^ found that ethylene oxide in small 
quantities induces a decomposition of acetaldehyde 1k4(>w 500°C\ The conversion 
is proportional to the square nxn of the ethylene oxide pressure and to slightly 
less than the first power of the acetaldehyde presMjre. Decomposition is retarded 
by the presence of diluent gases (e g., heliunu. but the course of the reaction is 
unchanged. According to Verhoek**’'* nitrous oxide also exerts a catalytic effect on 
the decomposition. In this case, there appears to 1h* a reaction Ixqween the aldehyde 
and the nitrogen oxide to produce a substance which is the active catalyst or the 
initiator of a chain reaction. In a clean silica bulb, the catalyzed reaction is of the 
first order with respect to acetaldehyde. Letort^*^ finds that carbon monoxide and 
methane exert a retarding effect on the decompositif)n of acetaldehyde, and al¬ 
though there appears to be both an activating and deactivating effect, the latter 
greatly predominates. The presence and accumulation of these pro<lucts retard the 
decomposition reactiem in such a way that, though it >tarts as a mechanism of the 
1.5 order, during the course of the action, the order numl)er rises to 1.8. 

Rkoafrv vno Rkmovai. of AM)KnYr>Ks 


The direct concentration of formahlehyde soliitit)ns is difficult due to the forma¬ 
tion of azeotropic mixtures and the tendency to precipitate the j>olynter. para- 
formaldehyde.*''^ Korzhev and Rossinskaya**^ report that formaldehyde forms an 
azeotropic mixture with water in 11 to 12 per cent atjueous M)luti<)rjs. At concen- 


** C. A. Winkler and (’, N. Hin«ihelwrMxI. f*roc Hoy, Sof. (l.on«lun). I'MV AM9. Chtm Ahs 

I9J5. 29. 4243; Brit. Chem. Abs. A. 1935. H27. 

"I.. A. K. .Staveley and Hin^ihelwiMxl. J.CS.. 1936. HIJ, l hrm Abt . ffU, 30 66U‘ Brit 

Ckcm. Aha. A. 1939. 939 

M. I>etort, Comf>t. rend., 1935, 200, 312; Cium. Aha, 1935. 29, Hrtt Chrm 4bs A 1935 

307. 

C. f. M. Fletcher, J.A.C.S . 1916, 58. 534; them. Ahr , I93f,. 30. 2'^22; Brtt. t hem Abs A 
1936. .570. 


F, H. V'erhoek, Trans, Faraday Sor.. 1935. 31. 1527; Bnt them Ahi A, 1915, 
M. Letort, Compt. rend., 1936. 202, 491; Bnt. them. Aht. A, 19,In. 707* i'ltem 

2471. 


Mnn. 

Ahi., 


1936. 30. 


♦’However, \V, S. Hinetfardner (f. .S P. 2.002.243. .May 21. 19.15. u> K. I. du P«mt dr Nemmirt 
8t Cc ; Chem. Abs., I9J5. 29. 43HI> rrjioru that w.*»ter Rohiiioiu t>f formaldehyde are m.ide more Mahle 
bv tb« addition of 5 to 10 per cent of hydrojfen sulphide, A rrversnhlr reaction lakra place between 
the aldehyde and the aulnhide. preventiiiK precipitation of prdymrrs. The unlphur comtMMind i« moat 
fttahle at lower (0 to 5*C.) temperatures when the aldehyde least atahle 


•• P. P, Korzhev and I, .M, KfeiMinnkaya, J. (hetn ind. (\fooro\v). 1915 i? r.in them Aht 
29, 7941; Bnt. Chem Ahs. B. |9W.. in . * o t nrm /inj.. iv.ts. 
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trations above 12 per cent, the proportion of formaldehyde in the vapor is less than 
that in the initial solution, and the aldehyde accumulates in the solution. If 
there is less than 8 or 9 per cent of formaldehyde in the solution, distillation yields 
a product richer in the aldehyde. These investigators postulate an equilibrium 
between formalin hydrate (CHjfOH |, paraformaldehyde [(CH 20 )n] and 
formaldehyde. When distillation is carried out under reduced i)ressure, the concen¬ 
tration of formaldehyde in the vapor decreases while that in the residue increases. 
Korzhev, Frolova and Rossinskaya^® found that if crude dilute formaldehyde is 
made neutral with calcium hydroxide and the water distilled off at 30 mm. pressure 
(conditions under which the aldehyde does not go over), the distillation can be 
completed at atmospheric pressure to give a 37 per cent solution. From a 13 per 
cent formaldehytle solution a concentrated distillate may l)e obtained by adding 
calcium chloride to make a 33 i>er cent brine, and distilling at atmospheric pressure. 
Hasche®^ reports a similar distillation, adding that substances capable of raising 
the boiling p<3int of the solution sufficiently to decompose the polymers of formal¬ 
dehyde will permit distillation of concentrated solutions. He suggests the chlorides 
of magnesium and zinc as well as that of calcium. 

Rk.actions of /Xldkhydes 

The carbonyl group of the aldehydes is typified by its high reactivity,'*' and 
although a detailed discussion of the aldehyde reactions is beyond the scope of 
the present text, some mention of the more important reactions must be made. 
According t(j Richter***, the high reactivity of the aldehydes places them among the 
most important substances for purposes of synthesis. An aldehyde is readily 
converted to the corresp<mding carlK)xylic acid, on oxidation, and consequently 
serves as a powerful reducing agent. Thus if acetaldehyde and air (an excess of 
oxygen being avoided ) are pasNed over an oxidation cataly>t at 4t) to 7(YC. under 
50 to 100 pounds jH*r square inch pres^Hure. the corresjKjnding acid, acetic acid, is 
formed. If dry gases are used,* and a dehydrating agent is present during the 
reaction, acetic anhydride is aKo obtained. It is reported that an acetate, butyrate 
or propionate ot manganese serves as a catalyst in this reaction, and may l)e mixed 
with an activator such as copjHU', nickel or cobalt acetates. In prcxlucing the 
anhydride, the aldehyde is oxidized to an extent of about 70 jx-r cent, then the gases 
are Cf>olcd (juickly to If an ablehyde is warmed with a dilute ammoniacal 

silver solution, silver is precipitated in the form of a mirror on the walls of the 
containing vessel. In the prc.sence of nascent hydrogen, however, the aldehydes 
readily reduce to the corresponding primary alcohol. With acid anhydrides, the 
aldehydes react to form esters of the hydrated form of the aldehyde, the a, 
a-glycol: 

R CHO-f (RV()):<) - >- R -CHiO--COR')s 

The aldehydes react with ammonia to form aldehyde-ammonias which are readily 
soluble in water hut rather unstable, breaking down in the presence of acids to 
yield the original comjx)nents. Tyridine bases are prcxluced when these aldehyde- 

••I*. P. Korihcv. P. A Frolov,! an<l I. M. /. Chrm. Imd. (Moscoti), W35. 12, 721; 

Brit. L hem. Jhs. B, l').l^. 10. 

WR L. Hafwrhc. 1*. S P. 2.015.ISO. Srpt. 24. 1^.15. to A. (> Smith Corp.; Chem. Ahs.. 1935. 29. 
7J4h; Brtf Chem. Ahs B, 920. 

•'Although it not easy to aliMuh pho*kgrnr ra|>i<ll>, the formaldfhyde derivative, the hexameth>l 
rnetrlramine. wa» found to Ik* one ot the nio-tt rtfcctixr aifrntv foi thr r,!pid and complete .iHsorption 
required in gan according to S. T. M. .Aiild (/luf. lino, (.'hem., 191S, lO, 297, ( hem. Abt.. iois, 

12, 1017). 

Richter Anachiitf. ‘’C'hcmic <ler Kohlrn'.loffveihindungen, edited hy R, .Xii’^chiitx, Akndemixche 
VerlAfagcaelUchaft tn.b.H . I.eip/ig. 1928. 1, 247. 

Brttiah P. 446,259, I9.t(», to Shawinigan Chemicala Ltd.; Chem. Ahs., 1936, 30, 6765; Brit. Chem. 

B, 1936. 920. 
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ammonias are heated. When an aldehyde is warmed with an afjucous solution of 
hydroxylamine, aldoximes of well defined properties are formed which are fre¬ 
quently helpful in identifying a particular aldehyde. With acetaldehyde, acetoxime 
is formed: 


H 


H 


H,C~C=() + H,N-~OH CH 


:H,i=N 


-OH + H,0 


Hydrazine reacts similarly with aldehydes to pro<luce compounds of the type 


H 

I 

R--C=NNH, 

With hydrogen cyanide, a reaction takes place yielding cyanohydrins, nitriles of 
a-hydroxyacids. These cyanohydrins can he converted to the acids by means of 
hydrochloric acid: 


H,C—CHO + HCN 


—>• 


C.\ 


IhC—CH 

\ 


OH 


C(h\l 

Hy<!rf>lysiK / 

- ^ HaC—CH 

(HCl) \ 

OH 

lactic acid 


With ammonium cyanide, aldehydes react to form the nitriles of a-amino acids, 
which, when treated with hydrochloric acid, yield the amino acids. 

The aldehydes are also able to react with Grignard reagents: 

H 

I 

H,C—CHO 4- HiCMgl —y H,C—C-4)MgI 

I 

CH, 

The reaction product yields secondary alcohols on hydrolysis with water or acids. 

Under suitable conditions (e.g., in the presence of zinc chloride) aldehydes 
undergo a type of condensation whereby two or more aldehyde molecules become 
linked: 


H,C-CH() + H,C -CHO H,C--CH(OH)CH,CHO 


A similar reaction can take place l)etween two different aldehydes."*-* 

Aldehydes polymerize in the presence of alkalies to form aldehyde-resins, a 
reaction characteristic of all the aliphatic aldehydes save formaldehyde. With 
acids, however, the polymerization is of a different nature, leading to the forma¬ 
tion of paraldehyde, in the case of acetaldehyde, with the strong evolution of heat. 
The vapor pressure and density data indicate that the comtK)sition corresponds to 
(C 2 H 40 ) 3 . Paraldehyde does not show' the reactions characteristic of the car¬ 
bonyl group but probably has the structure, 

O 


CH,—CH HC—CH, 

I I 

O f) 

/ 


C 


with linkage taking place through the oxygen atoms. 

«V. von Richter. "Organic Chemiftry,” Englith Edition (Third) l»y E. .\. Allolt. Kegan Paul, 
Trench, Trubner A Co., London. 1934. 
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The study of the aldehydes has been made more difficult in some cases by the 
readiness with which these substances polymerize forming hydrates and condensa¬ 
tion products. Reiche and Meister®* found that ether solutions of formaldehyde, 
prepared by shaking ether with 40 per cent aqueous solutions of the aldehyde, did 
not contain free HCHO, but instead, the hydrate CH^COH)^. They reported that 
solutions prepared in this manner are stable for weeks, deposit no polymers on 
long standing, and have only a faint odor. On the other hand, a solution prepared 
by passing gaseous formaldehyde into ether has a powerful, extremely penetrating 
odor, and continuously precipitates polymeric formaldehyde. This polymerization 
takes place so rapidly that the concentratirm of the monomer is reduced to 50 per 
cent of its original value in even a few hours. An ether solution of anhydrous 
formaldehyde (prepared from dry ether and gaseous aldehyde) reacts with hydrogen 
f)eroxide to prcxluce hydroxy-rnethyl-hydroperoxide (HO-CHo-OOH) as a rela¬ 
tively stable oil which is not sensitive to friction but which explorles violently 
when heated in a flame. With alkali the peroxide compound yields 97 per cent 
formic acid and evolves hydrogen and oxygen. With ferrous sulphate, a reaction 
takes place yielding 50 per cent formic acid and 50 per cent formaldehyde. Briner 
and Lardon'*"* report a study of the ozonization of the lower aliphatic aldehydes in 
solution in water, carbon tetrachloride and hexane. Ozonization of acetaldehyde, 
propionaldehyde or hutyraldehyde in each of the solvents showed a marked increase 
in the ratio of moles of oxygen fixed to moles of ozone consumed as the series was 
ascended. The increase is more marked with aldehydes of higher molecular weight. 
\'ery little autoxidation of the aldehydes was found to take place in water solution, 
hut the solvent involved had pronounced efifect on the way in which the o.xygen of 
ozone was fixed in the molecule. Thus, in carlnm tetrachloride, most of the com¬ 
bined oxygen went to form the corresponding acid from the aldehyde. In the 
cyclohexane solutions, large |)rojK)rtions of |R‘racid were formed. Formaldehyde 
differed from the higher aldehydes in that it was only slightly attacked by ozone, 
either in the solvents or in the g'aseous state. 

Krauskopf and Kollefson*’^* studied the photochemical reaction between chlorine 
and gaseous formaldehyde and found that a small amount of formyl chloride can 
l)e prepared. The two gases were reacted in a (juartz bulb (and in later tests in a 
tul>e spiraled about a 300 watt tungsten lamp) and then led to a liquid air trap 
where the condensible reacti(»n prcKlucts (largely hydrogen chloride) were frozen 
out. C’arlxm monoxide was punqR'd off from the trap. Fractional distillation and 
extractions of the condensed material concentrated the formyl chloride produced. 
This substance is highly unstable and breaks down very rapidly at room tempera¬ 
ture to yield carlK)n monoxide an<l hydrogen chloride, making it impossible to get 
a purified sample of the material. It was found that in water the reaction likewise 
prtxluced the monoxide and hydrochloric acid, with no tendency to hydrolyze to 
formic acid. It was possible, however, to prepare the derivative rt 5 .n’m-formo-i>i- 
xylidide, melting at 114 to 115°C*. Although formyl chloride is stable only at the 
temperature of li(iuid air, formyl fluoride prepared by Nesmejanow and Kahn^*^ 
(by reacting formic acid and potassium fluoride in IxMizyl chloride or trichloro- 
phenyhnethane solution) was fairly stable at room temperature, decomposing only 
after 4 hours or so. The fluoride, moreover, dexs hydrolyze to formic acid. 

Hexamethylenetetramine, (CH^A.iX,, obtained by the reaction of formaldehyde 

A. Krichc ami K. MeiOrr. Htr . I'i.A.S. 68, 14f*5; Brit. C'ficm A. 12J2: Chem Ahs 

19.1.S. 29. 6877. 

K. Hrinrr and A, l.ardon. Hclv. Chim. Acta., 19.U». 19. 8S0; Chem. Ahs. 1936. .10 6277 

«*K. B. Krauckopf and (i. K. RollrfM»n. J.A.C.S\. 19.14. 56. 2542; Chem, Ahs., 1935, 29. 685: 

Bnt, Chem. Abs. A, 19,15. 177. 

•'A. N. Ncamcjtnow and K. J. Kahn, Bcr.. 19.14. 67. .170; Chrm. Ahs, 19.14. 28. 3053* Brit 

Ctifm, Abs. A. 19.15, 509. ’ ^ ® u. 
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and ammonia, readily regenerates formaldehyde on treatment with an acid. The. 
structure of this compound is not definitely known, and Dominikiewicz®® proposes 
a structure basing his conclusions largely on the results of various benzoylation 
reactions. With acetic anhydride in cold ethyl ether, hexamethylenetetramine 
yields: 


O 

I! 

CH,-~C -N 


CHj CH, O 

\ ./ \ !' 

X CH. \ \ (' CH, 

\ / \ ./ 

CH, CH^ 


An analogous di-benzoyl derivative cannot be prepared, due to the further luTizoyla- 
tion to trimethylenetril)enzoyltrianiine: 
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A further benzoylation product of similar structure containing four benzoyl groups, 
dimethylene-X.X'-bisniethylenedibenzoylaininediainine, can also be prepared. Ben¬ 
zoylation of hexamethylenetetramine in chloroform in the presence of pyridine gives 
chloro-benzoylhexamethylenetetramine. 

H H 

CH, ('n> CH, O C~C 
/ ' i' \ 

Cl- N N N X (' (' cn 

y' ■' y' 

cih CH, (H, (' (' 

H 11 

On the basis of these and certain other cxj)erimenls. tlie formula 

C\U CH, CH3 

/ ./ 


C’h/ c\u c\u 

is attributed to hexamethylenetetramine.*’** 

Aldehydes also react fairly reaclily with aliphatic nitro comfKnmds to give 
nitro-alcohols and glycols. This tyjK* of reaction is discussed more fully in another 
.section, however.**^ 


M, Dominikicwicz, /inh Ctirm Farm . 2, 78; Chem Aht . 19.Vi, 30. 1029. 

The aldehydef undergo iruiny rcaclioiw rc’^ulting «n the form.itidn (»( useful renin*, hut thin it 
l*ey«nd the ncuiKT of the present text. F«»r dinen-xion of thi* m.iterial nee (‘;irlclon KIlin, ’*The 
('heniixtry of Synthetic Reninx.'* Hrinhofd Hiil»li'»hi»iK ('nip.. Nen York. 1935. 

See Chapter 47. 
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Utilizations of the Aldehydes 


As has been noted, various hij^her oxidation products such as carboxylic acids 
can be produced from aldehydes. Wiesler**^ oxidized acetaldehyde in the liquid 
phase (at 55° to 80°C.) to acetic acid. The oxidation of hig^her iso-aldehydes to 
produce the corresponding; iso-acids has lK‘en described by Groll and Tamele.**-^ 
Moskovits^^-* carried out the oxidation of aldehydes in the presence of an alcohol and 
obtained 91 per cent yields of the corresponding esters. Acetic acid can be pro¬ 
duced from formaldehyde at 3(X)-4()0°C., according to Green and Spondon.®** In 
this case 1(K) atmosphere pressure is used to bring about the condensation. 

The aldehydes will polymerize or condense with themselves readily. Hoffer^® 
reports forming unsaturated high molecular weight aldehydes from low'er saturated 
aldehydes by using a secondary organic base or its salt as catalyst. Various 
formals (and mixed formals) can be prepared by direct reaction of different 
alcohols with formaldehyde.'*^* The higher formals, such as those formed from 
dodecyl or cetyl alcohol, produce readily emulsified materials useful in treating 
textiles.®^ 

The lower aldehydes can lie made to yield those of greater molecular weight 
by using the aldol condensation as an intermediate step. .According to Kagan and 
his associates®^ acetaldehyde in the presence of 2 per cent alkali solution condenses 
to yield 97 per cent of the theoretical (luantity of crotonaldehyde. This latter 
product was hydrogenated in the vapor phase (using a copper catalyst) to obtain 
butyraldehyde and butanol. Reduction of an aldehyde by means of aluminum 
isopropoxide, f (C‘H;^ jMCH-O-J.^Al, pnKluces the corresponding alcohol. Young, 
Hartung and Crossley report.®® They have obtained butanol from butyraldehyde 
by this means. Reduction of the condensation prfxluct of the reaction of aldehydes 
w'ill yield alcohols of high molecular weight. Thus, butyraldehyde and heptadec- 
aldehyde undergo an aldol-like condensation in the presence of secondary amines 
such as diethylamine. The product of this condensation can be hydrogenated (with 
catalysts such as nickel) to produce higher mono- and polyhydroxy alcohols (e.g., 
octyl alcohol The condensation of lower polyhydroxy alcohols (such as ethylene 
glycol) with aldehydes yields distillable diethers: 

H H 

HC () H HC- () 

' ! \ 

+ >- CHj-f-HjO 
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IK' () H HC-~0 

H H 

*’* K \\ ir^lfr. I‘. S. I* 'iW. N<»\ 27. t<» Dnuschc (ioia und Sill>cr-SchciiIe,-inst.ili v<*rni. 

Rn^sslcr; Chrm. .'Ihs.. 19.LS. 29, 47^. Sw al'io (i. Bmii^ky. I*. S. P. 1,9,14,lol, Nov. 7. 19.LL to Amer¬ 
ican Cyanamid ('o.; Prit. L firm B. M7.t, Chrm Abs.. lv.t4. 28. 490. 

** H. I*. A. <Jroll .ind M. W. T.-^mclc. I’ S. P. J.010,.t58. Aug. 6. 19.15. to .Shell I>cvrlopment 
Co,; Chrm, Abs., 19.15, 29. C t. K Andcr>on. Am. i, hrm .f , 19K1. 49, 179; Chrm. , 

191.1. 7. 1701. 

••N. Monkovits, British P. 42J.7<.4. 19.14; Brit. Chrm. Abs. B. 19,1.5. 2u2; Chem. Abs.. 19.15, 29, 
4.174. 

.S. J. ('ireen and R. SiKindon, V. S. P. 1.950,027. Match <>. 19.14. to CVl.ine«^ Corp. of Amer¬ 
ica; Chrm. Abs., 19.14, 28, .1082. 

« M. Hoffer. .SwiHH P. 17.1.7.17. 19.15; Chrm. Ah.*. 30. 1 19(>. 

•• H. Wuyti and P. Docqtiicr, BwH. sor. ihtm. Brlfi . 19.15, 44, 297; Bnt. C'Arm. Abs. A, 1935, 
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C'flanese Corp. of America; Chrm Abs.. 19.l<) 30. .1440. 

•^H. Flench, C. Flench and I.. K AlK-lm-ntn, British P. 425.,19n. 19.14; Bnt Chrm. Abs. B. 1935. 
442; Chrm. Abs.. 1935, 29, 5457. 

Mf—Y. Kagan. (L I). I.vuhatskii and S, F. Fedorov, .f Abt^rd Chrm (Rnssia), 1934, 7, 135; 
Chrm. Abs.: 1935. 29. 452. 

••W. G, S’oung, W. li. Hartung and F. .S. Crii'»«tlc\, A C .V . l91o. 58, 100; ('hem, Abs.. 1936, 
SO, 1737. 

^ Brititb P. 433,869, 1934, to 1. G. Farbemnd. A. (L; Bnt. Chrm. Abs. B, 1935, 938. 
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Drcyfus^^ reports that this reaction is catalyzed by the presence of pyrosulphatcs 
or pyrophosphates. 

As has been pointed out, one important reaction of formaldehyde in industry 
is that of its condensation with various other substances (e.g., phenols, urea, 
casein) in making synthetic plastics.’^^ 

The separation of the complex mixture of products resulting from oxidation 
of petroleum, representing practically all stages of oxidation, presents considerable 
difficulties. Ellis^^ suggested a means of direct utilization of these products which 
does not require their separation. Inasmuch as the greatest demand for aldehydic 
materials is in the plastics industry, the petroleum aldehydes present can be directly 
separated by their condensation to a synthetic resin. One hundred and fifty parts 
of a mixture of oxidation products containing 27 per cent formaldehyde, 3 per 
cent acetaldehyde and considerable methanol along with a small proportion of 
ethanol was reacted with 60 parts of urea. A material was produced which w'as 
white, plaster-like and practically odorless. Resins can also l)e obtained by con¬ 
densations of the aldehydes with phenols, thiourea or ammonium thiocyanate. 
During the oxidation of petroleum to produce aldehydes, there is simultaneously 
formed a gummy, semi-resinous mass of higher molecular weight oxidation prod¬ 
ucts. Ellis has shown that this tarry complex possesses phenolic properties and 
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H. A. Mfuitjjornery) 


suggests that these substances Ih* condensed with the siinullaneously prcKluced 
petroleum aldehydes. The material resulting is a hard, infusible, insoluble resin 
which may be employed in molding or coating compositions. 

An analogous process involves reaction of phenols with aldehydes obtained by 
hydrocarlK)n oxidation.The gaseous oxidation prjxlucts are mixed with a 
small proportion of a catalyst (e.g.. ammonia) and contacted with phenol, either 
molten, vaporizerl f)r in solution, reaction taking place at 50-150®(‘. In this man¬ 
ner bcxlies of an ahlehydic character are removed as a j>lastic condensation prfnluct, 
leaving as iinreacted material vapors consisting essentially of alcohols and ketones. 

Uses have been developed for the aldehydes or their |M>lymers without cewn- 
bination with other substances. There has Ikhmi some interest in the jHissibilities 
inherent in the polymerization of the higher aldehydes to synthetic resins.^* 

According to van der VVaF'* aldehydes materially improve the characteristics 
of pickling solutions used in cleaning metals. Aldehyde fK>lymers of various types 
are employed, as well as hexamethylenetetramine.”^’^ The ability of formaldchycle to 

H. Dreyfui. t^ S. P. 2.045.H4.t. June (0. 1V.I6; (Arm. Ahg.. OMo. 30. 5590. 

Sec Carleton Elli.i. "The Chemi'^try of Synthetic Kei»it»*,*‘ ReinhoM Putriinhing Corn., New 
York. 1M5. 

^Carleton Elli*. S. P. 1.952.060. March 27. 19.14. to Klim Fo-itrr (*o ; Hrit. Chrm. Abi. B. 
1935. 112; Chrm. Ahs., 1934, 20. 3606. V. S. P. 2.043.992. June lo. 1930, to Elli. Fotler Co.; 
Chfm, Abs., 1936, 30, 5327. 

^ O. R. Sweeney, F. C. Villiraiidt, If. llee^oti aiwl 11. A, MoiitKontery. 1'. S. P. 2.024,954, 
Dec. 17. 1935. to Hanlon Ruchanan. Inc.; Chem. Ahs., 1936. 30. 1065; Brit. Chem. Ahs. B, 1937 16. 

Carleton KIIU. "The Chemistry of Synthetic Re«iin».'’ Keinhotd PuMt^hing Corp.. New Vork, 
193S. (Tiapter 23. 

“*• M. J. van der Wal. Chem. Weekbhd., 1935. 32, 709; Rnf. them. Aht. B, 1936, 200. 

^ Cf. D, H. Tompkinw. U, S. P. 1,961.652, June 5. 1934. to KuMter Service I«ah». ('o.; Brit, 
Chgm, Abi. B, 1935, W7; Chem. Abi., 1934, 20, 4693. F. B, Downing and R. G. Clarkiion, U. S. P. 
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precipitate proteins is important in making waterproof glues, coating materials 
and cementsJ^ By treating l)one or skin glue with formaldehyde and adding the 
product to cement, the tightness is considerably increasedIf phosphorus-contain¬ 
ing proteins are treated with formaldehy<le, a product capable of stabilizing bitumi¬ 
nous emulsions is formed.'^'* An emulsifying agent giving soap-like reactions, 
capable of splitting fats, and forming solutions which foam readily on shaking can 
Ik? prepared by condensing formaldehyde with a strongly basic non-aromatic amine 
(such as diethyl amine) and a substituted phenol such as a,a.y,*y-tetramethyl- 
butylphenol.^^* 

Osburn and Lipp^* report that acetaldehyde at 75°F. is an effective insecticide 
in destroying the Japanese Beetle (in fruit). It may l)e employed in concentrations 
of the order of 2 pounds per KXK) cu. ft. in air. P'lach^- reports that vaporized 
aldehydes are capable of preventing loss of water in stored fruits and vegetables. 
He recommends a concentration of 0.05 per cent of formaldehyde at 0°C. 

J.00(».710, July 2. 19,(5. to E. I. du Pont de Nemours & Co.; Chem .Abs., 1935, 29, 541 1; Brit. Chem. 
Abt. B, 1936. 796. British P. 414,4t)4, 1934, to S<k. pour Kind. chim. a Bale; Chem. Abs., 1935, 

29. 475; Brit. Chem. Abs. B. 1934. H73. 

H. Werde. I'. S. P. 1.981.405. Nov. 20, 1934, to PaterMsn Parchment Paper Co.; Chem. Abs., 
1935. 29. 604; flr.f. Chem. Abs. B. 1935. 990. 

^French P. 769,986, 1934. to Epidos Sue. anon.; Chem. Abs., 1935. 29, 573. 

^(ierman P. 604.328. 1934. to lleutsche Vialit (I.m h H ; .C Inst. Pet Tech., 1935. 21. 140A. 

^ H. A. Bru^n, V. P. 2.033.092, March 3. 1936. to Rohm and Havs Co.; Chem. Abs., 1936, 

30. 2669. 

M, R. Osburn and J. W. I.ipp. I'. S. Pept of Aqri. Circ., 1935, 373; Chem. Abs, 1936. 30, 

4611. 

«J. FUch. (;erm«n P. 603.055. 1934; Chem. Abs.. 1935, 29. 519. 
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Oxidation of Unsaturated Hydrocarbons 


Formation of Unsaturated Hydrocarbons 

In general, the olefins react more readily with oxygen than do the correspond¬ 
ing saturated hydrocarbons. However, oxidation does not necessarily split the 
molecule at the double bond but may proceed so as to give intermediate products 

such as epoxides, R—CH—CH—R', peroxides, R—d^H—CH—R', glycols or acids. 
(Note: R and R' may be hydrocarbon radicals or hydrogen atoms, etc.) 

The major source of olefinic compounds is the cracking of petroleum hydro¬ 
carbons, and this source alone supplies the demand almost completely. They can 
be produced, howe\er, by partial oxidation of the corresponding saturated hydro¬ 
carbons. These oxidations are, necessarily, more accurately controlled than those 
designed to produce the oxy-compounds and are typified by high temjK^ratures and 
small amounts of oxygen.^ Thus, one suggested process involves heating the 
saturated hydrocarbon (methane) under atmospheric pressure to a temperature of 
1200®C. with a small amount of oxygen.- Under reduced pressure, the hydro¬ 
carbons may be heated with more than 10 per cent of oxygen (presumably by 
volume) but less than the amount required for complete oxidation.'* Nitrogen 
oxides (NO 2 , for example) which supply free oxygen at the high temperatures 
employed, may serve as the oxidizing agent used in converting saturated hydro¬ 
carbons to olefins, it is reported. The temperatures recommended in these processes 
are almost invariably high (in the neighborho<xl of 10()0°C^). The oxygen con¬ 
tent of the final mixture should range between 10 and 45 per cent by volume.’* 
Winkler and F'eiler® report that in general, in order to convert methane to 
acetylene, the hydrocarbon must be preheated to 1(KX)-1200®C‘. or higher, (ja.ses 
containing large proportions of niethane mixed with its homologues (as in coke- 
oven gas) require temperatures in the range 8(K) to 900®C., but if the starting 
paraffinic hydrocarbon is largely propane and butane, a temperature of 5(X) to 800®C. 
is usually sufficient. The reaction tulxrs should be constructed of materials which 
wil! minimize deposition of carbon. These investigators suggest carlxm silicide or 
other silicides for this purpose. In an example, 10 liters per hour of oxygen and 
20 liters per hour of a mixture of methane homologues (ethane, 14 jx^r cent, pro¬ 
pane, 51 per cent, and butane, 12 per cent) were passed separately through heated 
silica tubes 2 mm. in diameter. Both the oxygen and the hydrocarlxin mixture 
were preheated to about 700®C., the hydrocarbons being thus converted to olefins 
to the extent of about 56 per cent. 'Hie juncture of the heate<l oxygen with the 

> R. N. Pea»e and J. .M. Morton (J.A.CS.. I9.JJ, 55. 3190; Chem. Abs., 1933. 27, 4992; Brtt. Chem. 
Abs. A, 1933. I017> report that thermal decompoaition of the hydrocarlxona tendfi to crack hrtt the 
raraffina, the o)e6n» beinx more retiatant. High temperaturea increase the tendency toward olefin 
formation while the prewmee of oxygen prevent* accumulation of hydrogen. 

^French P. 754,000, 1933, to I. (». Farbenind. A. G.; Chem. Aba., 1934, 2t, 1046. 

•French P. 792.101, 1935, to 1. ('•. Farbenind. A.(i.; Chem. Aba., 1936, SO, 4175. 

* Britiah P. 447,470, 1934, to I. G. Farl^enind. A.-fJ.; Brii. Chtm. Aba. B, 1936, 778; /. tnst. Pel. 
Tech., 1936. 22, 439A. 

*P. Winkler and P. Feiler, U. .S. P. 1.995,136, March 19. 1935, to I. G. Farbenind. A. G : 
Chfm. Aba., 1935. 29, 2972. 
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olefin-containing: hydrocarbon gas produced a short, extremely hot flame. The 
reaction gases escaped through an attached silica tube (2 mm. in diameter) at a 
very high velocity. The reacted gases were of the following composition: 


Gas 

Per Cent 

Carbon dioxide. 

2.0 

Acetylene. 

11 0 

Ethylene .... ... 

9 8 

Carlx)n monoxide 

10 0 

Hydrogen. 

30 5 

Methane. .. . 

33 5 

Nitrogen (j)resenl originally as im¬ 
purity in the hydnx-arlxm gases) 

3 2 


Oxidation of Olefins 


Dreyfus'* reports that the degree to which an olefin is oxidized may l>e con¬ 
trolled by governing the conditions of the reaction zone and by lengthening or 
shortening the time of contact, h'or the pHnluction of ethylene oxide with a mini¬ 
mum of higher oxides, the {)ptimuni conditions are mild temperatures, short contact 
times, and employment of a catalyst having a basic reaction. A diluent such as 
carbon dioxide or nitrogen aids in suppressing the higher oxides, and ammonia or 
other volatile bases can be added to maintain the basic catalytic conditions. The 
prcxluction of acetaldehyde is favored by hydration catalysts such as phosphoric acid 
or zinc chloride at temperatures of 3(K) to 4()I)^C‘. Acetic acid is the principal 
prcKluct if an excess of oxygen is used at relatively high temjKTatures with an active 
oxidation catalyst s\ich as silver, cop|K‘r. or their oxides. 

Lefort" prcnluced eth>lene oxide, however, using temperatures from 150 to 
40()°('. and a powerful oxidation catalyst such as silver activated by copjKT, iron 
or gold. The reaction lie proposes emploxs <»xygen and steam as the (jxidiz.ing 
agents. Lenher*' reports tliat the reaction protlucing ethylene oxide from elhylent 
by oxidation w itli oxygen is influenced by the surface of tlie reactor. The process 
can be carried on to some extent in a reaction vessel having a surface-to-volume 
ratio of not more than 4 to 1. 1 he mixed gases are led through a packed-tube pre¬ 

heater where they are heated U\ 45dX'. in contact with 4-mesh broken Pvrex glass. 
The etYect of great surface-volume ratio in this preheater is to inhibit reaction 
almost completely, ami the heated gases are then led into the reaction chamber 
proper which fulfills the reijuirement of low surface-to-volume ratio (Fig. 204 i. 
Here the reaction is said to proceed to yield about 20 per cent ethylene oxide, 65 
|>er cent formaldehyde and acetaldehyde, and 3.2 \x'v cent formic acid. 

The rea<iy reactivity of the tiouble bond makes it possible ti> carry out a ty{>e of 
a<lditive oxi<iation using substances other than the usual oxidizing agents. ('arl>on 
dioxide, and even carbon monoxide, normally a reducing agent, have iK'en used 
with g(HHi results. Thus, Kamage.-' using carbon di(»xide and steam in the presence 
(d an iron catalyst, firoiluced alcohoK from olefins. Lars<»t0" re(>orts that carlnin 
monoxide and ethylene can be combined in the presence of an acid catalyst, such as 
hydrochloric acid, d he [ucsence of oxygen in the reactants, however, leads to 
corrosion of the apjiaratus and <leacti\ation of the catalyst, ami lends to cause 

•' M. Drevtun. Hooai IV w Ahs , 28. 777, Hni ( him. Abs. B. IV.LL V^l.L 

* T F. I.rfort. f. S. IV April JC to Six' (iancai5c cl<* c.itahsc general; C'/rrm. 

Ahs.. I9.t.y 29. 4020. 

* S. I.enher. I*. S. P l,99S.ooi. M.itrh 2»». to.t5. u, F I. <lu Pont de Nemours & C'o.; 

Chfm Ahs., 19.15. 29. .t.lSO, ( anadtan P. '52.120. I9.'5; (/irm. Abs.. 19.'S. 29, 7.U2. Hritivh 
IV 400,297. 19.1.1. Cbcm. Abs.. PLlg 28. 2012. L brm. Abs. B, I9.U. 10. 

“A. S, Kamage. IV S. P. 2.0.1.S.1H9. .Match 24, 19.U>. to ,M. Wtlcv and (). I.. Smith, trustees; 
( htm. Ahs . 19.1h. 30, 298.S 

*** A. T. f^irson, IV S. P. 1.994.955. March 19. I'»,t 5 , tu F. I. tin Punt dc Ncrntmts & C'u ; (hem. 
Ahs., 19.15, 29, 2975; /triL Chrm. Ahs. B, I‘Mo. 2o4. 
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polymerization of the olefin. To remove the oxygen, this investigator proposes 
that the gases be passed through a solution made up of so<lium anthra(|uinone- 2 - 
sulphonate, sodium hyposulphite and 30 per cent aqueous sodium hydroxide. In 
an analogous reaction. Carpenter'* uses an inert diluent, such as nitrogen, and the 
mixture of ethylene, steam and carbon monoxide is reacted at 375°C'. in the presence 
of phosphoric, boric or arsenic acid deposited on charcoal. Carpenter*- also found 
that the undiluted gases can l)e reacted in the presence of acid salts such as zinc 
hydrogen phosphate or calcium dihydrogen phosphate [ Ca( H 2 PO 4 )•..] or similar 
tungstic, molybdic or uranic salts. The reaction takes place at 325 to 350°C. 
under 200 to 700 atmospheres pressure. I his ethylene-carl>on monoxide-steam 
reaction to yield acids has been effected with other catalysts, e.g., chloroacctic 
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Fio. 204.—Diagram of Apparatus for Direct Oxidation of OkTins. (S. Lcnlicr) 


acid,*^ silico-tungstic acid,*^ barium chloride,*’* carbon tetrachloride and activated 
carbon,*® or activated carbon alone,*^ or by having the reaction take place in a 
chamber which is made of a 90 j)er cent silver alloy.The reaction is aided al.so 
by leading the gases (under 700 atmospheres pressure) over a salt such as potas¬ 
sium carbonate which will react with the acid prtxluced. A temperature of al)out 
3(X)®C. is recommended*® in this operation. 

If aqueous alkali metal hydroxide is used, projH-ne as well as ethylene can be 
made to combine directly with the hydroxide to form the metal acetate. Britton, 
Nutting and Huscher'^ suggest that the reaction in this case is: 

CH,CH=CH, -f KOH + H,0 —CH,CCK)K + CH4 + H, 

“ G. B. Carpenter, U. S. P. 2,015,065, Sept. 24, 19.15, to K. I. du Pont de Ncmoiir* & ('<».; Clirm. 
Abj.. 1935, 29, 7,345. 

WG. B. Carpenter, U. S. P, 1,981,081, Nov. 20, 19.14, to K. I. du Pont de Nemmin* & Co,; Brit. 
Chem. Abs. B, 1935, 939. 

** J. C. Woodhouse, U, S. P, 2,025,677, Dec. 24, 1935, to K. I. du Pont de Nenionr« & Co.; Chfm. 
Abs., 1936. 30. 1070. 

** A. T. Larv>n, V. S, P. 2,022,244, Nov. 26. 1935, to K. I. du Pont de Nemour* & Co.; Chtm. 
Abs., 1936, SO. 736. 

** G. B. Carpenter, C. S. P. 1.957,939, May 8. 1934, to E. I. du Pont de Nemour!! & C*o.; Brit. 
Chem. Abs. B. 1935, 262; Chem. Abs., 19.34, 2$, 4071. 

'•A. T. Larvm, C. S. P. 2,020,689, Nov, 12, 1935. to E. I. du Pont de Nemouni & Co.; Chem. 
Abs., 1936. 30, 491. 

WW. E. Vail, U. S. P. 1.979.717, Nov. 6, 1934, to E. I. du Pont de Nemour* & Co.; Chem. Abs., 
1935, 29. 181; Brit. Chem. Abs. B, 1935, 893. 

“W. E. Vail. V. S. P. 2,033,161, March 10, 1936. to E. I. du Pont de Nemour* & Cq.; Chem. 
Abs., 1936. 30. 2992. 

*• W. E. Vail, U. S. P. 2,000.053. May 7, 1935. to E. I. dti Pont de Nemour* ft (?o.; Brit. Chem. 
Abs. B, 1936. 488; Chem. Abs., 1935. 29, 4027. 

•* E. C. Britton, H. .S. Nutting and M. E. Mti*cher. C. S. P. 2.000,878. .\|»y 7. 1935. to Dent 
Cbemtcal Co.; Chem. Abs., 1935. 29, 4026. 
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Carried out at 365 to 375®C., the yield is said to be 30 per cent. In addition, a 
certain amount of isopropyl alcohol and polymers of propene are formed. Basic 
aluminum salts (e.g., p<nassium aluminate) act as catalysts in this^reaction. 

It has been proposed also that the oxidation l>e carried out in liquid medium. 
Whitmore, Homeyer and Trent^* produced /rr-butylacetic acid by passing diiso» 
butylene through sodium dichromate and sulphuric acid and further oxidizing this 
intermediate product with a hypohalite such as sodium hypcKhlorite. Selenium 
dioxide reacts with cyclo-olefins to procluce ketones, according to Schwenk and 
Borgwardt.-- The reaction is carried out in solution under pressure. Thus 
1-menthene in ethyl alcohol is reacted with selenium dioxide to give an 85 per 
cent yield of a ketomenthene of the formula C|(,Hi,iO. Riley-** reports that the 
lower olefins (ethylene, propene, butene and amylene) react with selenium dioxide 
to form glyoxals or glyoxal polymers. The reaction takes place very readily, 
starting at temi>eratures as low as 5()®C\, and this investigator recommends 300®C. 
as the upper limit for successful reaction to form these substances. 

Hydrogen peroxifle effects oxidation of the double bond in a different way, in 
general leading to a hydroxylation. according to Milas and Sussman.-^ These 
investigators report that anhydrous hydrogen f)eroxide is stable in tertiary butyl 
alcohol for considerable peritnls, and can l>e kept for 6 months or longer at room 
temjx^rature with little decomposition. The reagent was prepared by mixing the 
tertiary alcohol (4()0 cc. f with 1(J() cc. of 3() per cent hydrogen peroxide, and 
adding anhydrous so<lium sulphate to bring al>out separation of water. The alcohol 
layer contained most of the peroxide and was further dried by anhydrous calcium 
sulphate. The addition of osmium tetroxide to the reagent thus prepared made it 
a highly active oxidizing agent which readily converted isobutene to isobutene 
glycol, trimethvlethylene to trimethvlethylene glycol, allyl alcohol to glycerol, and 
several of tlie imsaturated acids t(» the corresjKniding dihydroxy acids. As an 
example of the latter reaction, cinnamic acid was converted into phenylglyceric 
acid. I*'rom cyclohexene the'^e investigators t)btaincd adipic acid. On the other 
hand, l)u|K)nt and Dulou- ' were'able to oxidize cyclohexene to cyclohexanediol. 
Quite similar to this metlKwl of oxi<lizing olefins is the procedure of Criegee,-** 
who employed diethvl ether in place of butanol as reaction medium. The latter 
investigat<n. hovvevei , obtained aldehydes as main pHnluct". .*\s an example of 
this oxi<lation. stillH*ne yielded lK*n/ablehvde. 

Ellis-" has proposed that the mixed olefinic materials of the acid extract from 
cracked gasoline be treated v\ iih tliUite nitric aci<l to effect the oxidation. The 
olefinic extract was added drop bv drop to nitric acitl (of 1.3 specific gravity i. 
C onsiderable heat was generated by the oxidation, and the tenq)erature was main¬ 
tained iH^tween 30" and 40"’C\ Distillation of the oxidized material yielded first 
a light yellow, intlammahle oil. riiis readily dissolved nitrocellulose, and its 
reaction with s<Klium sulphite solution indicated the presence of ketone material. 
The heavy end of the distillate was a tiarker i»il. considerably less inffammable. and 
containing no appreciable amount ketonic material. It was. however, fouml to 

^ K. Whiinunrc A. It. Homeyer amt \V. R. Trrnt. 1.’. S. P. 2.004.0^^. June 4. ^9^S. to Mai- 
iinckrodt i'hrmical Works; fint, Chrm /4bs B. v’O; Chrm. .4hs.. 29, 477r». 

“■ K .Schwenk and E. Bornwardt, (lerman P. 584.37,1. 19.13, to SchennK-Kahlbaum 
Abs., 1934. 2t. l35^. See al»<» ltritt«h P. 403.83H. 1933. to Schering-Kahlhaum A. (I.. Bur. c Arm 
Abi. B. 1934. 355. 

H. I.. Riley, 1*. S. P. ].999,57r>. April .30. 1935, to Imperial Chemical Industrie*. Ltd.; cArm. 
AbM., 1935. 29, 4029. 

•* N. A. Milas and .S. Sus^man. J A C.S . 193(». 59. 1302; CArm. Abs.. 1936. 50, 5940; Brit. Ckrm. 
Abi. A, 1936. 1091. 

*• G. Duiwnt and R. I)ul<»u, ComM. rend., 1936. 205, 92; Ckcm Abs., 1936. 50, 8179 

•R. Criegee, Amu. 1936, 522, 75; Ckrm. Abs.. 1936. 50, 3811. 

"Carleton EUia. V. S. P. 1.418,368. June 6. 1922. to S, B. Hunt; Ckrm. Abs., 1922. 16. 269S; 
/.5.C./.. 1922, 41. 567A. 
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be a fairly gfocxi solvent for celluloid. Pirlet-® has sugg^ested that nitrogen oxides 
he used as the oxygen carriers in oxidizing olefins. 

The Mechanism of Ethylene Oxidation 


Wiidya-® has investigated the destructive oxidation of ethylene in flames by 
spectroscopic inethcKls, and bands were found which indicated that CH and OH 
radicals were present. A system of fainter bands was investigated and tentatively 
assigned to HCO, though there is a possibility they result from a nitrogen-oxygen 
compound formed from the air in which the hydrocarbon burned. In the slow 
combustion of ethylene under atmospheric pressure at 3(X)°C., Hone, Haffner and 
Rance^^ have found evidence that the proce>s is a homogeneous reaction preceded 
by a definite induction period. During this induction f)eriod a small amount of 
aldehyde appears, but no peroxide. Experiments with the addition of nitric oxide 
or acetaldehyde as catalyst, along with oxygen, showed that as little as 1 per cent 
of the former substances eliminated the induction period and accelerated the 
subsequent reaction. Eorinaldehyde, although it shortens the induction [x*ri(Kl, 
does not alTect the velocity of the final reaction. Ethylene oxide, on the other 
hand, has no effect on the induction pericxl but retards the rate of reaction. Of 
the ethylene-oxygen mixtures tested, the most reactive proved to be one of 2 
volumes of ethylene to 1 of oxygen, which gave ethylene oxide as the first product. 
It was concluded that the reaction proceeds as a series of hydroxylations, vinyl 
alcohol, I)eing formed in the first step; this is transformed rapidly 

into an equilibrium mixture of the three ('.JH 4 O isomerides vinyl alcohol, ethylene 


HjC 

I ' 

oxide, i (), 
ll,C 


and acetaldehvde. 


0 

I'U. 


W ater vapor wa> found not to affect 


either the induction period or the rate of reactitm appreciably. On the other hand, 
Steacie an<l Plewes**' report a study of the effect of acetaldehyde on the oxi<lation 
mechanism of .ethylene in which they found that the oxidation was not influenced 
by the presence of the aldehyde, and concluded that acetaldehyde was unimj)ortant 
in the chain propagation of oxidation in ethylene-oxygen mixtures. Bone and 
BelP^ made further investigations on the effects of water va|M)r on the slow com¬ 
bustion of ethylene-oxygen mixtures, and reached the conclu>ion that the oxidation 
is direct, with no intervention of steam. The gases were dried by treatment with 
phosphorus pentoxide, and the evidence tended to show that this intensive drying 
increased rather than diminished the reactivity of the gas mixtures l)oth in slow 
and in explosive combustion. 

Other oxidations of ethylene have been investigated, involving the presence of 
oxidants other than oxygen. Steacie and McDonald'^ tested the oxidizing projH*r- 
ties of nitrous oxide atmospheres and f)elieve that while this gas support'i flame 
combustion, the nitrogen compound itself dfH*s not act as the oxidizing agent. On 
the other hand, it was believecl that the decomposition pro<iuct, atomic oxygen, was 
the active substance. It was found that ethylene-nitrous oxide mixtures had a 

Pirlft, BetKian P. 412.497. 19.15. Chrm Ahs.. I9.U,. 30. SSHH 

*»W. M. Vaidya, Froc. Roy Soc.. I9J5. I47A. 51.1; (hem. , 1935. 29. 1.124; Rrit Chrm. Ahs 
A, 1935. 279. 

**W. A. Bone. A. E. Haffner and H. F. Kance, Pror. Pov. Sor , 193.1. USA.16; Bril. Ckrm. Abi. 
A. 1934, 151; Chem. Ahs . 1934. 28, 1252. 

E. W. R. .Steacie and A. C. Plewe*. Pror. Roy. Soi\, 1934, U6A, 72; Bril. Chrm. Aht. A, 1934, 
1179; Chem. Abs., 1934, 28, 6613. 

** W, A. Bone and j. Bell, Proc. Roy. Soc., 1934, U4A. 257; Bril. Chrm. Ahs. A. 1934, 1603; 
Chrm. Ahs.. 1934. 28. 4 5HO. 

•• E. W. R. Steacie and R. f). McDonald. Can. J. Rrsrarrh, 1935. 12, 711; Bril, Chrm. Aht. A, 
1935. 1213; Chrm Ahs., 1935. 29. 5727, 
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higher ignition temperature than did ethylene-oxygen compositions. The latter 
mixtures react at a measurable rate at 300® to 450®C., although the nitrous oxide- 
ethylene reaction was slow even at S30®C. The latter reaction seemed to be an 
indirect oxidation of the polymerization and decomposition products of ethylene. 

Barkhash'*^ reports that although hydrogen peroxide does not ordinarily react 
with ethylene or pentene at room temperature, the addition of ferrous sulphate 
catalyzes the reaction and a mixture is formed, from which acetone, carbon dioxide, 
formic acid and acetic acid have been isolated. Aldehydes and higher homologues 
of acetone, propionic acid and glycols were not found, however.-*’® 

Oxidation Mechanism of Higher Olefins 


Lucas, Prater and Morris®® have attempted to determine the oxidation mech¬ 
anism of 2-butene, as a typical example of the unsaturated hydrocarbons. If hydrox- 
vlation takes place at either of the two unsaturated carbon atoms, methyl ethyl 
ketone would be a reaction preniuct. On the other hand, if oxidation occurs at both 
carbon atoms, dimethyl glycolic aldehyde or dimethyl glyoxal should result. When 
a mixture of 2-butene and cxygen (with the hydrocarbon in excess) was passed 
through a Pyrex tube at 375 to 490®C., the principal reaction products were acetal¬ 
dehyde and butadiene. Other substances were also identified among the products. 
These included glyoxal. an olefin oxide, an acid and some peroxide. They believed 
that hydroxylation is not important, since no methyl ethyl ketone is formed. A reac¬ 
tion mechanism was propo*>ed, as folbnvs: 
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The butene, in addition, showed a tendency to p^ilymerize to octene at the higher 
temperatures employe*! (490®C.). 

Steacie, Hatcher and Horw<HHl-®" studied the decomposition of glyoxal at tem- 


•• A. P. Barkhatth. J. (>rn, Ckrm, (1 .S.S.ti.), 19.15, S| 254; Chem. Abs., 19.15. 29, 50«>7; Brit. 
Ckrm. Abs. A. 193$. 957. 

On the other hand, Carni* {Ann.. 18e>.l. 126, 210; Bnisirin, 191S. I, 1S3) reported that ethylene 
reacta with hydrogen |>eroxtde to yield a umall qtuntity of Klycol. 

••H. J. I.ucat, A. N. Plater and R E. Morriv J..4 C.S . 19.15. 57. 72.1; J. Inst. Prt. Ttch.. 1935. 
21, I60A: Cktm. Abs, I*)!!. 29. 3<.49, 

^ K. W. R. Steacie. \V. H. Hatcher and J. F. Horwood. J. Chem. Pkxsus. 1935. S. 291; Ckrm, 
Abs., 1935, 29, 4246; But ( k^m Abs. A. 1935. 827. 
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peratures between 410 and 450®C. and found that the substance disintegrates ac¬ 
cording to a first-order homogeneous reaction. Considerable carbon and tar were 
formed, and the results were erratic. They believed the transfonnation occurred 
about C(|ually in three ways; 

(1) OHC—CHO —2CO-fHa 

(2) OHC—CHO —y C-hCO-fHiO 

(3) OHC—CHO —>■ (OHC—CHO)(a tarry polymer) 

They concluded that simple mechanisms previously suggested for the glyoxal de¬ 
composition were incorrect. 

Hock and Schrader^® found that two moles of cyclohexene take up 0.4 mole of 
oxygen in the course of 150 to 200 hours when exposed to light, about 20 per cent 
of the theoretical quantity for saturation. They report that the addition of a 
small quantity of eosin catalyzes the reaction .so that it then proceeds at twice the 
former rate. Fractional distillation under reduced pressure yields, l)esides un¬ 
changed cyclohexene, as much as 19 per cent of the peroxide, CflHioOo, and about 2 
per cent of a peroxidic residue of a viscous, tarry nature. The cyclohexene 
peroxide dissolves (to the extent of about 5 per cent) in cold water to give a 
weakly acidic reaction. The solution becomes turbid on heating due to a re¬ 
versible hydration reaction. In cold water, the peroxide adds water to form 
C«Hio(OH) (OOH), a substance which is unstable at the higher temperatures. If 
the 5 per cent aqueous solution is distilled under high vacuum, 2 per cent of the 
peroxide is recovered in the distillate. By titrating the distillate with stannous 
chloride-hydrochloric acid and ferric chloride solution, it was found that the dried 
distillate was 96 per cent peroxide. Heated with 2N sulphuric acid, the peroxide 
yields 50 per cent of ri>-cyclohexane-l,2-diol and 10 to 20 per cent of cyclopen- 
tenealdehyde. Dissolved in cold sodium hydroxide and heated to 50°(\ it yielded 
60 to 65 per cent of l-cyclohexene-3-ol. This same prcnluct can lx* formed by 
reducing the peroxide in a(|ueous sodium sulphite. 

The photo-activation of olefin oxidation is of some technical interest, in that 
considerable amounts of unsaturated hydrocarlxms are generally present in the oil 
sprays used in curbing insect pests on plants. Tucker'^^^ conducted a series of ex¬ 
periments which showed that the unsaturated substances are not toxic to foliage, 
but that the acidic substances formed by their oxidation are. At ortlinary tem¬ 
peratures this slow oxidation takes place at a measurable rate only under the 
influence of light, and his experiments demonstrated that a[)ricot leaves were not 
damaged by the oils when kept in the dark. However, a few days’ exi>osure to the 
light brought about formation of “asphaltogenic acids” which were destructive. 
This investigator found that the presence of more than 0.5 {kt cent of these acids 
produced symptoms of poisoning. It was suggested that the acidic substances pass 
through the osmotic membranes of the cell walls of the leaf comparatively readily 
and break down within the cell to form colloidal asphaltic particles. 

Despite the foregoing, Beatty and Kdgar**^ re|:K>rted that olefins do not always 
absorb oxygen more readily than do the corresponding paraffins. Under the con¬ 
ditions of their experiments, working with w-heptane, 1-heptene and 3-heptene, the 
data showed that heptane oxidized most readily of the three, 1-heptenc next, and 
3-heptene oxidized most slowly. A Pyrex glass furnace was u.sed, the volatile 
fuel l>eing mixed (in 2 per cent concentration) with air. The furnace was not 

*• H. Hock and O. Schrader, Naturwissenschaften, 19,t6, 24, 1.S9; Chtm. Ahs., 19,n>. 30, 4472; 
Brit. Chtm. Abs. A, 1936, 603. 

•R. P. Tucker, Imd. Ena. Chem.. 1936, 28. 4.S9; Chrm. Abs., 1936. 30. 3S7.S: J. Inst. Ert. Tech., 
1936, 22. 272A. See aUo ('haplrr 51. 

H. A. Beatty and G. FUlgar, J.A.C.S., 19.U, 56, 107; Chrm Ahs., 1934. 28. 1656; Hnt, Chrm. 
Abs. A. 1934, 259. 



OXIDATION OF UNSATURATED HYDROCARBONS 


899 


run at steady temperature but was arranged in such a way that the temperature 
rose throughout the experiments at a rate of 2°C. per minute. Under these con¬ 
ditions, n-heptane began to oxidize at 244®C., the two heptenes at about 300®C. 
The maximum oxygen absorption was about 40 per cent of the theoretical in the 
case of each of the hydrocarbons, though the rate of oxidation varied widely. It 
was found, too, that there is a negative temperature coefficient of reaction velocity 
at higher temperatures (400® to 450® or 500°C.). The temperatures of inflamma¬ 
tion, however, were not in the same order as the reaction velocities, that is, the 
1-heptene ignited most readily (at approximately 490®C.), the 3-heptene at ap¬ 
proximately the same temperature that the «-heptane inflamed, 525®C. (See 
Fig. 205.) 

Pigulevskii^^ investigated the oxidation of acetaldehyde and benzaldehyde, 
separately, in the presence of octene, and found that the latter acted as an inhibitor, 


X. >i-Hcptanc 
•. 1-Heptcne 
•. 3-Heptenc 

Inflammation point 



200 250 300 350 400 450 500 550 

Max furnace lemp.. ®C 
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Fio. 205.—Relative Amount of Oxidation of Heptane and Heptenes as a Funcliun of 
Temperature. (H. A. Beatty and G. Kdgar) 


or protector. Atmospheric oxygen was used, and although the oxidation of the 
aldehydes was inhibited, either of these substances acted as an activator in the 
oxidation of the un.saturated hydrocarbon. In studying the mechanism of these 
oxidations, the investigator found that peroxy-benzoic and peroxy-acetic acids, 
intermediates in the oxidation of benzaldehyde and acetaldehyde, respectively were 
active agents in oxidizing octene to octene oxide. Peroxyacetic acid oxidized 
octene more rapidly than it did acetaldehyde. 

The frequent experience that platinum oxide catalysts used in hydrogenating 
olefins must occasionally lx‘ shaken with air or oxygen in order to reactivate them 
is due, according to Thomson,*- to the stimulating effects of olefin dioxides and 
other oxidation products formed. It has been generally found that pure olefinic 
material cannot be hydrogenated by a catalyst contaminated by traces of iron, but 
that impure olefins can be reduced when using such a poisoned catalyst. The 
experiments conducted showed that the reactivating effect was due to the acid 
oxidation products formed during the shaking with air, or to those present in the 
impure olefinic material. It is known tliat these substances oxidize readily in air, 

«V. V. Pifulev»kii. J. Gtn Chem. (V.S.S,R.), 1934, 4. 616; Chrm, Ab^., 19.15. 29, 2145; Brit 
Chem. Abs, A, 1934, 1329. 

•»G. Tbomfon, J.A.C.S,, 1934. 56, 2744; Ckcm, Abj., 1935, 29. 723; Brit. Ckcm, Abi. A. 1935. 192. 
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and an experiment was conducted in which triniethylethylenc, freshly distilled over 
sodium, was hydrogenate<l by an iron-poisoned catalyst. It was found that the 
reaction stopped after 27 per cent of the theoretical amount of hydrogen had been 
absorbed. The percentage reduction could be increased by shaking the olefin, 
not the catalyst, with air or oxygen. The introduction of 0.001 mole of furoyl, 
benzoyl or succinyl peroxide reduced the time for 90 per cent reduction to roughly 
40 or 50 per cent of the original time. The investigator believed that these 
peroxides were reduced to the corresponding acids, and it was found, in fact, 
that 0.002 mole of furoic, benzoic or succinic acid had an equally marked effect. 

Various per-acids actively oxidize unsaturated compounds at the double bond, 
though the rates of reaction vary widely. Thus, Stuurman^-^ reports that the re¬ 
action velocities of the lower olefins with peracetic acid range as follows: 
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Boeseken**”* and associates note that the rate of oxidation with peracetic acid is 
greatly influenced by the structural relationship l^etween the alkyl groups and the 
double bond. Heptene-1 is much more slowly oxidized by peracetic acid than 
hcptene-3 or 2-methylhexene-l. Diallyl is relatively slowly t)xi(lized. Diolefins 
such as isoprene (2-itiethyl-1,3-butadiene) absorb the first oxygen atom very 
rapidly, but the second oxygen atom is taken up comparatively slowly. It was 
also reported that the velocity constant for the oxidation of ethylene by peracetic 
acid was almost too small to measure, but that of tetramethylethylene and |)eracetic 
acid was too great to be measured. The activating effect of alkyl groups intrcKluced 
on the double-bonded carbons is strongly evidenced, although phenyl groups simi¬ 
larly placed tend to retard the reaction.^’* Boeseken"*^ also reports that the rates 
of oxidation of double-l)onded carbons in the presence of jwracetic acid is greater 
than that of triple-bonded carbon. The triple bond appears to oxidize by way of 
the 1,2-diketone and the corresponding dicarlx)xylic acid. Some investigations con¬ 
ducted by Medvedev and Blokh^^ indicated that the peracid oxidation of cyclohexenc 
is strongly influenced by the solvent used, although the rate depenrls more on the 
concentration of peracid than on the concentration of the olefin. 

On the other hand, Guillemonat^^ reports that 2-ethylcyclohexene-2 may be 
oxidized by selenium dioxide in two steps without breaking the double Umd. The 
hydrocarbon was oxidized by selenium dioxide in solution in acetic acid containing 
some acetic anhydride to yield 37 per cent of 2-ethylcyclohexene-2-acetate. Hy- 

**J. .Stuurman. Proc. Acad. Sci. Amsterdam. l9Mi, 38. 450; Chrm. Ahs.. 19.L5, 29, 4057: Bnt. 
Ckem. Abs. A. 1935, 828. 

**J. B6e»«keii, van A»peren, C. Auchy, C. Mater* and P. Oltcnhoff. Her. trav. chim.. 1935, 54. 
657; Brit. Chem. Abt. A. 1935. 1103; Chem. Abs.. 19.t6. 30. 3771. 

J. Bdeseken and J. Stuurman, Proc. Acad. Sci. Amsterdam, 1930. 39, 2; Chrm. Abs.. 1936. 30. 

3304. 

Bdetcken, Chrm. Weekblad, 1934, 31. 166; Brit. Chrm. Ahs. A. 19.14. 507; Chrm. Ahs 1934. 
28 3395. 

S. Medvedev and O. Btokh. /. Phys. Chrm. {US.S.R.), 1933, 4, 721; Chrm. Abs., 1935, 29. 
6492; Brit. Chrm. Abs. A, 1936, 939. 

^ A. Guillemonat, Compt. rend., 1935, 200, 1416; Brit. Chrm. Abs. A. 1935. 852; Chrm. Abs.. 
1935, 29, 5085. Compt. rrnd., 1935, 201, 904; Brit. Chrm. Abs. A, 1936, 51; Chrm. Abs., 1936, 
30, 1357. 
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(Irolysis of this acetate yielded the unsaturated alcohol, 2-ethylcyclohexene-2-ol-l, 
and the double bond was still unbroken after a second oxidation which converted 
this compound to the corresponding^ unsaturated ketone. Similar oxidation of 
2-methy 1-2-butene yielded 2-methyl-2-bulLne-l-acetate which could be hydrolyzed 
to the unsaturated alcohol with the double bond still intact. Hydrogenation (by 
means of a platinum oxide catalyst) of this alcohol gave the saturated 2-methyl-l- 
butanol. Similarly, both 2-methylpentene-2 and 3-methylpentene-2 were oxidized 
to unsaturated alcohols, 2-methylpent-2-en-4-ol and 3-methylpent-2-en-4-ol. 

OzONOLYSIS OF OlEFI.NS 

Although some oxidants are capable of selectively oxidizing olefin molecules 
at points other than the double bond, the action of ozone is said to be directed 
toward the unsaturated linkages. Church, Whitmore and McGrew,^® in studying 
the dehydration of alcohols to produce olefins, used this reaction to trace the 
mechanism involved. Thus, dehydration of methylethylbutyl carbinol yields 55 
fxrr cent of 3-methylheptene-2, 30 per cent of 3-methylheptene-3, and 15 per cent 
of 2-ethylhexene-l, as indicated by the fact that the dehydration products, when 
ozonized, yielded proportions of the ketones which w^ould be predicted from these 
unsaturates. The tendency of ozone to split the molecule at the double bond 
through the intermediate formation of an ozonide can l)e used in the determination 
of terminal HoC=CH-linkages, according to Doeuvre.^^ A very dilute solution 
of the olefin to In* tested is prepared, using ethyl acetate-acetic acid as the solvent, 
and the solution treated with ozone at -—IS to —20°C. The ozonide is then re¬ 
duced by sulphur dioxide and the formaldehyde which results is determined. Un¬ 
saturated compounds containing no terminal methylene groupings give only negli¬ 
gible amounts of formaldehyde. Similarly Clemo and Macdonald^^ report that 
although the decomposition of an ozonide of a molecule containing a vinyl grouping 
does yield formaldehyde, the reaction is not unique. Molecules which do not 
contain this structure may form ozonides which decompose to yield formaldehyde. 
However, where the vinyl group is present, some 10 times as much formaldehyde 
is forme<l. Hence, quantitative estimation of the aldehyde produced affords evi¬ 
dence for the presence of a vinyl residue, although qualitative estimation does not. 

Pummerer®^ re}H)rts following the ozonolysis of unsaturated compounds by 
titrating the mixture at intervals with bromine. Thus, 3-ethylpentene-2 was dis¬ 
solved in carlx)n tetrachloride, and bromine titrations made at short intervals 
showed that the olefin was saturated after 10 minutes' treatment with ozone in 
the apparatus used. In ozonizing cyclohexene under similar conditions, ozone 
treatment continued for minutes Inrfore the bromine titration figures showed 
saturation. Mesityl oxide, on the other hand, required 45 minutes’ operation be¬ 
fore the bromine values showed any decline. This was believed to be due to the 
formation t>f a primary ozonide less saturated than the final product. When work¬ 
ing with rubber and gutta percha solutions, the unsaturation, instead of decreasing, 
increased during the early j>art of the ozonolysis until a critical point w'as reached 
when the unsaturation values fell suddenly to zero. This fluctuation of values is, 
similarly, believed liue to the formation of primary ozonides. It is suggesteil, too, 

♦•J. M. ( hurch, F. C. Whitmwr ami R. V. .McC.rew, /./I.CiT., 1934, SS. 176; Chem. Abs., 1934, 
at, 1657: Hrit. Chem. Abs., A, 1934. 276. 

Jf. i>ocuvrc, Buti. SQC. I'him., W.l6, S, 612; Brit C'hrm. Abs. A, 1936, 587; CMrm. Abs., 1936, 
SO. 2917. 

R. Clemo ind J. Me L. Macdotuia, J.C.S.. IMS. 1294; Onw. Abs., 1935, 29. 7939; Bnl. 
Chrm. Abs A. 1935. 1390. 

w H. Ptimmerer. /X Congr. inltni. guim. puru apticgduk, 1934, 4, 548; Chrm. Ahs., 1936, SO. 2911. 



902 


CHEMISTRY Of PETROLEUM DERIVATIVES 


that these primary ozonides are the sensitive, explosive substances formed during 
ozonization. Komppa®^ treated propenylbenzoic acid with ozone for 10 hours till 
bromine titration values indicated saturation. The ozonide thus formed was an 
unstable, partially crystalline compound melting at about ISO'^C. On standing, 
decomposition took place yielding 83 per cent of /)-acetol)enzoic acid. 

Biphenyl does not form a hexaozonide, but Noller and Kaneko,^^ investigating 
this problem, have prepared 1-phenyl-1-cyclohexene and report that this compound 
readily adds 1 mole of ozone to the double l)ond of the cyclohexene ring. Further¬ 
more, the l,r-dicyclohexene adds ozone to both double bonds. These investigators 
concluded that steric hindrance in the 1-1' position is not the factor which pre¬ 
vents the formation of biphenyl ozonide. Noller, Carson, Martin and Hawkins^*^ 
studie<l the ozone absorption rates of a numl)er of compounds and rei)ort that oleic 
acid, methyl oleate and stilbene show rapid addition of 1 molecule of ozone to the 
double bond. The rate decreases considerably for triphenyl ethylene and com¬ 
pounds containing the grouping —CH = CH—CO— (such as crotonic or cinnamic 
acid). \"inylacetic acid (CH 2 =CH—CHo—CO—OH ) which has a similar, though 
slightly altered, grouping, shows an analogous, though lessened, retarding effect. 
A still further decrease was found with tetraphenylethylene and dichloroethylene. 
In compounds containing two or more double linkages (e.g., diphenylbutadiene, 
sorbic and elaeostearic acids) rapid addition of one molecule of ozone takes place, 
but the rate then <lecreases sharply. In geometrical isomerides which undergo 
relatively slow addition, such as methyl fumarate and maleate, the truws form 
(the fuinaric comp<nmd) reacts more rapidly. 

OXID.ATION OF AlKYNKS^^ 

According to Lenher and Kistiakowsky,''^'^ temperatures up to the explosion 
temperature may be used in the uncatalyzed oxidation of acetylene. These in¬ 
vestigators report that formaldehyde, formic acid and glyoxal may Iw recovered 
from the reaction products obtained by passing acetylene and oxygen through 
a reaction tul>e at from 2(X)®C. to the explosion tempt‘rature, though they recontmend 
the range 275 to 316T. as most desirable. 

Steacie and McDonald®® have investigated the uncatalyzed reaction of acety¬ 
lene and oxygen and report that the rate of reaction is variable and dependent 
on the condition .of the surface of the reaction vessel. It was found also that 
the order of the reaction is decreased in a packed vessel,®® falling to 1,4. Altliough 
the ratio of carlxm monoxide to carbon dioxide in the reaction prixlucts is, in the 
empty vessel, independent of pressure, in the packed vessel it is at the outset lower 
than in the empty chamber and falls even further with diminishing pressure. Addi¬ 
tion of glyoxal ha.s no appreciable effect on the rate of reaction ; formaldehyde, 
however, decreases it. It was concluded that the oxidation was a chain reaction^ 
the chains being initiated at the walls of the vessel but not destroyed there. The 
following mechanism was proposed: 

“G. Komppa, Ann. Acad. Sci. Fennicae, 19.15, 44A, No, 9, 6; Chem. Abs., 19.16. 30, 2945. 

»*C. R. Noller and G. K. Kaneko, J.A.C.S., 19.15. 57. 2442; Chem. Abs., 1936, 30, 1778; Brit. 

Chem. Abs. A. 1936, 321. 

** C. R. Noller, J. F. Carbon, H. Martin and K. S. Hawkinti, J.A.C.S., 19 . 16 . 58. 24; Chem. Abe., 
1936, 30. 1739; Brit. Chem. Abs. A, 1936, .113. 

**Triple*ljonded hydrocarbons will bear the generic name alkynen.” A. M. Patteraon. J.A.C.S., 
1933, 55, 3905; Chem. Abs., 1933, 27, 5304. 

S. Lenher and G. B. Kiatiakowaky. U. S. P. 1,955.885, April 24. 1934, to E. I. du Pont da 
Netnoura A Co.; Brit. Chem. Abs. B, 1935, 182; Chem. Abs., 1934, 28. 4072. 

E. W. R. Steacie and R. 1). Mclionald. J. Chem. Physics, 1936, 4, 75; Brit. Chem. Abs. A« 
1936, 294; Chem. Abs., 1936, 30, 1642. 

••Thia indicatea that tl» velocity conatant ia leaa than that for a aecond order, but frealer than 

that for a hr at order reaction. For a diacuaaion of ordera of react tona, aec (*hapter 20. 
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According to Lenher,®® the oxidation of acetylene is catalyzed by the presence 
of a small quantity of nitric oxides. The presence of this catalyst (4 or 5 per 
cent) allows the reaction to take place at a considerable rate at a lower tempera¬ 
ture. For example, if acetylene (in slight excess) is mixed with oxygen, and 4 to 
5 per cent of water vapor and 4 to 5 per cent of nitric oxide added, the reaction 
takes place at a temperature as low as 170®C. However, 230°C. is recommended, 
since under these conditions a yield of 21 to 23 per cent of glyoxal is obtained 
with a contact time of 2 minutes. On the other hand, Heckel and Nashan®' report 
that a mixture of acetylene, air and nitric oxides can be reacted at 300°C. to yield 
acetaldehyde and acetic acid. 

Young, Vogt and Nieuwland®- studied the reactfons of the alkync peroxides and 
report that the oxidizing properties of these peroxides are in all respects similar 
to those ascribed to the olefin peroxides. Studies of butylacetylene and analogous 
compounds showed that the dialkylacetylcne forms compounds of a peroxide na¬ 
ture as readily as a monoalkylacetylene. Butylacetylene that had been exposed 
to the air for about six months gave a good aldehyde test with Schiff’s reagent 
and had a pronounced acid reaction. When a small amount of butylacetylene was 
allowed to evaporate at rcnmi temperature, the residue had a strong odor of 
valeric acid, although the amount of acid formed was too small to allow of chemical 
i.solation. However, when the alkyne was maintained at 35 to 45®C. for three 
months, it was found that the peroxide concentration increased rapidly during the 
first three weeks and remained' constant thereafter, while the concentration of 
valeric acid, on the other hand, increased steadily throughout the experiment. 
The results were believed to indicate that after a few weeks the rate of formation 
of the peroxide was approximately equal to the rate at which it oxidized the alkyme, 
the peroxide being destroyed in the latter step. At the end of the three-month 
period of heating, titration with standard potassium hydroxide and phenolphthalein 
showed an acid concentration 2.12 normal. In the meantime, the color of the 
butylacetylene had progressively changed from water-white to reddish browm. 

In an effort to isolate the jxrroxide, a quantity of the oxidized butylacetylene 
was distilled through an efficient column. When most of the butylacetylene had 
l>ccn removerl, the residue suddenly began to fume and darken, with the evolution 
of considerable heat. After a few minutes the reaction subsided, leaving a viscous, 
<iark brown and strongly lachrymatory acidic residue. The peroxide appears to 
be highly unstable when in concentrate<l form. 

It has been suggested! that alkynes behave as do the alkenes®^ in oxidation, i.e., 
that two OH groups first add at the unsaturated bond. Krestinskii and Kelbovskaya®^ 
attempted to derive some experimental proof of this possible reaction which, wdth 

•S, Lenh«r. U. S. P. 1.988.455. Jan. 22. 1935, to E. I. du Pont de Nemours & Co.; Brit. Chtm. 
Abt. B, 1936, 54; Ckem. Abs.. 1935. 29, 1439. 

•4 W. Heckel and P. Nashan. V. S. P. 1.943,385, Jan. 16, 1934, to Gutehoffnunffthutte Oberhausen 
A. O.; Chrm. Abt., 1934. 28, 2018. 

C. A. S'lHUi*. R. R. Voft and J. A. Niruwland, J.A.CS., 1934, 56, 1822; Brit. Chrm. Abt. A, 
1934. 1089; Cbcm. Abt.. 1934. 28, 6102. 

"<>pen>chain unsaturated hydrocarl»ons—will bear the generic name alkeneii. ’ A. M. Patterson, 
J.A.CS., 1933, 55. 3905; Chrm. Abt., 19.13, 27. 5304. 

V. N. Krcattnakii and M. K. Kelbovakaya, Ber., 1935, 68, 512; Brit. Chrm. Abt. B, 1935. 604; 
Orem. Abt., 1935, 29. 3o49. 
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acetylene, should yield the glycol, HOHC=CHOH, at once hydrated to HOCHj- 
CH( 0 H) 2 , and the latter in turn can yield oxalic acid, acetic acid and similar 
compounds. Acetylene, phenylacetylene, methylethylacetylene and 2,2-dimethyl- 
butyne-3 were studied. Special attention was given to the isolation of any neutral 
products, and the oxidizing agent (in this case potassium permanganate) was 
added in very dilute solution at 0°C. to an excess of the hydrocarbon. However, 
no neutral reaction products could be detected; only acids appeared, cleavage occur¬ 
ring at the triple bond. Acetylene gave formic acid and presumably traces of 
oxalic. Methylethylacetylene yielded acetic and propionic acids, phenylacetylene 
gave carbon dioxide, benzoic acid and traces of formic. The 2,2-dimethylbutyne-3 
formed 3,3-dimethylbutyric acid. 

Acetylene itself reacts with ozone to produce formic acid and glyoxal, but 
according to Hurd and C'hrist®® this is an almost unique case in that most of the 
alkynes are split at the triple bond by ozonization. However, the reaction has 
been used to prove the location of the triple bonds in 6,10-hexadecadiyne and in 
6,9-pentadecadiyne. Caproic and succinic acids were formed from the latter sub¬ 
stance ; caproic and malonic from the former. Hurd and Christ investigated the 
ozonolysis of six acetylene representatives, phenylpropiolic acid, phenylacetylene, 
1-hexyne, 1-heptyne, ethinylcyclohexanol and ethinylfcnchyl alcohol. In each 
case, splitting occurred at the triple bond yielding from 42 to 61 per cent of the 
acids. In the case of 1-hcptyne, accurate determinations of both acids showed that 
two acids (formic and caproic) had l^een formed in ccpial (luantilies, totaling 59.2 
per cent. However, despite the fac' that a large excess f)f o/one was employed, 
no further production of acids took place. These investigators favor the following 
mechanism in the ozonization and subse(|uent hydrolysis of acetylene: 

HCsCH -f O, —V HC--rH 

! I 

() --()- o 

HC=CH 4-H,() - > HC- CH 4^11,0: 

.11 il ii 

C>-~0—(J O () 


• C. 1). Hurd and R. E. Christ, /. Orff. Chem., 1936. 1, 141; Chem Abj , 193o. 30, 7108. 




Chapter 40 


Autoxidation of Petroleum Distillates. 
Gum Formation 


The phenomenon of autoxidation has attracted the interest of many workers 
It has l>een defined as the combination of a whole molecule of oxygen with an 
oxidizable substance to give a primary i>eroxide which may then change in a 
number of ways to yield stable oxidation products.’ This means that 1 molecule 
of an autoxidizable substance (A) reacts with a molecule of oxygen to furnish 
the |)eroxide AOj. Such peroxides are formed with the absorption of energy and 
may then decompose to yield various prcxlucts or react with other molecules of 
the autoxidizable substance. 

Many substances may undergo autoxidation. among them being phosphorus 
and sulphur compounds, sodium bisulphite, l>enzaldehyde. paraffin, petroleum distil¬ 
lates, rubber and turpentine.’* Catalysts may also play a very large part in such 
phenomena. Thus, Suzuki- showed that oxides and some salts of lead, cobalt and 
manganese exert a stronger effect on the oxidation of ff-a-pinene than do the 
oxides of platinum, silver, chromium or thallium. Furthermore, the oleates of 
lead, cobalt and manganese are more active catalytically than the corresponding 
stearates or sulphates. Temperature is also an important factor in many instances. 
For example, alHJve 40°C. oxidation of pinene yields verbenone and verbenol and 
pr)lymerized substance, whereas l>el()w 20°C. the product is a viscous mass con¬ 
sisting maifdy of the peroxide. 


Ai’Toxid.^tion of Hydroc.\rbons 


Among autoxidizable substances which lend themselves to study, tetralin 
(tetrahydronaphthalene ) has received considerable attention because of the ease 
with whicli its peroxide may be isolated.’ The latter may l)e obtained by extract¬ 
ing aged tetralin (i.e., a sample which has been stored in contact with air) with 
caustic .scKla.* or by bubbling air through tetralin heateil to 7S°C. and removing 
the unreacted hydrocarbon by distillation at reduced pressures.’’ Since the study 
of tetralin peroxide gives some insight into the nature of the intermediate products 
of autoxidation, it is of interest to discuss some of its properties. 

Tetralin pertjxide melts at 56®C. It is stable for a short time at 120 to 125®C. 
and loses water at 13()®C. Al>ove this latter temperature it explodes. Treated with 
potassium permanganate it furnishes )(^-()-carl)oxyphenyl propionic acid: 

* C\ Moureu. C. l)ufrai»w and R. rhaiix, Compt. rrnd., 1927, 184, 413; Chrm. Ahs , 1927. 21, 
1914; /?n/. Ckrm. Abs. B. lv27. 24.r 

*• For a diitcuimion o( the effect of reprewuring crude petroleum with air and gas. see T. \V. 
johnion and S. S. Taylor. Bur. Afinrx Kept of Imvfstigatwns ISIS. 19J7: Chtm. Abs.. 19A7, 31. 
2802. S. S. Taylor and H. M. Smith. Bur. Mimrj Kept, of luvetligottons 3238, 19.14; Ckem. Abs.. 
19.14. 28. 4579. 

•K. Suauki. BkK. Inst. Pkys. Chem. Keseurck {Tokyo). 19.15, 14. 179; Ckem. Abs.. 19.1S, 29. 58.10. 

* hecalin forms a peroxide much less readily than tetralin. T. Yamada. J. .'^oe. Ckem. /hi/ . .fapam. 
19.16, 39, Suppl. binding 20; Ckem. Abs., 19.16. 30. 4305; Brit. Ckem. Abs. B. 1936. 355. 

* H. Kieinstedt. Brennstoff'Ckem.. 19.16. 17 tS>. 83; Brit. Ckem. Ahs. B, 1936. 484. 

Hock and W. Susemihl, Ber.. 1933. 66. 6l; Brit. Ckem. Ahs. A, 1933. 153; Chem. Ahs.. 1933. 

27. 1627. 
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The peroxide is reduced by potassium iodide in aqueous acetic acid, or better by 
sodium bisulphite in aqueous methanol, to give tetrahydro-a-naphthol. The latter 
loses water when treated with freshly melted potassium hydroxide and forms 1-2- 
dihydronaphthalene. Warm caustic soda solution (2.V) converts the peroxide into 
1 ’ketotetrahydronaphthalene. 
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Tetralin peroxide reacts with iron carl>onyl to give a dark red coloration and 
liberate gas.• It darkens mercury and prevents sulphur in liquid fuels from dis¬ 
coloring copper, according to KiemstedtJ 

The formation of tetralin peroxide is not affected by light or contact sub¬ 
stances.® Tanaka, Kuwata and Aoki® studied the effect of phenols and naphthols 
on the autoxidation of tetralin and found the inhibiting power of phenol was de¬ 
creased by the introduction of methyl, nitro or chloro groups. Polyhydroxyl)enzenes 
and naphthols, however, were powerful inhibitors. Amines were less effective 
than the corresponding hydroxy compounds, and alcohols, aldehydes, ketones and 
acids showed no effective inhibition. 


• H. Hock and W. Suacmihl, Brtnnstoff-Chfm., I9.1J, 14, 106; Brit, CUem. Abs, B. 19.13, 421: 
Chem. Abs., 1933, 27. 3803. 

^ H. Kiemttcdt, toe. cit. 

* H. Hock and W. Suaemihl, toe. cit. 

•Y. Tanaka, T. Kuwata and M. Aoki, J. ,Soc. Cbem. In4. (JafHtn), .Suntil. Idndina; 19.14. 17. 
445; Brit. them. Abs. B. 1935, 12; Chem. Abs., 19.14, 28, 7253; J. Inst. Pet. Tech.. 1934, 20, 609A. 
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Decalin (decahydronaphthalene) forms autoxidation products more slowly 
than tetralin.'® Castiglioni^' reports that light, especially ultraviolet, accelerates 
this reaction. By noting changes in acidity, the degree of oxidation may be de- 
termined'2 for a particular set of conditions. However, the addition of 0.001 to 
0.01 per cent of pyrogallol, hydroquinone or a-naphthol is said to retard the autoxi¬ 
dation of decalin very markedly.Other hydrocarbons found to undergo autoxi¬ 
dation are unsaturated cyclic compounds as 1-methyl-1-cyclohexene and 1-methyl- 
3-cyclohe.xenc.^^ 


C-\TALYsis OF Autoxidation Reactions 

Arditti'*'’ noted that there is an induction perio<l in the absorption of oxygen 
by normal hexadecane which is decreased by higher temperatures. The rate of 
absorption increased rapidly after the initial induction period and then diminished 
nearly to zero. The first product of oxidation by the absorbed oxygen was car¬ 
bon monoxide, while later the dioxide was also formed. An amount of hydrogen 
and methane proportional to the oxygen absorbed was formed. This same in¬ 
vestigator'® studied the effects of several substances on the oxidation of paraffin 
oil by oxygen bubbled through it at 150®C. and found that copper, nickel, nickel 
oxide and cupric oxide catalyzed the reaction, whereas aniline, «-hexadecane, ferric 
oxide, phenol and water inhibited it. Dupont'^ determined the catalytic effects of 
acetylacetone and various metallic acetylacetonates on the autoxidation of 1,4- 
dimethylcyclohexane and phenylcyclopentane. He reported that the order of de¬ 
creasing activity of metal-acetylacetone complexes in either case was cobalt(ous 
and ic), copper, manganese, iron and cerium. In the experiments on phenylcyclo¬ 
pentane allowance was made for the fact that this substance absorbs oxygen spon¬ 
taneously. Dupont believed that the oxidation of these hydrocarbons was auto- 
catalytic to a certain extent, but that catalysis also played a part. 

Stephens'® noted that autocatalysis played an insignificant part in the autoxida¬ 
tion of cyclohexcne at 28°C'. 1'he hydrocarl)on was purified rigorously and it was 
shown that the induction pericxl decreased with increasing purity, but did not 
disappear even with the most highly purified material. Arsenic trioxide, which is 
cKcasicnially present in glassware, was an inhibitor. He concluded that the induc¬ 
tion period was caused by inhibitors present in minute amounts. 

Gum in Gasoline 


The autoxidation of gasoline has l)een the object of extended study by many 
investigators'® l>ecause of its formation of gum, the latter l>eing a deleterious com- 

'*♦(*. Mourcu, ('. Dufraissc an<l R. Chaux, ComfH. rend., 1927, 184, 413; Otrw. Abs., 21. 

19M; Ihti Chtm. Abs B. 1927. 243. 

’'A ('asttulioni. 6a«. chim, ital., 1934, 64. 465; Chem. Abs., 1935, 29, 30; Brit. Chem. Abs. A. 
1934. 1 184. 

r. Fanyutin, I,, liirulin and (). Vasil’cva (Ci*mpt. rrnd. acad. sci (.V.V.V 1936. 2. 

183; Chem. Abs., 1936. 30. 8073) dcjicriSc a laboratory procetiurc for drternnining the peroxide num 
brr nf an utinaturatcd h>drocarlK>n that has undergone autoxidation. 

A. ( afttiglioni. Ann. chim. applirata, 1936. 26, 106; Ckrm. Abs.. 1936, 30, 6631. 

R. Dupont, Bull. soc. chim. Bclg., 1936, 45, 57; Brit. Chrm. Abs. A, 1936, 712; Chrm. Abs., 
19.16, 30. 7.549. 

w(;. Ardilti. Compt. rrnd . 1935, 201, 396; Chrm. Abs., 1935. 29. 7269. 

*•0. Arditti. Compt. rrnd., 1932, 195. 136; Chrm. Abs., 1932. 26. 5062; Brit. Chrm. Abs. B, 1933, 
137. 

*TR. Dupont, Bnlt. s^c. chim. Brig., 1936. 45. 113; Chrm. Abs.. 19.16, 30, 4746 

N. Stephen*. J.A.C.S.. 1936, 58. 219; /. Inst. Pet. Tech., 1936, 22, 204A; Chrm. Abs.. 1936. 
30, 2476; Brit. Chrm. Abs. A. 1936. 434. 

*• See Carleton Elli* “The ChemiMry of Petroleum Derivative*.” The Chemical Catalog Co., New 
York, 1934. Alao J. C. Morrell and (i. Xat. Prt. News, 193t», 28 <13). 24 Chrm. Abs., 

1936, 80, 4656. L. v. S*ev*irh. Brcnnsti^i, them., 1934, 15, 421; Chrm. Abs., 1935, 29. 1960; Brit. 
Chrm. Abs. B, 1935, 54. A review of gum in gasoline is given by E. B, Evan*. J. !nst. Pet. Tech., 
1934. 20. 392 408A; Chrm. Abs.. 1934, 28. 4581. 
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Table 184.— 

Carlxin Hydrogen Sulphur Oxygen Mol. 

% % % Vi. Weight 


Oxidized* 

Entire oxidized gasoline_ 84.4 13.4 0.03 2.2 

Light distillate. 85.4 14.7 0.02 2.2 

Heavy distillate. 86.4 13.5 0.02 0 .1 

Residue. 69.6 9.2 0.42 20.8 342 

Stored^ 

Entire oxidized gasoline_ 85.1 13.9 0.06 0 9 

Light distillate. 86.1 14.0 0.02 0 

Heavy distillate. 86.5 13.5 0.02 0 346 

Residue. 69.8 8.7 0.40 21.1 


• Oxidixed by oxygen under pressure until a 20 pounds per sq. in. (1.4 kff. per sq. cm.) prersurr dn^p occurred. 

^For gasoline used in elementary analysis the time was not specified. It was 86 days for the other samples. 

ponent when present in sufficient proportions in motor fuels.-^ Of the unsaturated 
hydrocarbons present in cracked distillates, diolefins are particularly prone to gum 
formation.-^ The oxidation-polymerization of unstable constituents of the gasoline 
is thought to form gasoline-soluble colloids which coagulate and become gasoline- 
insoluble. This statement is supported by the respective compositions of gasoline- 
soluble and -insoluble gums which average about 70 per cent carbon, 7 per cent 
hydrogen, 21 per cent oxygen and 2 per cent sulphur and ash in each case. 

The gum remaining after the evaporation of oxidized, cracked gasoline was 
studied by Morrell and co-workers.-- They oxidized the gasoline in steel bombs-^ 
at an initial pressure of 135 pounds and a temperature of lfX)°C. Oxidation was 
stopped 10 minutes before the beginning of the rapid oxygen absor|)tion and after 
the pressure had dropped 5, 10, 20 and 50 pounds by running cold water around 
the bomb. Analysis was made of the gasoline from each experiment by concen¬ 
trating it by evaporation under about 2 mm. pressure at 79°C. The vapors were 
condensed by passage through an ice-bath and afterwards by an acet(me and car¬ 
bon dioxide mixture. This gave three fractions, i.e., a resi<lue and two conden¬ 
sates, each of which was studied. These investigators found that the residue 
contained peroxides,'aldehydes and acids and that these products were present in 
practically the same proportion regardless of the state of oxidation. 

The products formed by oxidation under pressure and at slightly elevated tem¬ 
peratures (accelerated oxidation) differed somewhat in the specific compounds 
present from those formed during storage, but only slightly in elementary compo¬ 
sition as is shown by some of the data of Morrell and co-workers in Table 184. 

In the former case, peroxides and acids were present in the greatest amount 
in the residue and light fractions, respectively, whereas all oxygen-containing 
products were present in greatest amount in the residue frotn stored gasoline. 
Oxidation was accelerated by evaporation in a copper dish, and on reaching dry¬ 
ness peroxides were largely decomposed. These investigators concluded that 
peroxides represent the first step in gum formation and are essential to it, al¬ 
though acids and aldehydes may have some significance since the insoluble mass 

•Th* carbon deposit on the inlet valves of experimental engines run on cracked gasoline containing 
from 2.4 to 31.6 mg. of dissolved gum caused no trouble, although it might on prolonged running. 
B. K. Tarasov and V. P. Govalcov, Growtunskii Seftyanik, 1934, 4 (23), 76; Chem. Abs., 1935, 29, 
2724; BrU. Cktm. Abs. B, 1935, 1031. 

» A. Sakhanov, Peirotgnm Z., 1934, 30 (25). 1; Brit. Chem. Abs. B, 1934, 788; C/iem. Abs., 1935, 
29, 1236. Chimig 6r Jndusirig, 1934, 33, 770: Chtm. Abs., 1935, 29, 1615; J. Inst. Pet. Tech,, 1935. 
21, 49A; Brit. Chem. Abs. B. 1934, 1045. See also J. C. Morrell and G. ^loff, “Colloid Chemistry 
of Petroieum/* in J. Alexander, “Colloid Chemistry.” The C*hemical Catalog Co., Inc., 1931. 

“J. C. Morrell. C. G. Dr/er, C. I). I..owry, Jr. and G. EgloB, /nd. png. Chem., 1936,* 28. 465; 
Chem. Abs., 1936, 30, 3990; /. Inst. Pet. Tech., 1936. 22. 264A. 

• For the details of the equipment used, see G. Egloff, J. C. Morrell, C. I>. I^wry, Jr. and C. C. 
Dryer, Ind. Eng. Chem., 1932, 34, 1375. 
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A nalysfs for Pennsylvania Cracked Gasoline. 


Peroxide 

Aldehyde 

Add 

Copper-Dish 

Gum 

A.S.T.M. 

Gum 

Per Cent of 
Total 

Units 

Units 

Units 

(mg./lOO cc.) 

(mg./lOO cc.) 

Gasoline 

9150 

1660 

375 

960 

123 

100 

207 

545 

204 

14 

2 

54 5 

2115 

334 

81 

413 

87 

40.3 

2844 

450 

198 

— 

— 

1.8 

7100 

1660 

100 

983 

128 

100 

132 

234 

39 

3 

0 

52 

1395 

225 

25 

209 

12 

45 

3196 

680 

51 

— 

— 

1.7 


which sometimes precipitated during oxidation has a high acid content. The for¬ 
mation of peracids during the storage of gasoline derived from sapropelite, was 
shown by Karavaev and Kuruindin.^^ In this instance the stock had been pre¬ 
viously treated with sulphuric acid and distilled over sodium. 

According to McNamara^* certain treatments, such as vapor phase refining 
w'ith zinc chloride, hydrogenation, or blending wdth straight-run gasoline, increase 
the induction period whereas doctor-treating and sunlight accelerate oxidation. He 
also states that a rise in temperature of 20®F. roughly trebles the rate of gum-forma¬ 
tion. 

Shchitikov-® found that thorough washing with w^ater considerably improved 
the color and decreased the potential gum content and acidit>' of a cracked dis¬ 
tillate after preliminary neutralization. He recommended two caustic treatments 
before redistillation. He also stated that the stability is lower and the gum forma¬ 
tion higher when the finished cracked gasoline is treated with sodium hydroxide 
or sodium carbonate. Gerr and co-workers-^ pointed out that the diolefins which 
caused the instability of cracked gasoline were removed by refining. They ob¬ 
served that the higher boiling fractions were the more stable, but that all fractions 
needed refining. The gasoline obtaine<l by treatment of the cracked distillate from 
Hmba crude oil with kerosene acid sludge, followed by neutralization and distilla¬ 
tion is reported to be very unstable.'-^® 

W^eller'-^ observed that a blended fuel containing 10 per cent alcohol had a 50 
per cent .shorter induction period than the original fuel, but he did not regard the 
induction period as conclusive in the determination of stability of fuels to gum 
formation. Conrad®® showed that different tests may give widely varying re¬ 
sults and fail to indicate the l>ehavior of the fuel when kept for long periods of time. 
For example, the copper dish and Hunn bomb tests failed to give values which 
corresjK>nded to gum-formation occurring during storage of the fuel for 10 
months. He also demonstrated that the relative amount of gum formed on storage 
was not a linear function of the time. Gasoline with an induction period of 240 
minutes, or potential gum of 50 mg. or less, is reported to be satisfactory in normal 
storage for periods of less than 1 year.®' 

N. M. Kiravtev and K. S. Kuniindtn. Khim. Tx^trdogo Toplix^. 1933, 4, 315; C/irm. Abt., 

1934. 28, 6281; Brit. Ckem, Abs. B. 193S, S3. 

McNamara, Refiner. 1934, IS, 381; J. Inst. Pet. Tech., 1935, 21, 17A; Brit. Ckem. Abs. B. 

1935. 1031; Ckem. Abs.. 1935, 29. 2720. 

-V. K. Shchltikov, Grownenskii Seftynik, 1934, 4 (1M2). .56: Ckem. Abs.. 1936, SO. 3990. 

•’V. F. G«rr, A. F. Dudenko and K. S. Ataman. Ater. Meft. Kkos., 19SS, No. 6, 83; Ckem. Abt., 

1936. SO. 3990. 

»N. N. KartWI and V. M. CluUdenok, Reft. Kkoe., 1934. 26 (5). 53; Ckem. Abs.. 1934, 28. 7503. 

»R. Weller, QW mmt Kekle, 1934, 2, 527; J. Inst. Pet. Tech., 1935, 21. S2A; Ckem. Abs.. 1936. 
SO, 5389. 

Conrad, Oet und Kokle, 1935. 11. 728; Brit. Ckem. Abs. B. 1935, 1031. 

A. W. Truily, Refiner, 1935, 14. 47; Ckem. Abs., 1935, 19. 2720. 
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Determination of Gum 

Efforts to ascertain the degree of gum formation in gasoline have resulted in 
several methods for the estimation of both potential and existent gum.®* One of 
the oldest is the well-known copper dish. Since the results obtained by this proce¬ 
dure are not reproducible with accuracy l)ecause of the catalytic action of the 
metal, it has been modified by employing a glass or porcelain dish. The rate of 
evaporation is frequently increased by directing a jet of air towards the center of the 
sample. 

For determination of the actual gum present in cracked gasoline, Woog, Givau- 
don and Dacheux®® suggest evaporation of the sample at slightly elevated tempera¬ 
tures in an apparatus arranged so that steam from a water-bath (the heating 
medium) cannot come in contact with the test dishes. They give the following de¬ 
tails: A Pyrex dish is thoroughly cleaned and dried at 16()°C. for 45 minutes. 
After being cooled at least 2 hours in a desiccator and weighed to 0.1 rng., 100 cc. 
of gasoline are added and evap<jrated in the apparatus for 3 lumrs. Afterwards 
the dish and any residue are dried iri an oven for 6 to 8 hours at 160°C.. or if the 
residue is wet it is first dried at 100°C. for 2 hours and then at the liiglier tem¬ 
perature. The dish is cooled for at least 2 hours in a desiccator and weighed. 
Gasoline which contains less than 10 mg. of gum per 100 cc. causes no trouble 
in an engine. 

Engine conditions were simulated by drawing atomized gasoline and air 
through a horizontal aluminum tube containing an aluminum helicoid. This was 
maintained at 105 to 110°C. in an electric oven. During the course of 5 hours, 
the vapors from 1100 cc. of gasoline were drawn through this apparatus by a 
vacuum of 20 mm. The amount of gum formed by this procedure shovve<l a defi¬ 
nite relationship to the “actual" gum as determined by the above evapf)ration test. 

For estimating potential gum, Woog, Givaudon and Dacheux recommend that 
the sample be exposed to ultraviolet light for 30 to 60 minutes and then heated 
under pressure with oxygen at 100°C. for 2 to 3 hours. The resulting gum is 
then determined by evaporation of the treated liquid. Thomas,®^ on the other hand, 
considers subjecting the sample for 20 minutes to the action of oxygen at 100°C. 
under 10 pounds pressure as sufficiently vigorous treatment.®® 

Freund®® developed a method for estimating gum in which the sample was placed 
in a quartz tube and exposed to the light of a standardized mercury-vapor lamp 
for 10 minutes at 15 to 25°C. Gum formed by this procedure and by oxidation 
differed largely in respect to oxygen content. The type of atmosphere in which 

Table 185 .—Composition of Gum Formed on Oxidation of Gasoline. 

Compoiition on A»h-Frrc A» Pure CH Sub- 
Atmotphere in Baxis stance 

Duration of Whicn Gum O C/H 


Method of Oxidation Treatment Wat Dried CHS (diff.) C H Ratio 
Exposure to ultraviolet light 40 min. Air oven 80 82 8 57 2 41 8 20 90 4 9 6 9.4 

Storage. 253 days • ■ 74 51 7 77 1 29 16 43 90.6 9 4 9 6 

Oxygen bomb test .... — • • 72.61 7 82 1 67 17.90 90 3 9.7 9 3 

Exposure. 40 min. Nitrogen 84,51 9 42 0 95 5 12 90 0 10 0 9,0 

Stc^e. 354 days • 6.50 8 57 0 17 14 76 89.9 10 1 8.9 


•• See Carleton Ellii, “The Chemistry of Petroleum Derivatives,” The Chemical Catalog Co., Inc., 
New York. 1914. 

*■ P. Woog, J. Givaudon and P. Dacheux, Rev. pitroliftre, 1934, 584, 721; /. Imi. Pet. Tech., 
1935, 21. 52A: Ckem. Abs., 1934, 28. 7501. 

•* W. H. Thomas. Proc. World Petr, Congr*, 1933, 2, 122; J. Inti. Pet. Tech., 1934, 20, 83A; 
Chem. Ab$., 1934, 28, 4879; Br%t. Chem. Abs. B. 1934, 819. 

“ A review of methods of gum determination, both actual and potential, is given by W. H. Hoffert, 
Chateur & ind., 1934, 15 (167), 389; Chem. Abs , 1934. 28. 6558. 

•• M. Freund, Proc. World Petr. Congr., 1933, 2, 108; Brit. Chem. Abs. B, 1934, 819: /. /ml. 
Pet. Tech., 1934, 20, 83A; Chem. Abs., 1934, 28, 4879. 
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the gum was dried also had some influence on the oxygen content. Table 185 
shows some of his data for samples of a gasoline derived from a Dubbs-cracked 
Moreni crude oil. 

P'rom this it is evident that the highest oxygen content occurs in gum formed by 
oxidation in a bomb. When the gum was dried in an atmosphere of nitrogen, the 
composition showed somewhat less oxygen than if dried in air. However, the 
relative proportion of carbon and hydrogen in the gum was practically independent 
of the manner of formation. Mardles and Moss'^*^ incubated gasoline samples 
prior to the determination of existent gum by storing them at 35°C. for 20 hours 
in the dark. The usual sample was 50 cc. in a 500 cc. long-necked, glass-stoppered 
flask. The gum found (by evaporation in a glass dish) after this treatment cor¬ 
responded rather closely to that formed after 3 months' storage, as is shown in 
Table 186. 

TAiii.r: 186. Comparison between Potential Cum Test and Gumming During Storage. 


Oum Increase in mg. per 100 ml. 


Imk 1 

At .?S°C. for 20 Hours 
in 1/10 I'illurl Flask 

At 12.5X. for 3 
Months in Nearly 
Full Tin Containers 

Ik nz< »1 . 

3 

6 

l-ow temp, coal distillate (A). . . . 

8 

3 

Ix)w temp, c'fwd distillate (B). . . 

3 

5 

('racked distillate. 

46 

20 

Vapor phase cracked distillate. . 

. . 55 

65 

Hydrogenated coal distillate. 

1 

1 


These investigators suggested that the test may he accelerated still further by in¬ 
creasing the tem|K‘rature to 50° or 75°C\ 

Treatment of 20 cc. of gasoline in a Dewar flask with a 20 per cent solution 
of stannic chloride and measuring the rise in tem|x*rature was suggested by Koger- 
nian*^ as a procedure for determining the instability of a motor fuel. This metho<l, 
however, is not applicable to fuels containing alcohols. 

The standard methods of the American Society for Testing Materials'^® and 
the Institute of Petroleum Technologists^'^ de|xMid ujk)!! a current of air blowing 
across the sample while evaporation is taking place. I'he comparison of these tests 
given in Table 187 is of interest. 

Bridgeman^^ found that by using a sufficient air flow over the gasoline sample 
during determination of gum by the usual mcthmls, the other factors which often 
affect the results, such as the volume of gasoline evaporated, the concentration of 
gum-forming constituents and the temix'rature of evaporation, had very little effect. 
The same values for gum were ohtaine<l whether the air flow was 320 or 680 ml. 
per second. 

A rapid titrometric mctluKl for the estimation of gum has l)een pro}H)scd'*- 
which comprises distillation of the sample and titration of the residue. The recom- 

mende<l prewredure is: Distil 100 cc. c)f the sample in an Engler flask on an oil liath 

at 160°C., at atmospheric pressure, for 15 minutes and then under vacuum which 

« K. \V. J. Nfardle* and H. Moas. Proc. Wortd Petr. Conar., 1933. 2. 116; Abs,. 1934. 28. 

4H79; y. inst. Pet. Tech., 1934. 20, 169A: Brit. Chem. Abs. B. 1934. 819. 

• P. N. Kogerman, Proc. Worid Petr. Ctmgr., 1933, 2, 113; Brit. Chem. Abs. B, 1934, 819; Chem. 
Abs., 1934. 28. 4879; J. Irul. Pet. Tech., 1934. 20. 311.A. 

■* Trntalivr mrthixl of tc»t (O 381>34T) for gum content of gasoline, American Society for Test¬ 

ing Materials. Philadelphia. 1934. 

•• Standardization Sub Committee on Gum. Infinite of Petrtdeum Technologists. Proc. ICortd Petr. 
Conor., 1933, 2. 94; Bril. Chem. Abs. B. 1934. 1045; Chem. Abs., 1934, 28, 4879; J. Inst. Pet. 
Tech . 1934. 20. 83A. 

C. Britigeman. World Petr. Conor.. 1933. 2. 97; J. tost. Pet. Tech., 1934, 20, 309A; 

Chem. Abs., 1934, 28. 4879; Bril. Chem. Abs. B. 1934. 1045. 

P. Woof, I. Givaudon and A. Chmelew^ky. Ret', 1935. 635, 757; Chem. Abs.. 193.5, 

2«, 6035; J. Inst. Pet Tech., 1935. 21. 374.\. 
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Table 187 .—Comparison of Standard Tests for Gum, 


ASTM 

Specifications 

Sample container. Beaker, one size only 

(100 ml.) 


Heating medium. Closed bath of 3 per 

cent water in ethyl¬ 
ene glycol 

Temperature of evaporation 160-165.8®C. 

Flow of air. One liter per second 

over the entire sur¬ 
face 


Temperature of the air . . . . Preheated to 151.7- 

160®C. 

Quantity for test. 50 cc. 

Time for evaporation. About 30 min. 


IPT 

Specifications 
Hemispherical dish 
Size a-25 cc. sample 
(6 cm. dia., 3 cm. height) 
Size b-50 cc. sample 
(9 cm. dia., 5 cm. height) 
Open steam bath 


lOO^C. 

Jet impinging at one point. 

For 25 cc. sample air pressure 
equivalent to 1 cm. of water. 

For 50 cc. sample air pressure 
equivalent to 2 cm. of water. 

Cold 

25 or 50 cc. depending on gum 
content 

60 min. or more 


is so regulated that the distillation is resumed at the rate of 2 (Iroi)s a second. After 
5 minutes the vacuum should reach 30 to 50 mm. of mercury and should be so 
maintained until the end of this operation. The residual gum is dried by con¬ 
tinued heating (under reduced pressure). The total time for distillation and dry¬ 
ing should be 40 minutes. After cooling and blowing oil from the neck of the 
flask, the gum is dissolved in 15 cc. of carbon tetrachloride and titrated in the 
following manner. To the solution are adde<i 15 cc. of 20 per cent sulphuric acid 
and 20 cc. of O.LV potassium permanganate, all of which is then heated over a 
direct flame and agitated for 3 minutes after the solvent starts to boil. Then 
2 cc. of a solution of 25 g. potassium iodide in 1(X) cc. of water, 10 cc. of O.LV 
sodium thiosulphate solution and 1 cc. of starch solution are added and the excess 
potassium permanganate determined. One milligram of gum is equivalent to 1 cc. 
of O.LV potassium permanganate. 

Elglofif and co-workers^* have investigated and discussed various procedures for 
determination of gum content and concluded that none is wholly satisfactory. 
They state that the air-jet method gave some correlation between experimental 
results and gum deposition in motor cars. Further that the copper-dish test was 
of value in predicting storage stability, particularly if considered in conjunction 
with the oxygen bomb test.^^ 


Inhibition of Gum Formation 


Because the addition of antioxidants increases the induction period in gum 
formation, and because it protects the gasoline for some time from various oxidative 
changes, many workers have advocated the use of oxidation inhibitors in gaso¬ 
lines.^* It is well known that cracked distillates give gasolines which arc superior 
in many performance characteristics to the analogous straight-run fractions when 


^ G. EgloflT. J. C. Morrell, ('. W'lrth III and (». B. Murphx, Froc. World Petr. Congr. 19.IJ, 2, 
85; Brit, Chem. Abs. B. I9J4. H19; Inst. Pet. Tech., 19.U. 20. JlOA; Ckem. Abs., 19J4. 28. 4879. 

** The determination of gum^i (li»»olvetl in krroaenc and cracked kerofiene diatilUten are given, re* 
•pec*ively. by B. K. Taraaov and V. V. Rudenko (firosHCftjkh Seftyanik. 19J4, 4 (1), 65; Chem, 
Abs., 1935, 29, 2720; Brit. Chem. Abs. B. 1935, 1032) and I., A. Alekaandrov (drosnenskil Netty- 
»nik, 1934, 4 (1), 66; Ckem. Abs.. 193.5, 29, 2720; Brit. Chem. Abs. B, 1935. 1032). 

^See, for example, Chem. Trade J., 1935. 97, 25, 49, 69, 115. 133; J. Inst. Pet. Tech., 1935, 21, 
414A. See alio Carleton Ellii, *‘Tbe Chemiitry of Petroleum Derivativea.*' The Chemical ('^talog Co., 
Inc., New York. 19J4. . 
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used similarly.^* The presence in these cracked motor fuels of many conju/^ated 
and other diolehns makes them susceptible to oxidation and the formation of gums. 
However, incorporation of inhibitors ameliorates these tendencies to a considerable 
extent. Rogers and Voorhees^^ observed that the solubility of an inhibitor should 
be less in water than in gasoline. Many useful inhibitors, such as catechol, hydro- 
quinone, pyrogallol and benzyl-p-aminophcnol are not very soluble in gasoline. 
Thomas^® has overcome this difficulty by dissolving them in cresol and adding 
this solution to the fuel. He found that the above compounds were the most 
effective of some sixty substances investigated. 

Lowry and co-w^orkers*® reported results obtained by using various dyestuffs as 
inhibitors of gum formation. Indophenol and leucoindophenol were the best of 
those tried. In almost all cases azo-dyestuffs were inferior to the phenols from 
which they were prepared. 

These investigators found that it was possible to estimate colorimetrically the 
extent to which an inhibitor had become exhausted if there was present a dye¬ 
stuff with inhibiting power. Although not strictly accurate, a rather close approxi¬ 
mation was possible on the assumption that lx)th the dyestuff and inhibitor were 
consumed at the same rate so that their relative amount w'ould always be constant. 
As an example, they reported an experiment in which phenylazo-a-naphthol and 
a-naphthol were used; the results are shown in Table 188. Although the figures 
do not check very closely, they are in sufficient agreement to be of some interest. 
Another example of a colored substance which has been used to follow the course 
of the depletion of inhibitors is rubrene.^® 



I II 

rubren^^ 


The influence of various substituent groups on the inhibiting properties of or- 

**N. Mayer, Chtm Ztp.. 1935, 59, 843; Brit. Ckem. Abs. B, 1936, 308. \V. H. Hoffcrl, Chaltur 
ft ind^ 1934, 15 (167). 3K9; Chem. Abs., 1934. 29. 6558. See also Carlclon Ellis, he. ctt. 

T. H. Rogers and V. Voorhees, Pr&c. H'ortd Fttr. Congr., 1933. 2. 63; J. Inst. Pet. Tech., 1934, 
20. 31 lA: Brit. Chem. Abs. B, 1934, 1045. Also. Oil Gas J., 1933. 32 (11), 13. 28; Ckem. Abs, 
1933, 27. 5525. 

W. H. Thomas. Proc. Hhrld Petr. Congr.. 1933, 2. 44; Brit. Chem. Abs. B, 1934. 1045; J. Inst. 
Pet. Tech., 1934, 20. 323A. See also Refiner, 1933. 12. 321; Chem. Abs.. 1933, 27, 5525, 

C. D. l-owry, Jr.. Ct. Egloff. J. C. Morrell and C G. Dryer, Ind. Eng. Chem., 1935, 27, 413; 
Chem. Abs.. 1935. 29, 3816; Bnt. Chem. Abs. B. 1935. 614; J. Inst. Pet. Teeh.. 1935. 21. 210A. See 
also Oil Gas J.. 1934, 33 (20), 35; J. Inst. Pel. Tech., 1935, 21, 21A. and Dutch P.. 62,270, 1932, 
to Standard Oil Development Co.; J. Inst. Pet, Tech., 1935. 21, 175A. 

••French P. 765.424. 1934. to I. G. Farbentnd. A.G.; Chem. Abs., 1934, 28, 6995. Rubrene loses 
lit red color (with yellow fluorescence) on oxidation. 

•• Structural formula 11 is that suggested by £. Bergmann and E. Herlinger, J. Chem. Physics, 
1936, 4, S32; Chem. Abs., 1936, 30, ^61. 
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Table 188 .—Exhaustion Rate of Inhibitors, 

Loss of Phenyl- Consumption of a-Naphthol 

Oxidation Period azo-a-Naphthol Determined* Calculatcti 

Min. Per Cent Per Cent Per Cent 

100 20 20 28 
Ov^er 200 Over 50 Over 60 Over 48 

• Determination of a-naphthol made by reaction with 2.6'dibromoquinonc chlorimide. 

ganic substances has l)een outlined by Lowry^“ and Egloff and co-workers.*^^ The 
presence of an easily oxidizable ^roup, such as aromatic hydroxy or primary or 
secondary amino groups, or multiples of these, as well as alkyl, aryl or tertiary 
amino groups, ortho or para to the amino or hydroxy groups, gives increased in¬ 
hibiting power. The presence of nitro, carbonyl or carboxyl radicals has the opf>o- 
site effect. Eglotf, Morrell, Lowry and Dryer proposed that the antioxidant be 
added to the gasoline before the latter has been exposed to air. Other methods 
in which the antioxidants may lx? added have been suggested."** Thus, the cracked 
gasoline may be treated with acid, redistilled and the antioxidant incorporated. 
It may be clay-treated l)efore adding the inhibitor, or the inhibitor may be added 
to a cracked fraction, which is then blended with the main hcxly of the fuel.’^'^ 
Mardles'"^® found that the inhibiting power of substances varied in different fuels 
and in different concentrations. Bickmore'*^ recommended, therefore, that the 
specific inhibitor and its optimum concentration be determined for a fuel. P'urther- 
more, he reported that most of the gum-forming substances can usually be found 
in the fraction boiling between 86° and 116°C. Degtyareva*''^ reported that hydro- 
quinone was the l)est inhibitor and pyrogallol next l)est. 

Sager^'* has isolated an inhibitor, consisting f)f /'-cresol, by acidifying the 
caustic soda wash from a Rumanian cracked distillate. It was less effective than 
the commercially available cresol but also much less expensive. Low ry and Dryer*® 
inhibited autoxidation by the addition of tars formed during the destructive dis¬ 
tillation of woo<l. The fractions of lignite®* and coal tar®- Ix^iling from al)out 200 
to 300°C. have l)een used for the same purpose. Benedict®** proposed to add the 
reaction product from an alkyl amine and wtkxI tar or an aliphatic acid to gasoline. 


“ C. I>. I>owry, Jr., Trans. Electrochem. Soc., 1936, 69, 279; Chrm. Ahs . 1936, 30. .1989; Brit. 
Chem. Abs. B. 1936. 581. 

J- Morrell, C. D. IvOwry, Jr. and C. (». Dryer, Pror World Petr. C'awj/r.. 1933, 2, 

50; Brit. Chem. Abs. B. 19.14. 743; /. Inst. Pet. Tech., 1934, 20. 254A. 

*♦ .See, for example. Oil Gas J., 1934, 32 (42), 36; J. Inst. Pet. Tech.. 1934. 20. 323A. 

“The autoxidation of fats may be inhibited bv the addition of substances which have found use 

in petroleum distillates for the same purpose. H. .S. Olcott, J .A C.S , 1934, 56, 2492; Bnt. Chem Abs. 

B, 1935, 68. Autoxidation of hydrr>genated oils is inhibited by the addition of subutancet aiich at 
phenols, hydrcxiuinone. pyrogallol, aluminum sulphate and zinc chloride French I*. 775,677, 1935. to 
International Hydrogenation Patents Co.; Chem. Abs., 193.S. 29, 27 14 

E. \V. J. Mardles. Proe. World Petr. Congr.. 1933. 2, 57; Br\t. Chem Aht B. 1934, 867; J 
Inst. Pet. Tech.. 1934. 20. 16nA; Chem. Abs. 1934, 28. 4878 

R. C. Bickmorc, Chem. Ind. (bfew York), 1934, 35, 407 ; Chem. Ahs., I 035 , 29, 2721; Brit. 
Chem. Abs. B, 1915. 1031. 

“A. Degtyareva. Ajer. SHt. Khor , 1934, No. 2. 81; Chem. Ahs. 1934. 28. 7S04 
“F. Sager. J. Inst. Pet. Tech.. 1934. 20. 1044; Chem. Abs. 1935, 29. 1236; Bnt Chem. Abs. B. 
1935, 178; J. Inst. Pet. Tech.. 19.15. 21, 19A. Also French P. 775,762, 1915, to Aktirliolaget Separa* 
tor-Nobel; Chem. Abs.. 1935, 29, 3150. 

“C. D. Ixjwry and C. G. Dryer, British P. 410,115, 1934, to I'niversal Oil Protlucts Co.; J. Inst. 
Pet, Tech., 1934, 20. 458A. Dutch P, 63.310. 1932. to I. C. Farbenind. A C,.; J Inst. Pet. Tech., 
1935, 21, 175A. Cf. also E. Vellinger and <i. Raduletco, Compt. rend.. 1935. 200, 1858; Chem. Abi.. 
1935. 29. 4920; Brit. Chem. Abs. B, 1935. 210. C. D. Lowry. Jr., C (', Dryer. J. C. Morrell amf 

C. Egloff, Oit Gas J., 1934, 93 (12), 8; Chem. Abs., 1934, 28. 7504; J. Inst. Pei. Tech., 1934, 20, 
614 A. 

“ L C Morrell and C. G. Dryer. V. S. P. 1,993.941, Mar. 12. 1935. to Universal Oil Products 
Co.; Brit. Chem. Abs. B, 1936, 261. Chem. Abs., 1935. 29, 3150, British P, 444.894. 1936; /. fnsi. 
Pet. Tech., 1936, 22, 267A; Brit. Chrm. Ahs. B. 193(». 681. French P. 779.563, 1935; them. Abs 
1935, 29. 5647. , m 


•®J. C. Morrell and C. G. Dryer. V. S. P. 2.010,029. Aug. 6. 19.15. to t*niversal Oil 
Co.; Chem. Abs., 1935. 29, 6417; Bnt. (hem. Abs. B. 19.16. 731. 


Products 


•W. L. Benedict. V. S. P. 2.014,923 and 2.014.924, .Sept. 17. 1935. to Universal Oil Products 
Co.; Brit. Chem. Abs. B. 1936. 681. 
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Sloane and Wasson^^^ reconiniended the addition of a naphthenic hydrocarbon 
which lias a kauri-butanol value above 15 as a gum flux for any fuel with a high 
pcitential gum content. Phosphatides are proposed also as inhibitors.®^ 

Aliphatic amines have been recommended by many investigators. Burk®® sug¬ 
gested the formation of an amine in situ by the interaction of ethylene dichloride 
and ammonia in solution in the gasoline at temperatures alxive 200°F. The addi¬ 
tion of 0.(X)2 per cent or more of a pidyhutyl or amyl amine, or 0.05 jkt cent of 
di- or triethanolamine, has been suggested.*'^ 

Various derivatives of the lower aliphatic acids, such as the amino and oxamic 
acids, urethanes,®^ />-hydroxyacetonitrile®® and />-hydroxyphenylglycine'^® have been 
proposed as inhibitors in motor fuel. Ksters of dibasic acids, such as diethyl maleate 
and dibutyl phthalate, are reported to retard the deterioration of cracked gascline.'^^ 

Diarylguanidines^- and their s<ilts with various aliphatic acids"^ have been 
added to gasoline as antioxidants. The salts may l>e employed also with higher 
boiling fractions, such as lubricating and transformer oils, containing unsaturated 
hydrocarlxiiis. The addition of imides, e.g., succinimide, phthalimiile or its ethyl 
or phenyl derivatives, to cracked hydrocarbon distillates containing high propor- 
lit)ns of unsaturates has been suggesle<l.^^ Other inhibitors include semicarbazides 
and solutions of them,'^** monoalkyl or monoaryl hydrazines, and aKo acyl deriva¬ 
tives of aliphatic amines, diamines and secondary amines,'^® and certain substituted 
aromatic amines*^^ and amides."^ 

According to Whyte‘S® 1 j>er cent of a cyclic ketone, such as cyclohexanone, will 
stabilize a lienzene-gasoline fuel. 

.*\ solution of phenol in cresol has l)een added to the more unstable fraction of 
a cracked gasoline after the fraction had lx*en refined .separately.^® The other 
fractions were then blended with the stabilized lighter fraction. Idienol, cresols, 

R, (I .Sl(Mrtc and I. I. \Vasv)n, British P. 419.f»90, to Standard Od Development Co.; 

Chem Abf , JVIS. 29, ; J. J»tt. l*it Ifch.. 1VJ5, 21, 65A: Brit. Chem. Abs B. 191S. DSl. 

t'anadi.in 1*. Lhrm Ahj.. 19.t<>. 30, 4002. French P. 77.'!,037, 1V.3S; thern. Abs. 1935, 

19. 34V7. K A. Howard. 1*. S. P. ^>.(108.857. Jan 26. rv37. 

Brili’^h P.. 409..153, 1932, to Hanseatischc-Muhlcnwerke A. (i.; Bnt. Cbi'tn. Abs. B, 1934, 567; 
Chrm Abs . Iv34. 28. o29o; J. Inst /VI. Tech . 1934, 20. 425A. 

K. K, Burk. Canadian P. 347.582, 1935. to Standard Oil Co. of Ind.; Chem. Abs. 1935. 29. 

3148. if aUo r. S. P. 1.919.825. July 23. 1933; Bnt. them. Abs. B. 1934. 44(1. 

"• W. .S. Calcutt and I, K. I-cc. C. S. P. 1.940.445, I>rc. 19, 1933. to E. 1. du Pont <le Nemours 
& Cn . C hem. Abs . 1934. 28. 1523; Bnt. Chem. Abs. B. 1934. 919. Canadian P. 341,958. 1934; Chem. 
Abs.. 1934. 28. 5655 The addition of rthanolamines ha< also Ijern suKKt^sted by J. B. Rather, I-. C. 
Beard, Jr., and O. ,M. Reiff, 1'. S. iV 1.989,528, Jan. 29, 1935, to Socony Vacuum Oil Co.; Chem. 
Abs.. 1935, 29, 1978 

K. W. I. .Mardles and W. Helmi.re, British P 417.o53. 1934; Chem. Abs., 1935, 29. 1232; J. 
/nst Bet. Tech . 1934. 20. olHA. 

Of the tyj*e formula HO C^ID NH CR..,CN. in which R is either hydrogen or various alkyl or 

aralkyl groups. F. B. Downing. R. 0. Clatkvon and C» Wolff, U. S. P. 1,957.134. Ma> 1, 1934, to 

E. I. <lu Pont dr Nemours & ('o ; BrU. Chem. Abs. B, 1935, 216; C Acm. Abs, 19.34. 28. 4220. 
British P. 424,582. 1933; Chem. Abs, 1935. 29. 52M). (anadian P. 350,399. 1935. to Canadian In- 
dustnes l.td,; Chem. Abs., 1935. 29. 52(>0; J. In.rt. Bet. Tech., 1935, 21, 174A; Bnt. Chem. Abs. B, 
1935. 486. 

F. B. Downing and H. W. Walker. C. S. P 1.9»)2.435. June 12, 1934, to E. I. du Pont dc 

Nemours St Co.; Chem. Abs., 1934. 28. 4899; Bnt. (hem. Abs. B, 1935, 343. 

A. O. Jaeger, I’. S. P. 1,995.615, March 26, 1935, to American Cyanamid and Chemical Corp.; 
Chrm. Abs., 1935. 29. 3150; Bnt. Chem. Abs. B. 1936. 439. 

^ W. S. Calcott and I. E. Lee, U. S. P. 1.972,760. Sept, 4. 1934, to Gasoline Antioxidant Co.; 
Chem Abs., 1934, 28, 6561; Bnt. C7hem. Abs. B, 1935. 759. 

^W. S. Calcott and H. W. Walker. C. S. P. 1,939.6.59. Dec. 19. 1933. to E. I. du Pont de 

.Nemours & Co.; Chem. Abs.. 1934. 28, 1523; Bnt. (hem. Abs. B, 1934, 869. British P. 404,033. 

1934; J. Imst. Bet Tech.. 1934. 20, 332A. 

A. (). jaeger. C. S. P 1.941.689, Jan. 2, 19.34. to Seldtn Co.; Chem. Abs., 1934, 28. 1852; 
Bnt. Chem. Abs. B. 1934. 1000. 

” R. E. Burk, Canadian P. 339,775, 1934. to Standard Oil Co. of Ind.; Chem. Abs., 1934, 
28. 2H84. 

WE. W, J. Mardles and W. Helmore. British P. 423.938. 1933; Chem. Abs., 1935, 29. 4571; 
Bnt. Chem Abs. B, 1935. 394; J. Inst. Bet. Tech.. 1Q35, 21. 174A. 

•^C. P. Wilson. Jr.. C. S. P. 2,054.276, Sept. 15. 1936; Chem. Abs., 1936, 50. 7838 

^ A. O. jaeger, S. P. 2,070.304, Feb. 9, 1937. to American Cyanamid and Chemical Corp. 

Whyte. V. S. P. 2.032.242. Feb. 25. 1936; Chem. Abs., 1936, 50. 2730. 

•• F. B. Thole and W. H, Thomas, British P. 408.229. 1934. to AngloPersian Oil Co.; Chem, 
Abs.. 1934. 28. 5968; /. Inst. Bet. Tech.. 1934, 20, 375A; Brit. Chem. Abs B. 1934, 566. 
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guaiacol, anthracene and phenanthrene have been reported as “anti-catalysts'* to 
render gasoline “gum and cloud free."®^ Other phenolic compounds, such as 
benzyl-/>-aminophenol, pyrogallol or a-naphthol,*^ xylends,or /rr-alkylatcd 
phenols,®** aminophenols,®® tetra-alkylphenols,®® diaminophenols,®'^ cyclohexylami- 
nophenols,®® benzylaminophenol,®® 5-benzylamino-2-cresol,®® 5-amino-2-hydroxy- 
toluene,®* amino<phenolic compounds, as 8-amino-l,4,5-trihydroxy naphthalene,®^ 
acylaminophenols,®® benzylmethyl-, dibenzyl-, benzylidene-, cinnamylidene- and o- 
chlorobenzylidene-amino-phenol®^ have been suggested as antioxidants. Benzyl- 
aminophenol is added to fuels rendered unstable by lead tetraethyl.®* A method for 
adding benzylaminophenol (dissolved in alcohol) to motor fuels has been proposed 
by Wagner.®® Amino- and amino-hydroxy-phenones®^ and certain ethers, such as 
/>-methylamino-/>'-amino diphenyl ether,®® are reported to be inhibitors. 

Alkylated polyphenols,®® such as 3,4-dihydroxy-/rr-butylbenzene,*®® 1,2-dihy- 
droxy-4-propylbenzene*®* l,2-dihydroxy-4-cyclohexylbenzene'®‘'^ and octyl pyro¬ 
gallol,*®® a hydroxyphenylazo-a-naphthol*®^ phenylazocatechol,*®* /)-nitrophenyl- 


A. P. Bjerrcgaard. L. S. P. 1.761.810, June 1. 1930, to Doherty Research Co.; Cliem. Ahs., 
1930, 24, 3639; L. S. P. reissue 19.512. Apr. 2, 1935, to Gasoline Antioxidant Co.; Ckem. Ahs., 

1935, 29, 3509. See also, K. S. Kuruindin and M. P. Kochneva, Khtm. Txtrdogo Topliva, 1935, 6. 
647; Ckem. Ahs., 1936, SO. 8578. 

« W. H. Hoflfert and G. Claxton, Gas u. Wasserfack, 1933, 76. 704; Ckem. Abs.. 1934, 28, 289. 
Petroleum Ttmtj. 1934. 32. 517; J. Inst. Pet. Teck.. 1935. 21, 21A. Proc. World Petr. Conor., 
1933, 2, 69; J. Inst. Pet. Tech.. 1934, 20, 253A; Bnt. Ckem. Abs. B. 1934, 948. See also llms 
Conor, riiim. md., Pari^t, 1934; Ckem. Abs.. 1935, 29, 6019. Such inhibitors are recommended par* 
ticularly for motor ben 2 ol. 

^F. B. Downing and H. W. Walker, U. S. P. 1.945.521. Feb. 6. 1934, to E. I. du Pont de 
Nemours & Co ; Ckem. Abs.. 1934. 28, 2519; Brit. Ckem. Abs. B. 1934. 1048. 

^ ^ * S. P. 2.031,930, Feb. 25, 1936, to Standard Oil Development Co.; Ckem. Abs., 

1936, 30, 3363. 


»P. J. C . . _ __ __ 

7517. Cf., C. P. Wilson. Jr., V. S. P. 2.052.859, 1936; Ckem. Abs., 193o*. 

Walker. U. S. P. 2.014.200. Sept. 10. 1935. to E. I. du Pont de 
Nemours & Co.; Brxt. Ckem. Abs. B. 1936, 917; Ckem. Abs., 1935, 29. 7636 

Zh' xlr 5; P* 2,023.385, Dec. 3, 1935. to Texas Co.; Ckem. Ahs., 1936, 30. 847. 

. 41 . 2.000,283, May 7, 1935, to E. I, du Pont de Nemours A Co.; C'kem 

Abs., 1935. 29, 4166; Brtt. Ckem. Abs. B. 1936. 486. 

Canadian P. 339.268. 1934, to Standard Oil Co. of Ind.; 

Ckem. Abs., 1934. 2B, 2507. Also Canadian P. 327.322. 1932; Ckem. Abs., 1933. 27, 1159. See also 

Gerrrun P. 631,670. 1936, to Sundard Oil Co. of Ind.; Ckem. Abs., 1937, 31, 250. 

Ckem^A^ ^936**30***^325 ^ 2,053,511, ^pt. 8, 1936, to Gasoline Antioxidant Co,; 

CkJL^A^s’ ^^6*'30*"73h’ ^ ^ 2'®*^***2. Sept. 8. 1936, to Gasoline Antioxidant Co ; 

. *^^.*^* type formula (HO)i-R-NHi, where R is a polyvalent bomocydic aromatic condensed 
ring radial, substituted or unsubstituted. and x is a whole number equal to or greater than 1. H. W. 
^bs^ ^1 ^i9^* ^ ^ ^ 2,065,568. Dec. 29, 1936, to Gasoline Antioxidant Co.; Ckem. 

lOtT M ^ si Standard Oil Co. of Ohio; Ckem. Abs.. 

1934, 28, 1178- Best. Ckem. Abs. B, 1934, 870. 

•"? Nov. U, 19J4, to Gawlinc Antioxidant 

Co.; Ckem. Abs., 1935, 29. 334; Brtt. Ckem. Abs. B, 1935, 937. 

1935 *29^52^***^’ 2.004,560. June 11, 1935, to Gasoline Antioxidant Co.; Ckem. Abs.. 

rf* 5' 22 ^^5). 59; /. Inst. Pet. Teck., 1V34. 20. 322A 

Canadian P. 352,532, 1935, to Texaco Development Corp.; Ckem. Abs.. 1935, 29. 7634. 

,.9^ of formula (A)N(R)X(B) where A is alkyl, N is nitrogen, or imioo, R is aryl or 

aralkyl with w without substituents. X is oxygen, sulphur, selenium or tellurium and B is alkyl 
rick *J44A*’^ *** P- J9JS. to Wincfool Corp.; J. Inst. pW. 

J. r«»°*i'934 *”w2A Development Corp.; Brit. Chtm. Abt. B. 19J4. JS4; 

31 T42*^”*^** chimiques Rhone Poulenc; Ckem. Abs., 1937, 

CkZ.^Abs'.^iiVu. 5405 : ^ *■ June 16. 1»36. to Do* Chemkal Co.; 

l93rM,‘6IM"'‘*"’ *■ ** 'o '^•“'“n* Antioxidant Co.; Chtm. Ab,.. 


Abt'^We. MTbVis^'" 1956. to CnivermI Oil Produeu Co.; Chtm. 

Abs^mi'^ins!"’ ** “• '« U»iver«il Oil Productt Co.; Oiem, 
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azopyrogallo!,^^ nionochlorohydroqutnone,^®^ nitrosopolyhydroxybenzcncs**^^ and 
nitroso derivatives of naphthols, naphthylaniines, aniline and phenoP^ have been 
proposed as inhibitors of gum formation. The addition of polyphenols such as 
catechol,hydroquinone and pyrogallol,*^^ either alone or in solution in cresol,^^^ 
as well as their esters,aromatic or aliphatic keto,^^** alkyl,alkoxyl^^® and 
naphthcnyP*^ derivatives have been recommended. Vapor-phase cracked gasoline 
may he stabilized by dihydroxybenzenes, pyrogallol, nicotine pyrogallate or alkyl 
gallates.'^* 

Polyamines, such as o- and /)-phenylenediamine,^^'‘* tolylenediamines,^^ diaryl 
arylenediamines*-^ and diaminodiphenylamine,^-^ are said to be effective antioxi¬ 
dants. Gasoline w'hich has been partly refined w'ith sulphuric acid may be pro¬ 
tected from oxidation by the addition of substances containing an aromatic poly¬ 
amine radical. 

Pyridine or picolines,'-^ phenoxazine,^-^* azoxybenzene, hydrazobenzene,^^® 
aminoazo- and hydro.xyazo-benzenes*-® have been proposed as gum inhibitors. 

Ayres’has suggested the use of triphenyl phosphate, benzidine, a-naphthol- 
benzein, xylidine, and lead or calcium sucrate. Amine salts of hydroxy aromatic 
hydrocarbons have also been proposed.’ 

A solution of a-naphthol and aniline in ether prevents deterioration of cracked 
gasoline.’-*’* The addition of a-naphthol and phenyl-^-naphthylamine to a motor 
fuel not only retards the induction period but also lowers the rate of gum forma- 

»o*C. D. Ix)wry, Jr., U. S. P. 2,051,87.^ Aug. 25. 1936, to Universal Oil Products Co.; Chtm. 
Abs., 1936, 30, 6938. 

L. A. Clarke an<l C. C. Towne. U. S. P. 2,023,871, Dec. 10. 1935, to Texas Co.; Chem. Abs., 
1936, 30, 851. 

C. Winning. U. S. P. 1,982,277. Nov. 27, 1934, to Gasoline Antioxidant Co.; Chem. Abs., 

1935, 29, 595; Bnt. Chem. Abs. B, 1935. 484. 

»»T. H. Rogers and V. Voorhees, U S. P. 1,982.267 and 1,982.618, .Vov. 27, 1934, to Gasoline 
Antioxidant Co.; Bnt. Chem. Abs. B, 1935, 984; Chem. Abs., 1935, 29. 579, 595. 

H. T. Bennett and L. G. Story, U. S. P. 2,038,630, Apr. 28, 1936, to Gasoline Antioxidant 
Co.; Chem. Abs.. 1936, 30. 4313. 

W. K. Lewis and B. Mead. U. S. P. 1,996.075, Apr. 2, 1935, to Standard Oil Development 
Co,; Chem. Abs.. 1935. 29. 3509; Bnt. Chem Abs. B. 1936. 358. 

*•* French P. 760,011, 1934, to Anglo-Persian Oil Co.; Chem. Abs., 1934, 28, 3579. 

L. A. Clarke and H. Levin, IL S. P. 2,034,283. Mar. 17. 1936, to Texas Co.; C/iem. Abs., 

1936. 30, 3222. Also French P. 759,398, 1934. to Texaco Development Corp.; Chem. Abs., 1934, 
28. 3579. 

L. A Oarke. U. S. P. 2.034.024. Mar. 17. 1936. to Texas Co.; Chem. Abs.. 1936, 30, 3206; 
Canadian P. 349,641. 1935, to Texaco Development Corp.; Chem Abs., 1935. 29, 4166. 

B. Rather. L. ( . Beard. Jr. and (). M. Reiff, U. S. P. 1.959.315, May 15. 1934, to Socony- 
Vacuum Corp.; Chem Abs.. 1934, 28, 4587; Brit. Chem. Abs. B, 1935, 217. 

W. S. Calcott and I. F. 1-ee, U. S. P. 1.999,830, Apr. 30, 1935, to E. I. du Pont de Nemours k 
Co.; Chem. Abs . 1935, 29. 4166. 

C. G. Lndeman. V S. P. 1,994.891, Mar. 19. 1935, to Texas Co.; Chem. Abs., 1935, 29. 3149; 
Bnt. Chem Abs. B. 1936. 261. 

T H. Rogers .-ind V, Voorhees. V. S. P. 1.970,339. Aug. 14. 1934. to Standard Oil Co. of 
Ind.; Chem. Abs.. 1934, 28. 6296, Bnt. Chem. Abs. B. 1935. 662. 

H. T. Bennett and L. G. Story, V. S. P. 2.038.631 and 2,038.632, Apr. 28. 1936, to Gasoline 
Antioxidant (*o.; (. hem Abs., 1936. 30, 4313. 

W. S. Calcott and H. W. Walker, U. S. P. 1.971,329, Sept. 28, 1934, to Gasoline Antioxidant 
Co.; Chem. Abs . 1934, 28. 6561; Bnt. Chem. Abs. B, 1935, 713 

P. I. Murrill. U. S. P. 1.947,219. Feb. 13. 1934, to R. T. Vanderbilt Co.; Chem. Abs., 1934, 
28, 2519; Bnt. Chem. Abs. B. 1934. 1048. 

'•* T, W. Bartram. U. S. P. 2,032,787, Mar. 3, 1936, to Monsanto Chemical Co.; Chem. Abs., 

1936. 30. 2747. 

'"T. H. Rogers and V. Voorhees, Canadian P. 339^269, 1934, to Standard Oil Co. of Ind.; 
Chem. Abs, 1934. 28, 2507. 

'^♦J. W. Orelup, IT. S. P. 1.909,069. May 16. 1933, to Patent Fuels and Color Corp.; Bnt. 
Chem. Abs. B, 1934, 183. 

iS4» T. W. Bartram, U. S. P. 2,062,201, Nov. 24, 1936, to Monsanto Chemical Co.; Ckcm. Abs.. 

1937. 31, 851. 

E. W. McMullan, LT. S. P. 2,027,394. Jan. 14, 1936, to Gasoline Antioxidant Co.; Chem. Abs., 
1936. 30. 1553. 

H. Rogers and V. Voorhees. U. S, P. 2,030.940, Feb. 18, 1936, to Gasoline Antioxidant Co.; 
Chem. Abs., 1936, 30. 2363. 

E. Ayres. British P. 406.658. 1932. to Gulf Refining Co.; Bnf. Chem Abs. B, 1934, 441 ; 
/. Imsf. Pet. Tech., 1934. 20. 332A. Canadian P. 348,174, 1935; Chem. Abs.. 1935, 20. 3509. 

»»F. B. Downing and H. W. Walker. British P. 398,219, 1933, to E I. du Pont de Nemoura 

& Co,; Chem. Abs., 1934, 2*, 1509. Canadian P. 342.593. 1934; Chem. Abs., 19.t4. 28. 5975. 

’•J. P. SmcHifs, Canadian P. 355,372, 1936. to Standard Oil Co. of Ohio; Chem. Abs., 1936, 30. 

2S65. U. S. P. 2,065.249, Dec, 22, 1936; Chem. Abs., 1937. 31. 1194. 
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tion.^®® Dihydroxynaphthalenes,'®^ 1,4-dihydroxyanthraquinone,'®® 1^-dihydroxy- 
anthraquinone,'®® a-naphthol and a-naphthylamine, aryl-amino-naphthalenes,'*^ 
acetone anil,^®® aldol-a-naphthylaniine'®® and 1,8-epoxynaphthalene^®^ are gum in¬ 
hibitors. 

Some of the higher hydrocarbons, such as anthracene and phenanthrene, are 
antioxidants.'®® Gum formation in fuels which are rendered unstable by organo- 
metallic compounds may be inhibited by the addition of naphthols, naphthylamines, 
polyhydroxybenzenes,'®® hexadecylphenyl acetylene,'®®* dinaphthylene oxide or di¬ 
oxide or perylene.'^® Amino and hydroxy derivatives of phenanthrene, chrysene, 
picene,'^' dihydroxy, dihalo, dicyano and dibenzyl derivatives of perylene'^® and 
diamino and dihydroxy derivatives of fluorene"® have been used to inhibit autoxi- 
dation. The following substances have also been suggested: camphor, camphor- 
one, camphoric acid,'^** hydroxyquinolines, hydroxytetrahydroquinolines,'^® thiodi- 
arydamines,'^® substituted aryl arsine or stibine oxides'^' and N-(hydroxyaryl)- 
morpholines,'*'® unrefined corn oil,'"*® nascent hydrogen'^® and aliphatic-amine salts 
of hydroxy-aryl compounds as hydroquinone dianilided*'*' 


*»E. Ayr«. C. S. P. 2.048.770. July ^28. 1936. to Gulf Oil Cot\k -. Chem. Abs . 193h. 30. 6184. 

B. Downing and H. VV. Walker• U. S. P. 2.025.192. Dec. 24. 1935. to E. I. du Pont de 

Nemours & Co.; Chem. Abs., 1936, 30. 1223. British P. 432.121. 1935; Chem Abs., 1936, 30. 

279; Brit. Chem. Abs. B. 1935, 838; /. Inst. Pet. Tech.. 1935. 21. 381 A. 

“•J. W. Orelup. U. S. P. 2.016.648, Oct. 8. 1935; Chem. Abs., 1935, 29. 8319. 

R- E. Burk and H. P. Lankelma, U. S. P. 2.053.421. .Sept. 8, 1936. to E. I. du Pont de 

Nemours & Co.; Chem. Abs., 1936, 30. 7325 

*** H. G. M. Fischer and C. E. Gustaf.son. V. S. P. 2.004,094. June 1 1, 1935, to Standard Oil 
Development Co.; Chem. Abs., 1935. 29. 4933. I*. S. P. 2.019.899. Nov. 5. 1935. to Gavdine 
Antioxidant ('o.; Chem. Abs., 1936. 30. 607. J. B. Rather. L. C. Beard. Jr., and O. .M. Reiff, 

U. S. P. 2,062.675, Dec, 1. 1936, to Sf>cony-Vacuum Oil ('o ; Chem. Abs., 1937. 31, 838. Phenyl o* 
naphthylamine has been suggested to prevent deterioration of motor benzol prepared from destructive 
distillation of bituminous materials. T. H. Rogers and V^ Vw>rhees. ('anainan P. 339.267. 1934, to 
Standard Oil Co. of Ind.; Chem. Abs., 1934. 28. 2567. See aNo. R. Carrozzi f Prt\ farultad cienc. 
quim. (Vniv. La Plata), 1935. 10. 61; flrif. Chem. Abs. B. 1936, 966; Chem. Abs.. 1936. 30. 7317) 
in connection with aviation gasoline. 

Of the general formula fR)»C'* NX where R is an aliphatic or aromatic hvdrocarUm radical 
and X IS an aromatic hydrocarbon radical. T. \V*. Bartrani S. P. 2,055,810, Sept. 29, 1936. to 
Monsanto Chemical Co.; Chem. Abs. 1936, 30. 8599. 

^ C. I). Lowry. Jr., and C. G. Dryer. I”. S. P. 1.924.876, Aug. 29. 1933. to I’niversal Oii 
Products Co.; Chem. Abs., 1933, 27, 5531; Brit. Chem .dbs. B. 1934. 567 

This is formed by oxidizing o-naphthol with 20 |>er cent ferric chloride. K. Avres, I', S, P. 
1.991.779. Feb. 19. 19.r5. to Gulf Refining Co.. Brit. Chem. Abs B. 1936, 87. them Abs. 1915. 
29. 2349, British P. 399,733, 193.*>; Chem. Abs. 1934. 28. 1851. Can.ulian P. 348.1 75, 1935; Chem 
Abs , 1935. 29. 3509. 

A. P. Bjerregaard, U. S. P. 1,949,896, Mar. 6, 19.14. to (iaM>line Antioxidant ('o.; Bnt (firm 
Abs. B. 1935. 180. 

“»R. E. W'ilson, Canadian P. 351.879, 1935. to Standan! Oil Co.. Chem. Abs. 1935. 29. 7066. 
R. G. Sloane and J. I. Wasson. 1’. S. P. 2.066.234. Dec. 29, 19.16. to Standard Oil Develop 
ment Co.; Chem. Abs.. 1937, 31, 1183. 

J. W. Orelup. British P. 420.371, 1933; Brit Chem. Abs. B, 1935. 136; /. Inst. Pet. Tech. 

1935. 21. 66A. 

L. G. Story, Canadian P. 349,645. 1935. to Texaco Developmc.nt Corp.; C'firm. Abs., 1935, 29. 

4166. 

F. Kuhrmann, German P. 614,065. 1935, to I. ('», Farlienind. A. (i.; Cfirm. Abs.. 1935. 29. 
8381; J. Inst. Pet. Tech.. 1935. 21. 312A 

»«f.. G. Story. U. S. P. 2.018.979. Oct. 29. 19.15, to Texas Co.; (firm. Abs.. 1936. 30. 281; 
Brit. Chem, Abs. B, 1936. 630. 

C. Morrell. U. S. P. 1,9.10.248. Oct 10. 19.11. to Cniversal Oil IVoducIs Co . Chem. Abs.. 

1934. 28. 313; Brit. Chem, Abs. B. 1934. 615. 

««E. B. McConnell. U. S. P. 2.010.633, Feb 4. 1916. to Standard Oil Co. of Ohio; Chem. Abs. 

1936. 30, 1990. 

W. Bartram. LT. S. P. 2,606.7.56, July 2, 1935. to KuW>er Service r.ail>oratories ('o.; Cfirm. 
Abs.. 1935, 29, 5646. 

L. Blount, U. S. P. 2.013.198, .Sept. 3. 1935. to Tnion Oil Co. of Calif ; Cfirm. Abs.. 1935. 

29. 7066. 

B. Downing and R. G, Clarkson. British P. 444.585. 1936, to E. I. du Pont de Nemours 
& Co.; Brit. Chem. Abs, B, 1936. 681; J. Inst. Pet. Tech.. 1936, 22. 266A. Canadian P, 352.906. 

1935, to Canadian Industries Ltd.; Chem. Abs., 1935, 29. 8.119. Cf. Canadian P. .142.768 1934* 

Chem. Abs.. 1934, 28, 6295. . . . 


»^C. D. Ixmry, Jr., U, S. P. 2.014.235. Sept. 10. 1936. to Universal Oil Pro<Jticts 
At-., 1935, 29. 7636; Brit. Chem. Abs. B. 1936, 917. 


Co.; Cfirm. 


When gasoline is to be stored for a long tieriod. generation occurs beneath and an atmosphere 
of hydrogen is maintained above the surface of the gasoline. H. C. Wel>er. U. S. P. 2 029 748 
Feb. 4, 1936, to Universal Oil Products Co.; Cfirm. Abs., 1936. 30, 1992, 

B. Downing and H. W. Walker. U. S, P. 2.053.466, Sept. 8. 1936, to (iasoline Antioxidant 
Co.; Chem. Abs., 1936, 30, 7313. 
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It has been found that petroleum distillates can be stabilized in the vapor phase 
at alwHit 300-500° C. in contact with catalysts of sulphides, selenides or tellur ides of 
metals from groups 6 to 8 of the Periodic Table.^®^ 

Dyestuffs of several types, such as dyes of the oxazine-, indamine-, eurhodine-, 
safranone- or aposafranone-base groups, have been used in conjunction with amino 
or phenolic inhibitors in gasoline of normal gum-forming character.^*^ Ayers^^^ 
has proposed to treat the gasoline with an adsorptive polymerization catalyst and 
subsequently add an aminobenzene. Complex condensation products, such as those 
formed from di-a-naphthylamine and cresoP'^^ or from a quinone, phenol or naph- 
thol and an aryl amine, diamine or aminoplienol,^^® or from an aliphatic ketone an<l 
a phenol,are inliibitors. The reaction prmluct of an olefin with a wood tar (Un- 
tillate boiling Ix'tween 240-280°C. also has lx?en employed.^'** An inhibitor may 
lx* added l)efore or during the condensation of the fuel,'"*^ and more may l)e added 
siil)se<iuently. A color neutralizer may be incorporated simultaneously.^^ 


Evaluation of Inhibitors 


Evaluation of the antioxidant effect of various inhibitors has been studied by 
Dryer and co-workers.*®^ They recommended that antioxidant power be given 
as the “cyclohexene number,'' which is defined as the number of minutes that the 
induction {x?riod of pure cyclohexene, as determined in accelerated oxidation tests, 
will lx* retarded by 0.002 per cent of the substance under investigation. Instead of 
determining the cyclohexene number directly on the pure hydrocarbon, these in¬ 
vestigators thought it l^etter to u.se reference fuels. Gasolines from several sources 
were correlated with cyclohexene in res{x*ct to stability by using a-naphthol as an 
inhibitor, 'fhese were then blended with straight-run gasoline in such proportions 
that the final mixture reejuired five times as much inhibitor to produce the same 
induction jx‘ri<Ml as that exhibited by cyclohexene. Even when the quantity of 
added inhibitor was varied over a wide range, the correlation between the induction 
Ix?ri(Mls of these reference fuels and those exhibited by cyclohexene was fairly 
constant. This is shown in Fig. 206. 

Because the inhibitors investigated were not very soluble directly in gasoline, 
li(|ui(K were sought which could lx* used as solvents (thus aiding dissolution of 
the inhibitor in the fuel) and at the same time not influence the results. Benzene 
and Hexone (methyl isohutyl ketone) were chosen as they filled the reejuirements 
.satisfactorily. Cyclohexene numl)ers which were determined by these workers are 
given in 1'ahlc 18*>. 

French 1'. 799.81.t, 19.t6, .Standard Oil Development Co ; CUcm Abs., 19.t6, 30. 8594. 

Winning. L. K. Sargent and J. F. Dudley. I*. S. P. 2,0.0,917, Feb. 25, to Standard 

Oil IXvelopmenl Co.; Cfttm. Abs., 19,l(i. 30, 2.16.C 

(i. \V, Ayrrn, Jr., C. S. P. 2,0.19.576, May 5, 19.16, to Gasoline .Antioxidant Co.; Ckcm. Abs., 
1936, 30. 4313. 

E. Ayres and M. I.. HiU, U. S. P. 2,027,462, Jan. 14, 19.16. to Gulf Refining Co.; C/>rm. Abs . 

1936, SO. 1.S53. 

I.. P. Chel>otar. C. S. P. 1.91.1,370, June 13, 1933, to Texas Co.; Brit. Ckcm. Abs. B, 1934, 
184. Canadian P. 3.50.765, 1935; Ckcm. Aos., 1935, 29, 5260. This condensation product is formed 

in stin, 

W. J. Bannister, U. S. P. 2.017,827. ("Xt. 15. 1935. to ('ommercial Solvents Corp.; Ckcm. Abs., 
1935, 29, 8319; Brtt. Ckcm. Abs. B. 1936. 6.10. 

V. N. Ipatieff, U. S. P. 2,058.881, <Xt. 27. 1936. to Universal Oil Prodticts ('o.; Ckcm. Abs.. 

1937. SI, 250. 

(iernian P. 615,420. 19.15. to CarboNorit Union VerwaltungsGes.m.b.H.; Ckcm. Abs., 1935, 
29. 6405. 

‘‘"•French P. 775.323, 1934, to CarboNorit Union VerwaltungsGes.m.h.H.; Ckcm. Abs.. 1935. 
29. 2695. 

»*“('. G, Dryer. C. D. Lowrv, Jr., (i. Eglnff and J. Morrell. /*irf Buff. Ckcm., 1935. 27, 315; 
Brii. Cktm. Abs. B. 1935. 535; /. Inst. Hct. Tech.. 1935, 21. 203A; Ckcm. Abs.. 1935. 29, 2714. 

color reactions of various antioxidants >a'ith concentratetl sulphuric acid have l>een determmeil 
by B. Kndo. J. Soc. Ckem ln4. Jtipan, 1935, St, Stippl. binding, 618; Ckcm. Abs., 1936. 30, 2042; 
nr it. them. Ah.t. B, 1936. 181. 
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Table 189. —Cyclohexent Numbers. 


Substance 

/>-Aminophenol. 

2-Amino*5-hydroxytoluene. . 

Benzyl-p-aminophenol. 

^Hydroxyphenylmorpholine 
Dibenzyl-^aminophenol.... 

Pyrogallol. 

1,5-Dihydroxynaphthalene. . 

Catechol. 

of-Naphthol. 

2,4-EHammodiphenylamine.. 


/>,/>'-Diaminodiphenylamine. 

Thiodiphenylamine. 

^Phenylenediamine. 

i>-Aminophenol. 

^Aminodiethylaniline. 

<7-Phenylenediamine. 

Hydroquinone monomethyl ether. 

4-Chloro-2-ami nophenol . 

4-Hydroxy-l,2-dimethvlben2ene . 
m-Aminophenol. 


Cyclohexene Number 
1400 
1020 
935 
935 
915 
845 
820 
745 
610 
600 

595 

535 

475 

415 

325 

310 

280 

200 

185 

185 


Phenyl-a-napthylamine. 185 

2-Hydroxy-1,3-dimethylbenzene . 175 

2-Amino-4-nitrophenol. 175 

Pyrogallol dimethyl ether. 150 

Heptylresordnol. 140 

H exy Iresorcinol. 140 

2-Hydroxy-1,4-dimethylbenzene 130 

Thymol. 125 

m-T oly lenediamine. 120 

4-Hydroxy-l,2-dimethylbenzene. 110 


m-Pheny lenediamine. 105 

Butylguaiacol. 100 

Gallic acid. 85 

Orcinol. 65 

Re^rcinpl monoethyl ether . . 65 

Resorcinol. 55 

Resorcinol monomethyl ether. 55 

Isoeugenol. 50 

Eugenol. 50 

5-Hydroxy-1,3-dimethylbenzene 35 

d-Naphthol. 35 


Lowry and his collab<jrators‘®^ have suggested that it is possible to determine 
the inhibiting power of a substance by measurement of its critical oxidation po¬ 
tential. This is defined, for phenols and amines, as “the potential of some oxidizing 
solution which will cause a certain small amount of the amine or phenol to become 
oxidized in 5 minutes when equivalent amounts of the sample and of the oxidizing 
agent are employed."**'** Lowry and his co-workers also found that there was 
maximum inhibiting action shown by substances which gave a critical oxidation 
potential of between 0.600 and 0.800 volt. Their data are shown graphically in 
Fig. 207. 

Dryer and collaborators*®^ have investigated the storage stability of cracked 
gasoline as related to its induction period and the critical oxidation potential of 
added inhibitors. They used equimolecular amounts of various inhibitors. Fart 
of the data they obtained is given in Table 190. 

I>. I>owry, jfr., (L Egloff. /. C. Morrell and C. Ci. Dryer, /ad. /Tap. Chem., I9JJ, 25, S(M. 
w*L. F. Fitter, J.A.C.S., IV.IO. 52, 5204. 

»*^C. <i. Dryer, J. C. Morrell. (J. Egloff and C. D. I.owry. Jr., Ind. Eng. Ckcm., 1VJ5, 27. 15; 
Chem. Abi., 1935, 29. 4559; Bnt. Chem. Abt. B. 1935, 582; J. /nit. Pei. Tech., 1935. 21, 93A. 
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'I'AHLii - Correlation of Critical Oxidation Potential and Effectiveness in Storage. 



Critical 

Oxidation 

Induction 

Time to Reach 
Peroxide No. of 

Air-Jet Gum of 


Potential 

Period 

1 2 

5 

10 mg. 

15 mg. 

Inhibitor 

Volts 

Minutes 

Months 


Months 

None. 


60 

1 2 

3 

2 + 

6 + 

Hydrocpiinone 

0 631 

80 

4.5 5 

6 

6 

2 

Catechol 

0 742 

130 

2.5 3 

4 

4 

4 

Pyrogallol. 

0 609 

265 

17 17 

17 

17 

17 

a-Naphthol . . . 

.. 0.797 

170 

8 9 

10 

9 

9 

2-Hydrf)xy-l,3-di- 

methyll>enzeno 

0 895 

95 

1 2 

3 

3 

3 

/>-Cres(d. 

1 038 

80 

1 2 

3 

2 

3 

Phenol . ... 

1.089 

80 

1 2 

2 

2 

3 

Aniline. .. 

. . 1.135 

90 

1 2 

3 

3 

3 


These results indicate that the most efficient inhibitors were those with oxidation 
potentials in the inaxinium ranj^e, that is, 0.60() to 0.8(X) volt. 



CoMftrsy Industrial and Eninn^'crinfl Chrmistf\ 

Fu;. 20().-“Comparison of Cyclohcxene and (iavoline Blends as Standards for Kvaluati<»n 
of Oxidation Inhibitors. (C. (». I)r>cr, C. D. Lowry, Jr., (i. FKloff and J. C. 
Morrell) 


Mkchanism of Gi’m Formation 

It is well known that jK^roxides are intermediates in gum formation. Aldehydes 
and acids arc also formed but they are present only as secondary products, accord- 
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ing to Dryer and co-workers.^®^ These investigators studied gasoline from several 
sources and concluded that the addition of inhibitors checked not only the develop¬ 
ment of gum, but also of peroxides, aldehydes and acids as well.*®® The results 
indicated that in all probability these oxygenated boilies are derived from the same 
source. The influence of various factors, such as the presence of different types 
of unsaturated substances and the effect of ultraviolet light, on peroxide and gum 



Cuurtesy Industnal and Unffimrenna Chemistry 

Fig. 207.—Correlation Between Induction F’eriod and Critical Oxidation Potential for 
Compounds Containing Hydroxyl and Amino Ciroups. (C. I). Lowry, Jr., (i. Fgloff, 
J. C. Morrell and C. G. Dryer) 


formation has Ixren widely discussed.*®^ Aromatic hydrocarlM/ns with unsaturated 
side chains yield peroxides and are oxidized readily. However, C'andea and Cristo- 
dulo*®® found that the high aromatic content of motor fuels derive<l from Rumanian 

»«C. G. Dryer, C. D, I^owry. Jr., J. C. Morrell and G. Kgloff, Ind. ling. Chem,, 1934, 26, SS5; 
Chtm, Abs., 1934, 2f, 5973; /. tnst. Ptt. Tech., 1934, 20, 490A; Bnt. Chem. Ahi. B, 1934, 948. 

** For a theory of autoxidation of oxygen contatning cotnpoundt. ♦och a« alcohoU. *e« N, A. 
Milas, Chem. Rev., 1932, 10, 295. Also. W. P. Jortssen and P. A. A. van der Beek, Rec. Irav. chim., 
1927, 46. 42; Chem. Abs., 1927, 21. 1582; Brii. Chem. Abs. A, 1927. 326. 

Carleton Ellis, “The Chemistry of Petroleum Derivatives,” The C'hemtcal Catalog Co.. New 
V'ork, 1M4. Also T, Zamhrescu, Amalele minetor Romdnia, 1932, IS. 177; Chem. Abs., 1934, 26, 
4863. E. Norlin, Tek, Tid. IJppt. C. Kemi, 1933. 63. 89; Chem. Abs.. 1934, 2S. 1849. A. A- 
Vuoreia {Suomen KemisUUhti, 1935, tA. 115; Chem. Abs., 1936. 30, 602) diKusses the role played 
by peroxides. 5»ee also M. N. Mikhailova and M. B. Neiman, J. Gen, Chem. (U.S.S.R.), 1936, 6, 
821; Chem. Abs., 19.16. 30, 7016; Brit. Chem. Abs. A, 1936. 1211. 

C. Candea and N. CrisUxIulo, Chim. e$ ind., 1934, 31, S|>ec. No. 374; Brit. Chem. Abs. B, 
1934, 662, 
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crude oils prevented any considerable peroxide formation. With a gasoline from 
Moreni crude oil, they observed'®^ that cyclohexane and pinene promoted peroxide 
formation although the aromatic hydrocarbons present were not readily oxidized. 
Pipik and Mezhehovskaya^^** studied the influence of refining methods on the stor¬ 
age stability of gasoline. They noted that peroxides could be removed by treating 
the vapors of the fuel with floridin earth, and further formation prevented by the 
addition of an inhibitor immediately after refining. 

Morrell and his collaborators have confirnie<l the belief that diolcfins and ole¬ 
fins are essential for peroxidation.**^* They also showed tliat a mixture of olefins 
had a greater tendency to form gum than any of its components separately. The 
degree of oxidizability of various hydrocarbons (or mixtures of these) was meas¬ 
ured by the peroxide number and gum content (air-jet methcxl) f>efore and after 
oxidation for 4 hours at 100°C. and 1(X) pounds pressure. In addition the induction 
period was also determined. Some of the data obtained in this manner are given 
in Table 191. 

'Pahi.K ]9\.-Oxulaiion nf Pur^ Ilyrlrocarlwits. 


After 4 Honrs 

Before ()xi«lation ()xi<latifm 


Substance 


Peroxi<le 

NumlxT 

Air-Jct 
Cum 
fmg. per 
100 ce.) 

rVroxide 

Number 

Air-Jct 
Gum 
(mg. per 
100 cc.) 

Induction 
Period 
(in min.) 

Paraffins 

n-Heptanc . 


0 06 

0 

0.22 

0 

No break 

«-()ctane . . 


0 09 

0 

0 79 

0 

•• 

2,2,4-Trimethyl pentane 

0 06 

0 

0 0.3 

0 

•* 9» 

Aromatic'S 

Benzene 


0 02 

0 

0 03 

2 

•• n 

Toluene 


0 (X) 

1 

0 .30 

2 


Olefins 

2-(X'tene 


0 00 

0 

240 

44 

150 

2-Pentene. 


0 (XT 

0 

192 

22 

90 

Trimethvl ethylene 


0 (X) 

1 

138 

10 

75 

Cyclohexane 


0 02 

0 

0 19 

0 

No break 

Cyclohexenc . . 


0 06 

1 

240 

290 


Indene . . 


0 25 

204 

15 2 

17 

M) 

Limonene. . 


0 10 

8 

240 

1734 

30 

Indene (20‘()'1 

w-Hcptane (80^;j )/ 


0 19 


5 5 

— 

60 

Blended (in per cent indi¬ 
cated) witj[i Pennsylvania 
straight-run gasoline 
n-Heptane (20^() 

0 (X) 

0 

0 (X) 

0 

No break 

Cyclohexenc (20^’r) 


0 06 

1 

48 

4 


Styrene (27c). 


0 06 

0 

1 59 

0 


Cyclohexcne (20%) 1 
St>Tene(l%) J 


1 9 

0 

140 

50 

180 

Isoprene (2%) • •.. 


0 12 

0 

18 

34 

No break 

Isoprene (3.9%) . 


0 12 

0 

80 

250 

105 

Cyclohexene (20%) 
Isoprene (1%) 

L... 

0 45 

0 

220 

122 

120 

Straight>run gasoline 
alone. 

0.0 

0 

0 12 

0 

No break 


*• C. CandvA and N. Crittodulo, Butt. soc. /lo/r fH*l\tech. Ttmisoata, I9.U, 5, 233; Brit. Chem. 
Abs. B. 1936, 3S6. 

*’•0. Pipik and E. Me«hebov*kaya. Asrr Khoj., 1«35. IS (9), 5»; Chem. Abs., 1936, SO. 

6544. Translation in Oti Gas J., 1936, SS (9), 50; Cktm. Abs., 1936, SO, 7828; J. Inst. Pst. Tech., 
1936, 22, 508A. 

J. C. Morrell, C. (j. Dryer, C. D. Lowrv. Jr., and (i. EgloflF, Ind. Eng. Chem.. 1934. 26, 655; 
Cktm. Abs., 1934, 2t, 5648; Bnt, them. Abs. B. 1934, 707; J. Inst. Pet. Tech., 1934. 20. 450A 
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Peroxide number is defined, according to Yule and Wilson,as the gram 
equivalents of active oxygen per 1000 liters of sample. This is estimated by deter¬ 
mining the quantity of ferrous sulphate, dissolved in aqueous acetone, oxidized by 
10 cc. of the sample under investigation.^^** 

As a result of their studies on the effect of j>eroxide formation on a cracked 
gasoline, Morrell and his co-workers*^^ found that an increase in peroxide concen¬ 
tration resulted in an increase in color and gum formation and a decrease in anti¬ 
knock value and susceptibility to inhibitors. They also noted that the rate of 
peroxide formation and response to inhibitors were closely related. 

Vellinger and Radulcsco*^* report that the rate of gum formation in cracked 
gasoline is accelerated on exposure of the liquids (in quartz tul)es) to ultraviolet 
light. However, they believed that oxygen was necessary for the development of 
gum, whether or not the latter occurred in the light or in the dark. It was ob¬ 
served that the hydrocarbons responsible for gunmiing were destroyed by chromic 
acid. Aside from olefins which form peroxides, the acetylenic hydrocarlxins (which 
are either liquids or have been melted) also form peroxides.*^** .Although this may 
be due to pol>Tnerization of the acetylenes to olefins which can then react with 
oxygen, it seems more probable that the acetylenes form jK*roxides directly. The 
alkyl acetylenes react more readily than the aryl derivatixes, hut acetylene itself 
does not seem to form a peroxide. 

Morrell, Benedict and Egloff investigate<l the effect of light on gasoline*’^ and 
on pure hydrocarbons.*^® In order to ascertain the effect of various conditions on 
the stability of the gasoline to color and gum formation, e.xperiments were carried 
out on straight-run and cracked gasoline as well as a hlend of these two. Ele¬ 
mental sulphur, n-propyl disulphide and lK>th of these suhstances were added to 
different samples and the latter exposed to a carhon-arc light for (>() minutes 
while different gases, such as nitrogen, hydrogen, oxygen and carlM)n dioxide, were 
bubbled through the .samples. In this way it was p<»ssible to gel a large number of 
different conditions ranging from a sample with no added sulphur Cfunpounds in 
an inert atmosphere (such as nitrogen or carlxm dioxide ) to one c«>ntaining sulphur 
and w-propyl disulphide in an atmosphere of oxygen. Part of the data which were 
* obtained for gasolines are shown in Table 102. 

It was observed that unsaturated hydrocarl)ons behave<I similarly to cracked 
gasoline, and that in general the results for gasolines were the summation of the 
results for the constituent pure hydrocarlMms. The presence of elementary sulphur 
or organic disulphides apparently makes for color instability. 7'he haze formed in 
gasoline by the oxidation of sulphur was fi>und to contain n)o.st of the acid. Gum 
formed, even in the absence of oxygen, but there was no fixed relationship l>etween 
gum and color. 

»«.S. A. ('. Yul€ and C. P. Wil»on. Jr.. Ind V.ng them , 19.n. 23. 1254. Sre al*o (arlcton 
fvilit, “The ChemiJitry of Petroleum OeTivative«.“ The ('hemical CataUiK ('o.. Inc.. New York. 1914. 

This method has txen modified somewhat so that acetone is replaced hv absolute methanol. 
The ferrous sulphate is oxidized in the presence of ammonium thu>cyanaie and tne resulting quantity 
of red ferric thiocyanate determined by colorimetric comparison with similar solutions of known 
concentration. C. A. V^oung, R. R. V'ogt and J. A. Nteuwland. ind. Hny Ckcm., Anal, lid., 

9. 198; J. Inst. Pet. Tech., 1936. 22, 345A. P. L. Burnin. N. Worton and E. E. Bibbins (J. Am. 
Phatm. Assoc,, 1936, 25, 27; Ckem. Abs., 1936, 30, 2702) have estimated the stability of mineral 
oil by determining the ^oxides former! after aging under 20 immjiuIs steam pressure for I hour. 
They used a ferrous'sulpnate'potassium thiocyanate test solution in their analyses. 

•’♦J. C. Morrell, C. G. Dryer. C. i). iMwry. Jr., and G. Egloff. Ind Una. Ckem., 1934, 26. 497; 
Ckem. Abs., 1934, 28, 4878; Brit. Ckem. Abs. B. 19.M. 612; J. Inst Pet. Teck., 1934. 20, 358A. 

E, Vellinger and G. Radulesco. Ann. combustibles liquides, 1934, 9, 901; J. tnst. Pet. Tech., 

1935. 21, I7A. Proc. World. Petr. Congr., 1933. 2, 103; Bnt Ckem. Abs. B. 1934, 819; J. Inst. 
Pet. Tech., 1934, 20, 97A. Ann. combustibles liquides. 1933, 8, 883; Ckem. Abs.. 1934, 28. 621. 

A. Young, R. R. Voft and J. A. Nieuwland, J.C 1935, 11.5; Brit. Ckem. Abs. A. 1935, 
325; Ckem. Abs., 1935. 29, 1771. 

*”J. C. Morrell, W. L. Benedict and G. Egloff, Ind. ling. Ckem.. 1936. 28. 122; Ckem. Abs.. 

1936, 3<b 2738; Bni. Ckem. Abs. B. 1936. 307. . . v rm. 

C. Morrell. W. I.. Benedict and G. Egloff, fud. P.ng. Chem , 1936, 28. 448; Ckem. Abs., 

1936. 80. 3979; J. Inst. Pet. Tech., 1936, 22. 254A. . rm. eios.. 
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Table 192 .—Effect of Light on Gum Formation 
(Air-Jet Gum in Mg. per 100 u.) 


Atmosphere 

Straight-Run 

Air 0, CO, 

Type of Gasoline 
Cracked 

Air O, CO, 

. Air 

Blended 

o, 

CO, 

Compound added 

None. 

6 

10 

2 

4 

15 

2 

5 

16 

2 

Sulphur (O.OLy ; 

10 

24 

5 

15 

34 

5 

16 

36 

6 

n-Propyl disulphide . . . 

7 

14 

2 

5 

20 

1 

5 

20 

2 

n-Propyl disulphide plus 
sulphur. 

12 

19 

0 

13 

26 

2 

11 

25 

0 


The am(mnt of «-prupyl disulphide used corresponded to 0.10 per cent sulphur. 
Color Stability of Petroleum Distillates 


has classified the typt*s of color instability of kerosene: 

1. Clear lemon-yellow which appears in the dark and is an oxidation effect due 
to various types of compounds, especially unsaturated naphthenic acids. 

2. A similar type due to amino-bodies. 

3. Discoloration caused by cracked Ixxlies. 

4. A gradual brownish coloration due to age and light. 

An indication of the color stability is given by the Hillman test which consists of 
agitating 70(J cc. of kerosene for 60 seconds with 1 g. of standard lead dioxide 
moistened by 20 ml. of 0.175.V caustic soda. The kerosene is filtered before and 
after treatment to remove suspended matter. A positive test, i.e., an increase in 
color, shows definite color instability of the sample, but a negative result is incon¬ 
clusive. Moerbeek***^ has pointed out the desirability of using lead dioxide of 
stan<larfl activity. Because (»f the difficulty in obtaining a standard product and 
storing it, he recommende<i that lead dioxide be obtained from one source to insure 
at least its original uniformity. He suggested the use of the silicotungstic acid 
test for nitrogenous substance^ w hich might cause color instability. Van Senden*^^ 
has proposed a somewhat different procedure in which alkaline potassium ferri- 
cyanide is used in place of alkaline lead dioxide. He found that color stability was 
influenced by metluxls of refining and storage during shipment, such as copper 
valves in the IwUloms of tanks. I'he discoloration of Borneo and Rumanian gaso¬ 
lines is l)elieved t<i l)e due not to nitrogenous substances but more prol>ably to 
phenolic compounds or substances similar to cyclopentadiene.'*^* 

Lowry, Smith and Murphy*^'^ have developed a standardized test for color 
stability of gasolines. Using a commercial flame-type carbon arc as a light source 
(in a specially designed housing), these workers measure<l the change in color of 
various gasolines with time of exposure. Reproducible results in routine work 
are reported. The color instability of kerosene in storage under tropical conditions 
w'as investigated by Allilxme.^^^ He found that extraction with sulphur dioxide 
(Exleleanu process ) followed by filtration through bauxite gave a product of low' 
tint and satisfactory stability. Extraction of fuels by aqueous glycol while exposed 

E. S. Hillman, Proc. World Petr. 193J, 2. 708; /. Inst. Pst. Tech., 1934, 20, 105A; 

Brit. Chrm. Ahs B. 1934, 742; Chrm. Ahs.. 19.34, 28. 4883. 

‘»B. H. Morrbw'V, Proi. Wo*ld Petr. Congr., 1933, 2. 713; Brit. Chrm. Abs. B, 1934, 742; /. 
iMst. Pet. Tech.. 1934. 20, 324A. 

H. van Srmlrn. Proc. World Petr. Congr., 1933, 2, 717; Brit. Chrm. Abs. B. 1934, 820. 

‘••L. P. McHutton. Proc. World. Petr. Congr., 1933, 2. 721; Brit. Chrm. Abs. B, 1934, 820. 

»«»C. 1). Lowry. !r.. M. A. Smith amt B. Murphy. Ind. Bng. Chrm., Anoi. Ed., 1935. 7. 140; 
Chem. Ab* . 1935. 2^. 4928; flril. C'Arm. Ahj. B. 1935.. 614. 

n. C. Allil)one, Proc. tf’orld Petr. Congr., 1933, 2, 725; Brit. Chem, Abs. B, 1934, 820. 
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to actinic light rays is reported to remove chromophoric substances.^**' Brooks'** 
suggested' the use of ammonia as a color stabilizer. Sorg'*"' has investigated the 
power of various primary aliphatic amines, containing primary, secondary and 
tertiary alkyl groups, to prevent discoloration of gasoline. (See F*ig. 208.) The 
results showed amylamine was the most satisfactory at a concentration of about 
0.003 per cent. No loss of stabilizing power was observed when the amines were 
added to sour distillates and the latter subjected to sweetening with sodium plumbite 
and sulphur. The addition of a solution of pyrogallol in ethyl or isopropyl alcohol 
was found not only to restore the color of stored distillates but also to stabilize 
them satisfactorily for 6 months.''^* 



Courtesy Industrxal and lingineerxng Chemistry 

Fig. 208.—Ojmparison of Amines as Color Stabilizers for (iaM)line. (I.. W Sorg) 


Many compounds which are applicable as gum inhibitors also prevent disct)lo- 
ration, examples of .such being: urea,*”** resorcinol, pyrogalbd, hydr(X|uinone, 
catechol, naphthols,**”* quinhydrone**** and cyclic organic acids such as salicylic 
and anthranilic,*®^ primary aromatic amines,***^ unrefined corn oiP**^ ami aliphatic- 
amine salts of hydroxy-aryl compounds, e.g., hydnxjuinone dianilide.*®* It has Ijeen 
found advantageous to use poly hydroxy benzenes as color stabilizers in the presence 


»«W. A. Schulze and F. E. Frey. U. S. P. 1.950.697. Mar. 12. 19J4. to Phillip* Petroleum (“o.; 
Chem. Abs.. 19.14. 28. J562. 

B. T. Brorjk*. U. S, P. 1,748.507, Feb. 25. 19.10, to (iray Pr^Hresn (\>rp ; Chem. Abs.. 19.10, 
24, 1970. 

L. V. Sorif, Ind. Eng. Chem., 193.S. 27, 156; Brit Chem Abs. B. 19.15, 888; Chem Abs 19.15 
29, 6035; Sat. Pet. Setts. 19.15. 27 (12>. 24; J. Inst. Pet. lech.. 1935, 21, 203A. 

J. B. Rather and 1>. (\ Brard, Jr., Refiner. 1936. 15, 217; J. fnst. Pet Tech., 1936. 22, 356A. 
AIjio Sail. Pet. Sews. 19.16, 28 (20). 34; Chem. Abs.. 1936, 30. 6174; J. Inst. Pet. Tech.. 1936. 22, 
398A; Oil Gas J.. 1936, 34 (52>. 209; Chem. Abs . 1936 30, 5774. 

»»J. B. Rather, L. C. Beard, Jr., and O, M. Reiff. U. S. P. 2.002,645, May 28. 1935, to 
Socony'Vacuum Co.; Chem Abs., 1935, 29, 4572; Brit. Chem. Abs. B, 1936, 583. 

B. Rather, O. M. Reift and L. C Beard. Jr.. U. S. P. 1.951.205, 1.951.206. 1.951.207. 
1.951,208. Mar. 13, 1934, to Socony-Vacuum Co.; Chem. Abs., 1934, 28. 3579; Brit. Chem. Abs'. 
B, 1935, 181. 

‘•»W. A. Smith, U. S. P. 2,003,153, May 28. 1935; Chem. Abs.. 1935. 29. 4932; Brit. Chem. Abs. 
B, 1936. 486. 

“•French P. 785.348, 19.15, to Standard Oil Development Co.; Chem. Abs . 19.16, 80. 604. 

“•T. W. Bartram. C. S. P. 2.055.810, Sept. 29, 1936, to Monsanto Chemical Co.; Chem. Abs.. 
1936, 30, 8599. 

It. 10, 1935, to Cniver*at Oil Product* Co.; Brit. 
^636. 

“•F. B. Downing and H. W, Walker. V. S. P. 2.053.466. Sept. 8, 1936, to (iaaoline Antioxidant 
Co-; Chem. Abs.. 1936, 30. 7313. 


»**C. D. Lowry. Jr.. IJ. S. P. 2.()14.?35. Se 
Chem. Abs. B. 1936. 917; Chem. Abs.. 1935, 29. 
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of various gum inhibitors such as a-naphthol, a-naphthylamine or /)-phenylenedi- 
amine^*^ or an alkyl amine'®^ or an anthracene or phenanthrene hydrocarbon in 
the presence of an a-substituted naphthalene derivative,^**** or sodium thiosulphate 
in the water layer (if the latter is used in storing).**”* N-Alkylated monoethanol- 
amine has l)cen suggested to prevent the formation of color in gasoline to which 
aromatic amines have been added as antioxidants.'-^*^ Hydroxyalkylamine esters-®^ 
and phenolates202 have been recommended. 

In many cases, refining processes increase the color-stability of gasolines. For 
example, crude cracked gasoline may be treated with alcoholic ferric chloride before 
or during distillation.****^ Benedict and Wirth recommend the use at not higher 
than 93®C. of sulphuric acid containing ferric chloride,'-**^ or hydrochloric acid 
containing ferric sulphate.-**’* 


Elimination of Gum-Forming Constituknts by Rkfining 


It has been shown earlier in this chapter that the formation of gum and color in 
gasoline is dependent upon oxidation phenomena and may be inhibited by the 
addition of various substances. The latter act as antioxidants, and, during their 
periwls of activity, prevent oxidation of unstable substances present in the gasoline. 
In order to conserve inhibitors occurring naturally in unrefined gasoline, Vellinger 
and Radulesco****® have suggested that the unrefined distillate be distilled to give 
two fracticins the l)oiling ranges of which must l>e determined for each fuel. The 
high-I>oiling fraction is given a mild refining treatment with clay because it contains 
most of the natural inhibitors. On the other hand the lighter fraction can be 
refined by the usual metluxls and then be blended with the other traction. 

Although metluxls of refining are Ixwond the scope of this lxx)k, nevertheless 
procedures develojxxl primarily for the removal of unsaturated hydrocarlxms which 
tend to yield gum are (jf interest and these are briefly descrilxxl. They may l)e 
classitu-d under the following general headings; 

1. ('lay treatment of the gasoline in either liijuid or vapor phase. 

2. Treatment with acids, such as sulphuric, phosphoric or hydrochloric. 

3. Treatment with inorganic polymerization agents, e g., zinc or aluminum 
chloride. 

4. The use of alkali or alkaline earth metals and derivatives. 

5. X'arious other reagents and treatments. 

Vapor or li(|uid phase treatment with clay has met with some favor. Operations 

R. K. WilMin, U. S. I*. 2.023,110. Drc 3. l')35. to (ianohnr Antioxidant Co.; C hem .Ahs . 1936, 
10. See alMi R. K. Wilson and J. 1. Uu^mcs. Canadian T. 3-tS.OvS9. 1934, to Stand.^rd Oil Co. 

of Ind.; Chtm /ihs., 1935, 29. 23SO. 

T. H. Rollers and R. K. \Vi!.-ion. V. S. I*. 1.992.014, Frb. 1*^. 1935. to Gasoline .Antioxidant 
Co.; them. Abs , 1935. 29. 2349; fint them. Ahs.* B, 1936. 8". 

'•"J. L. and R. K. Wilson. Canadian F. 340.453, 1934. to thr .Standard Oil Co. of Ind,; 

Chem. Ahs,, 1934, 2§, 3887. 

*** A mrtal !nil|>hitr. an acid or acid salt having a dissociation constant above 6.6 x lO'-*^ niay 
aliio l»e used. E. N. Rol>rrts, C. S. P. 2,050.732. Aug- H. 1936. to Standard Oil Co. of Ind.; 
CVi^, Ahs , 1936. 10. <.938. 

French P. 761.743. to Soc. anon, dcs carburants speciaux; Chem. Abs., 1934. 28, 4210. 

French P. 797,011. 1936, to .Standard Oil l>evelopnient Co,; Cfi<*»n. Abs.. 1936. lo, 6537, 

*• W. L. Benedict, C. S. P. 2,051,814, Aug. 25. 1936, to Cni>ersal Oil Products Co.; them. Abs., 
1936. SO, 6938. 

**• British P. 447.533. 1936. to ('arl>o Norit-Union Vrrwaltnngs Ci.m.b H.; flrit. Chem. Abs. B. 
19.36, 778; them. Ahs.. 1936. 10, 7313. French P. 787.929. 1935; Chem. Abs., 1936, 10, 1552. 

W’. L. Benedict and C. Wirth, III. V. S. P. 2.013.399. Sept. 3, 1935. to Cniveriml Oil Prod- 

ncta Co.; Bnt. them. Abs B, 1936. 917; Chem. Abs., 1935. 29, 7064. 

\W I.. Bene<lict and C, Wirth. Ill, tV S. P. 2,013.400. Sept. 3, 1935. to I’niverswal Oil Prod- 

uctx Co.; Hnt. Chem. Abs. B. 1936. 917; them. Abs., 1935. 29. 7064 

•• K. Wllinger and (J. Radttlexco. Ann. comb, liqmi^es, 1934. 9, 499; Chem. Abs., 1934, 28, 6290; 
/. I list ret. Tech , 19.34. 20. 526A; Ctymtt. read.. 1933. 197, 417; Cficiw. Abs , 1933. 27, 5523. 
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may be carried out using clay^^^ alone or in conjunction with various substances 
which will effect polymerization of unsaturates. Day has described a process in 
which gasoline is treated with aqueous hydrogen chloride in the presence of a 
natural zinc-bearing clay.-®^ A “gumbrin** clay also has been recommended.*^ 
In some cases an organic inhibitor may be added after the clay treatment.*'® 
Fuller’s earth may form part of the bed upon which another more active inorganic 
substance, such as ferric sulphate, is distributed.*" 

Kwal*'* has suggested the use of “Carbonit” earth and hydrogen peroxide in 
refining lignite spirits. 

Refining may be effected in the vapor phase with a gaseous acid anhydride and 
steam*'^ or in either the litjuid or vapor phase with sulphuric*'^ or phosphoric*'® 
acid. Treatment of distillates with Imlrogen chloride, or solutions of it, in the 
presence of metals aids in the removal of gutn-forming constituents.*'® 

Inorganic polymerization agents have lieen employed in some of the above 
mentioned processes in the presence of acids, particularly hydrochloric. The use 
of solutions of hydrochloric acid and the chlorides of iron,*'^ zinc*'^ or copper,*'* 

»• French P 765.504. 19J4. to (irav Process Corp.; Chem. Abs.. 19J4. 28. 6995. J. B. Hill, 

L*. .S, P. 2,039.904; ihem. Abs.. 1936. 30. 4308. T. T. (iray. I'. S. P. 1.952.751. Mar. 27. 1934; 
them, Abs.. 1934, 28. 3576; J. Inst Pet. leih.. 1934. 20. 376A. T. T. (ira). I*. S. P. 1,952.855, 
Mar. 27. 1934; Brit. Ckem. Abs B, 1935. 583 (/. aino M. R. Marultlltauin. Proc. H'ortd Pelr. 

Com/r.. 1933, 2, 21, J. Inst Pet. Tech.. 1934. 20, 179A. The umt of day in refining gasoline it 
ditcuMctl by R. H. Price and P. I. Brandt. Oil (.as J.. 1935, 33 145). 54; J Inst. Pet. Tech., 1935. 
21. 260.A. H. M. Stciningcr. Ind. Hno. Chrm . 1934, 26, 10.19; C/icm. Abs, 1934. 28. 7504; J. Inst. 
Pet. Tech.. 1934, 20. 574A; Brit. Chem Abs. B, 1935. 8S6 fj M.iuu .ind W. Muhlendyck, 
Brennstoff Chem . 1934. 15. 361. Chem. Abs, 1934. 28. 7509; J. Inst Pet. Teek . 1934, 20. 6l4A. 

A. K. Dudenko. Aser. Seft. Khos., 1934, No. 6, 96; C'ncm. .■lbs , 1934. 28. 5703 K. F. Engelke, 

U. S. P. 1.986.5(>5. jan. 1, 1935. to Doherty Research (\> ; Brif (hem Abs. B. 1935. 1083. A. A. 
Wells, I*. S. P. 2.036.166. .Mar. 31. 1936, to Standard Oil Development ('u,; C hem Abs.. 1936. lOb 
3630; J Inst Pet Tech.. 1936. 22. 214A. K. C Herthel. V S P 1.937.7 59. Dec 5. 1933, to 
Sinclair Refining Co ; Chem. Abs. 1934. 28. 1179; Bnt, Chem. Aht. B. 1914. 869. I. Inst. Pet. 
Tech.. 1934, 20. 1 12A. I. B. Weaver. I'. S. P. 1.929.861. Oct lo, 1/34; them Abs. 1934. 28. 

308. Cf I. Ya. Po'>Tov%kii and S. P. Tzikin. /. Af*f*lied Chem. (I’.S S H ), 191(i. 9. 6l. Brit, Ckem. 

Abs. B. 1936, 435; Chem. Abs.. 1936. 30. 5756. 

•• R. B Day. 1*. .S. P. 2.029.256. Jan. 28, 193(», to rniversal Oil Pr«»<inctv (*o , Chem. Abs, 
1936, 30. 1987; J Inst. Pet. Tech.. 1936. 22. 158A. 

*• L. (fukhman. A. liegtyareva an»l A Nagiev. Aser. .\eft Khos. 1935, 12, 60, them. Abs.. 
1936. 30. 8587; J. Inst Pet lech.. 1937. 23. 20A. 

J. Hyman and Avers, Jr., 1' S. P. 2.039.595. Mav 5. 193(». tti (;.iM»linr Antioxidant Co.; 
Chem. Abs.. 19 0, 30. 1313. 

^‘British P. 409,816, 1934, to ReftnerH F-td and T Scott; Brit Chem Abs B. 1914, 664; Chem. 
Abs.. 1934, 28. 6296; J. Inst. Pet. lech. 1934, 20. 425A. Cf. Cas li’orld. 1935. 102, 15; J. Inst. 
Pet. Tech.. 1935. 21. 169A. J. C. Morrell and (i. Kgloff (1 .S, P 1.957. 794. May 8. 1934. to 

Universal Oil PrcKlucis Co.; Chem. Abs, 1934. 28, 4218; Brit (hem. Abs. B, 1935. 21 5) diacutu the 
countercurrent treatment of ozone-bearing gasoline va|N>r» with alkaline <ioluiion« in a tied of fuUer't 
earth. 

B. Kwal, Chimie et industrte, 1936, 35. 1040; J. Inst. Pet. Tech , 1936, 22. 307A; Bht. Chem. 
Abs. B, 1936, 677. 

J. C. Morrell atul G. Fgloff. I*. S. P 1,941.266. Dec. 26, 1933, to Cniverxal Oil Producit 
Co.; Brit. Chem. Abs. B, 1934, 869. U. S. P. 1.979.565. Nov. 6. 1934; Bnt. Chem. Abs B. 1935. 
892. 

J. C. Morrell. IV S. P. 1,941.267, to CniverMl Oil Product* Co; Brif. Chem. Abs. B» 1934, 
869. U. S. P. 1.969.316. Aug. 7, 1934; Bnt. Chem Abs. B. 1935. 6l6 Britiah P. 409.813. 1934. 
to I. G. Farlienind. A. (i.; J. Inst. Pet. Tech. 1914 20, 425A; Chem Abs. 1934. 2A. 6297; ilrif. 

Chem. Abs. B. 1934. 664. R. C. 0»ter*trom. U. S. P. 2.009.902. July 30. 1935; J. Inst. Pet. Tech., 
1935. 21, 381A. 

EglofiF and J, C. Morrell, U. S, P. 1.969,302, Aug. 7, 1934, to I'niveraal Oil Product* Co.; 
Chem. Abs., 1934. 28, 6295. 

*** R. B, Day, IT. S. P. 1,937.873, Dec. 5. 1933. to Cniver*al Oil Product* Co.; Bnt. Ckem. Abs. 

B. 1934. 870; J. Inst. Pet. Teck.. 1934, 20. I12A. J. C. Morrell and F^lort. C. S. P. 1.954.486, 
Oct. 4. 1934; Brit. Chem. Abs. B. 1935, 136, R. B. Day, I’. S. P. 2,029.758, Feb 4. 19.16; Ckem. 
Abs., 1936. 30, 1990; /. Inst. Pet. Tech.. 1936, 22. 213A. V. S P. 1.920.247. Aug. 1. 1933; Ckem. 
Abs., 1933, 27, 4916; Brit. Ckem. Abs. B. 19.14, 440. Briti»h P. 409.901. 1934; Brit. Ckem. Abs. 
B. 1934, 664; J. Inst. Pet. Trek., 1934, 20. 425A. fJerman P 61 1.172, 1935; Ckem. Abs., 1935, 
29, 6041. German P. 611.339, 1935; J. Inst. Pet. Tech.. 1935, 21, 220A. French P. 755.819, 1933: 
Chem. Abs., 1934. 28. 2174. 

J. C. Morrell, U. S. P. 1,988.083. Jan. 1.5. 1935, to Univrr*al Oil Product* Co.; Ckem. Abs., 
1935, 29. 1618. See alio R, B. Day. D. S. P. 2.055.027. Sept. 22. 19.16, to Cnivrrtal Oil Product* 
Co.; Ckem. Abs., 19.16. 30. 7835. 

J. C, Morrell, C. S. P. 1,988.084, Jan, 15, 1915. to I*niverbal Oil Product* Co,; Ckem. Abs., 
1935, 29. 1618. 

* Egl<^ and J C. Morrell. V. S. P. I.988.II4. Jan. IS. 1935, to UniverMl Oil Product* C®.; 

Brtt Ckem. Abs. B. 19.15. 1126, 
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or mercury**^ and solid metal oxides, as of zinc or tin at about 120®C.^^^ or below 
a cracking temperature ,222 are examples. 

Treating gasoline with zinc chloride^'^ polymerizes many of the gum-forming 
olefins present so that the stabilized gasoline may be distilled from the polymers. 
Other inorganic salts used similarly are aluminum chloride224 and salts of cop¬ 
per,iron‘-^ 2 « Qr cadmium.227 Bruckner and Lang22« found that treatment of 
cracked benzine with ferric chloride results in less loss than with acid followed by 
alkali washing. This chloride also compared favorably with aluminum or zinc 
chloride as a refining agent. The addition compounds formed from aluminum 
chloride and oleftns-2» or aluminum chloride and phenols may be used as treating 
agents. 2*^^’ 

Operatums involving the use of alkali metals have l)een proposed.-^^ Amal¬ 
gams of alkali metals, 2^2 hydrides of alkaline earth or alkali metals,alkali 
metal permanganates^-*^ and alkali metal pyrosulphates or persulphates with sul¬ 
phuric acid'-’-^*’* have lK*en suggested for removing the gum-forming constituents 
of gasoline. 

Other methoils^^® of treating include: heating with sulphur monochloride,2^7 
heating,2-*^ hydrogenation,2"*** treatment of a fraction and re-mixing,2^<^ treatment 

and J. ('. Morrell, U. S. P. 2,057,424, Oct. 13, 1936, to l'nivcr«al Oil Products 

in. ( hrm. .4hi , 1916. 30. 8596. 

J. C. Morrell and (j. Egloff, U. S. P. 2,057,629, Oct. 13, 1936, t<* I’mverval (^il Protlvjct« 
('o.: Lkrm ylhs . I9<<.. 30. 8^«v5 

^J. C. Morrell and (». Enloff, I' S. P 2.057.630. Oct. 13. 1936. tti I'nivcr'^al Oil Products 

Co.; them. Ahs.. 1936. 30. 8595. 

•• (*. EglofT, I* S. P 1.954.867. Apr. 17. 19 14. to I'ntversal OjI Products ('o.; Chem. Abj.. 

1934. 28. 3886, Brit them Abs. B. 1935. 136; J. Inst Pet Tech . 1934. 20. 426A. Cf. al^i G. 

Egloflf, U. S P 2.060 291. Nov. 10. 1936. to Cnixersal Oil Products Co.; Chem. Abs. 1937. 31, 
533. A. Lachntan. C S P 2.042.718. June 2. 1936. x<, Vai'or TreatinR Processes Inc ; C hem. Abs.. 
1936. 30. 5t)24; ) Inst Pet. Tech., 1936, 22, 404 A, The following articles are relevant; K. 
Musaiov. Seit Khog , 1934. 26 (2). 55. Chem Abs. 19.14 28. 7503 l> A. Shtrt.m and Milshin Ager. 

.Weft Khoi.. 1933, No, 4. 54; Chem Abs. 1934. 28, 7.^03 Forci(in Petroleum Tech, 1934. 2 (9), 

349; J. Inst. Pet lech., i935, 21. 41 5A. E. Bart. Yu. Gervart and R. Baidakova .Vtnojfi Xefteper' 
rabiJtki. 19.16. 3 <10), 7; Chem. Abs.. 1936. 30. 6929; .1 Inst Pet. Tech, 1936. 22, SOSA. 

A, J, \an Peski. U S. P. 2.019.772. Nov. 5. 1935. to Shell Development Co.; Chem. Abs., 
1936. 30. 606 ('. K Payne and D. R. Stevens. C. S. P. 2,002,250. May 21. 19.15. to Gulf Rehning 

(”o ; Bnt them .-lbs. B. 1936, 486, A. Lachman, C. S P 2.035.610, Mar. 31. 1936, to Vapor 

Treating Procen^e^k Inc ; /. Inst Pet Tech.. 1936, 22. 214A; ('/icfn. Abs.. 1936, 30, 3626. 

A. I.achTi>ai). W S l‘. 2.035.609, Mar. 31, 1936. to Vapor Treating Processes Inc.; J. Inst. 
Pet Tech . 19H,. 22. 214A. 

Briti*ih P, 447..^33. 1936, i<» ('aTlM>-.\orit I’nion Verwaltungv G.m.liH.; Br\t. Chem. Abs B, 
19W.. 778. Chem Abs. 1936. 30, 7,111 French P. 787.929. 1935, Chem Ab.r . 1936. 30. 1 C'2. 

A. I.achniaii. I'. S. P. 2.035.607 and 2.035.608. Mar. 31, IV.to. to Vaj'or Treating Processes 
Inc . (hem Abs. 19.16. 30. 3626, ,Mso uses *inc or iron salt-c. 

H. Bruckner and A. l^ng. Brennstoff Chem . 1935. 16. 126, Chem Abs . 1935, 29. 5637. 
British P. 4 10.874. 1934; Bnt. them. Abs B. 1934. 790; ./ Inst Pet Tech.. 1934, 20, 458A. 
('.etrrtati I* 622.017. 1935. (hem .‘lbs., 19tr,. 30. 1553; both to I. (i F*arhenind. A-G. 

R. Stevens and \V. A. liruse, C. S. P. 2.001.634, May 14. 1935, to Gulf Refining Co.; 
Bnt (hem Abs B, 193o. 7.10 

J I) Fields, r. S. P. 1,983,220. Dec. 4. 19.14; Bnt. Chem. Abs. B, 1935. 1083 French P. 

765.218. 1934. to Texaco Development ('orp.; Chem. Abs.. 1934. 28, 6995. J. F. Wait, British P 

441.701. 1936; J. Inst Pet Tech.. 19.16. 22. 157A; Bnt. Chem. Abs B. 1936. 260. French P. 

769.1 17. 1934; Chem. Abs., 1935. 29. 592. 

«K (’. Williams and H. P. A. Groll, . U. S. P, 1.939.8.»9. Dec. 19. 193.t. to Shell IVvelop- 
nient (*o ; Brit. Chem. Abs. B, 19.14. 870. 

*»(; Egloff. V S P. 1.^50.721. March l.C 19.14. to Cniversal (3il Products Co.: Brit. Chem. 
Abs. B. 1935. 215. See also H V. Atwell, I’. S. P 2,042.448. June 2, 19.16. to (,»ray PrcKcssies 
Corp.; Chem Abs. 1936. 30. 502.1; ./ Inst. Pet. Teeh , 19.16. 22. 404A. 

1 C Morrell. I’ S P, 2.034.197. March 17. 1936. to I’niversal Oil Products Co.; CAem. 

19.16. 30. 1220; J Inst Pet Teeh. 1936. 22. 213A. 

«»J. C. Mon ell. V. S. P. 1,954.487 and 1.954.488, Apr. 10. 1934, to Universal Oil Products Co.; 
Brit. Chem. Abs. B, 1935. 136 

»» A. Hahn and H. Nielson. Cas J . 1935. 210. 41; J. Insi. Pet. Teeh., 1935. 21. 208A. 

■"W. A. Patrick. Jr . British P. 435,194. 19.15; Bnt them. Abs. B, 1935. 1126. French P. 

770.874. 1934; Chem Abs. 1935. 29. 919. 

■■I). R. IStevens and W. A. (iruse. U. S P. 1.966.467, July 17. 1934. to Gulf Refining Co ; 
Ckrm. Abs.. 19.14. 28. 5656; J Inst Pet. Teeh . 19.14. 20. 537A. Canadian P. 324,783 and 324.785. 
1932; Chem. Abs. 1932. 26, 5412. Cf. also Sijhren Tijmstia. U. S. P. 1.969.956, Aug. 14. 1934, 
to Shell Petroleum ('orp ; Chem Abs., 1934, 28. o293; and H. .Schmidt. ('term,in P. 602.034. 1934; 
C krm. Abs.. 1935, 29. 474. D. R. Stevens and C. R. Payne. U. S. P. 2.044.739, June 16. 1936. to 
('iiilf Oil Conv; (ht*m. Abs., 1936. 30. 5781; .f. Inst. Pet. Tech. 1936. 22. 404A. R. C. Osteratrom. 
V. S. P. 2.056.978. and 2.056.V79. Oct. 13, 1936. to Pure Oil ('o.; Chc*m. Abs.. 1936, 30. 8599; 
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with copper silicate-^^ followed by the addition of organic inhibitors,^nd ex¬ 
traction with aqueous solutions of glycoF^* or furfural.^^^ Both aryl and aliphatic 
sulphonic acids have been added to gasoline to resinify the polyolefins present.^**® 
Organic compounds containing the grouping represented by =CH—CO—, such 
as maleic anhydride,and pyridine or hydroquinone and air in the presence of 
a metallic oil-soluble soap (copper naphthenatc)-^^ are recommended for removing 
gum-forming constituents from gasoline. 

Al’toxidation of Li'bricatinc; Oii s 


Fachini and Sj)orer‘-^'*** have classified lubricating oils into four groups: 

1. Those which are unstable and sludge rapi<lly. 

1, Those which sludge slowly at first, but afterwarils more rapi<lly. 

3. Those which sludge rapidly at first, but subseciuently oxidize slowly. 

4. Those which are very stable over long peri(xls. 

They aged lubricating oils artificially’*'*** by heating in a f>orcelain crucible (with 
specified dimensions) at 150°('. for various times. The presence of a gasoline- 
insoluble residue after 15, 75 or l()f) hours placed the oil in (iroup 1, 2 or 3, re¬ 
spectively. Oils in which no sludge formed, even after 150 hours, were placed 
in Group 4.-^' According to some investigators, sludge is caused hy the develop¬ 
ment of asphaltenes, and “carbon” formed by oxidation de|>ends on the engine 
conditions.-"** 

(iruse-’*- has outlined the possible .sources of coke or carlxm formatioti as: 


1. Slow oxidation of crankcase r)il to resins and asphaltenes. 

2. Low-temperature coking of these pr(xlucts in piston-ring guMives and on the 
piston. 


J. iHsi. Pet. Tech., \9}7, 23. 20A. P. F. I). Dulxiis French P. 7S7J79, Chem. Abs . \9H, 

2S, 2880. 

** D. R. Sievcns and W. A. (iruse. F. S. P. 2,038.614, Apr. 28, td Oil (‘orp. of Pa.; 

Chrm. Abs.. 1936. 30, 4001; J. Inst. Pet. Tech., 1936. 22. 267A. Cf French P. 765,114, 1934. 

to International Hydrogenation Patents Co. Ltd.; Chem. Abs., 1934. 28. 6984. See also B. L. 
Moldavskii. V. N. Pokortkii and I. L. .Andrevskii. S’eft. Khos.. 1935. 28. No. 2. 52: translation in 
Foreign Petrolenm Tjeh., 1935, 3, 215; Chem. Abs., 1936, 30. 3988. ('arleton Kills, “Hydrogenation 
of Organic Substances,” O. Van Nostrand Co., Inc., New V’ork, 1930. 

»«S. M. Martin. Jr., and W. A. (iruse. I'. S. P 2.002.902. .May 28. 1935, to Ciilf Refining Co.; 
BrU. Chem. Abs B. 1936. 486; Chem. Abs.. 1935, 29. 4933. 

VV'. A. Smith, C. S. P. 1.964,087. June 26, 1934; Brit. Chem. .ihs. B. 1935, 394. Cf. also 
F. J, .Skowronski, U. ,*>. P- 2.046.907, July 7, 1936. to I’niversal Oil Pnxlucts Co.; i hem. Abs.. 
1936, 30, 6184. 

^ L. F. Hoyt and VV. A. Smith, I’. S. P. 1.975.755, Oct. 2. 19 U. lo \V. .A Smith; Bnt. Chem. 
Abs B. 1935, 838; Chem. Abs . 1934. 28, 7515 

(i. McIntyre and E. Ci. Clbricht. t’. S. P. 1.985.613. Dec 25 19.U. to Standard Oil Develo|> 

ment (*o.; Bnt. Chem. Abs. B. 1935. 1128 ('anadian P. 346,906. 19t4, Chrm Abs. 1935. 29, 2735 
M. .Stratford, V. S. P, 2.024.117, Dec. 10. 1935; J. Inst Pet I n h . 1936. 22. 101 A. 

•*** French P. 787,470. 787.471 and 787,472. 19J5. ;o Soc. d’eti»de*i et leali^lion dite Kreal; Chem 
Abs.. 1936. 30. 1212 See al^i F. R. Moser. V. S. P. 2.055.416. Sept. 22. 1936. tu Shell Develop 
meni Co.; Chem. Abs.. 1936. 30. 7815. 

C. Ellis. I’. S. P. 2.068.850, Jan, 26. 1937, to Standard Oil Development Co. Cf. also (i. 
Stern ami W'. Hoesn, (ierman P. 633.346, 1936, to I. <i. Farbenind. A. <i ; t hem. Abs.. 1936, 30, 
78.35. 

L. P. Cheltotar. .S. P. 2.036.396. Apr. 7. 1916. to Texas Co.; Cht'm. Abs., 1936, 30, 3626; 
J. I met. Pet Tech.. 1936. 22. 266A. 

^ S. Fachini and F. Sjwer. Proe. World Petr. Conor., 193.1, 2, 458; J. Inst. Pet. Tech., 1934. 

20, 247A. Petroleum 7... 1935, 31, 2.1; Motorenbetneh. 1935, 8 (6), 4; J. Inst. Pet. Tech ’ i93$, 

21, 300A. 

***Tlic relation between artificial aging and actual service ha.s been investigated by T. Salomon. 
Ckim. et ind., 1013. June Special No., 562; Chem. Abs., 1933, 27. 5953. He atao studied the ^ect 
of refintsig on stability. See also N. 1. ('‘hernoahukov and A. M. Outaait {Reids. I.nhricatina Oil 
Comm. V.S.S.R.. 1933. 3. 1; Chem. Abs.. 1934. 28, 4582; Bnt. Chem. Abs. B. 1935, 8) and S J M 
Auld (OB Gae J., 1935. 34 (40). 45; Chem. Abs., 1936. 30, 3213; J.S.C.I., 1936. 55. 1014: J. Inst. 
Pet. Tech., 1937, 23, 72A) for the advanta|[e» of reOninjg. 

■•S. Facbim and F. Sporer, Giotn. chtm. ind o^pheata, 193.1, 15. 55,1; Chem. Abs., 1934,. 2$, 


D. P. Barnard, E. R. Barnard. T, H. Rrifera. B. H. Shoemaker and R. E. Wilkin. S.A.R. 
Jonrmoi. 1934, 34, 167. I81T: Chem. Abs.. 1934, III. 4584; J. Inst. Pet. Tech., 19.14. 20. 524 

**W. A. Gruic. Proc. World Petr. Congr.. 1933. 2. 441; J. Inst. Pet. Tech., 1934. 20, 246A. 
Oil Cos J., 1933, 32 (27). 15; Chem Abs., 1934, 2i. 1166. 
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3. Rapid cracking of these products (and any originally present in the oil) and 
of unvolatilized oil on the surfaces of the combustion chaml^r. 

Because of these three possible sources of carbon, tliere are three types of test 
which may be used in evaluating the tendency of a fuel to carbonize. These are 
oxidation, distillation and coking tests. Gruse believed that none of these was 
wholly satisfactory because oxidation tests had not established any significance for 
ordinary service, distillation tests did not take into account dissolved resins and 
coking tests did not allow for the presence of substances of excessively high boil¬ 
ing point.*^ Bassett**^ has suggested that coking may be ameliorated by proper 
choice of fuel and lubricant, filtration of air supply and the addition of an anti¬ 
oxidant to the lubricant. 

Evers and Schmidt**® have proposed that the aging of oils be carried out by 
an oxidation process. The ratio of actual increase to calculated increase in 
saponification number (the latter based on the amount of oxygen absorbed) is 
about 1:3 for oils. This is said to show the formation of oxygen compounds other 
than acids or esters. These investigators proposed that the rate of absorption of 
oxygen by an oil be determined under specified conditions and be used as an index 
of the oxidizability of the oil. They recommended -absorbing the oil on silica gel 
impregnated with cupric oxide and oxidizing it with pure oxygen at 100®C. and 
atmospheric pressure. The rate of absorption was followed by measuring the 
current necessary to form enough oxygen by electrolysis so that the pressure in 
the reaction chamber remained constant. The whole operation is carried out in a 
specially designed apparatus and is reported to be quick and accurate, and the 
results arc said to be reproducible. 

Using the method of Evers and Schmidt, Lcdcrer*®® has studied the rate of 
oxidation of hydrocarbons, alcohols, phenols, aldehydes, fatty acids and benzene. 
He found that there was evidence of peroxide formation in the oxidation of cora- 
fiounds containing not less than two double bonds and an active group such as 
hydroxyl or carboxyl. He reported that the “oxidation number”*®^ is generally 
.sufficient to give insight into the oxidation characteristics of lubricating and trans¬ 
former oils. Chernozhukov*®® investigated the oxidizability of several Russian 
and other lubricating oils. He employed the Butkov*®* method for the oxidation 
at 150®C. and IS atmospheres of oxygen. 

Evans studied the oxidation of lubricating oils by heating in a sealed glass 
tube, rotated so that a new film of oil would always be exposed.*®® He stated that 
at certain temperatures the oil molecule is broken down into substances which 
tend to cause sticking of the piston-rings and carbonization.*®' The oxidation- 
stability of oil for use in aeroplane engines was found to be of greater importance 
than its oiliness. Oxidation was catalyzed by various metallic substances. The 

** In thU connection, mc J. Fornunck. Auttmu^Uchm. Z., 1934, S7, 398; Brenusto^-Cktm,, 1934, 
IS. 433; Chem. Abi.. 1935. 29, 9IS. CAcm. Ohwor,. 1933, t, 169, 189; CScm. Abs., 1934, It, 4892. 

H. N. & OH Power. 1934, 29 (344). 138; 7. Irut. Pet, Tech., 1934. 29, 429A. 

F. Evert and R. Schmidt, Proc. Worid Petr. Conffr., 1933, 2. 444; Brit. Ckem. Abs. B. 1934. 
742; J. Imit. Pet. Trek.. 1934, 20. 315A. 

■•R. L. Uderer, Petroleum Z., 1935, 31 (44). 1; Ckem. Abt., 1936. 30. 2734. 

See F. Evert and R. Schmidt, loc. cit. 

N. I. (lmriioahulu>v, Repts. Lubriemtima OH Comm. V.S.S.R,, 1933, 3, 23; Ckem. Abe., 1934, 
20, 4582; Brit. Ckem. Abe. B, I93.S. 8. For the luhricatinc-oil fractions from aeverml Ruaaian oila. 
tee alto A. S. Velikovakii and A. V. Vaairrva. Neft. Kkoe., 1935, 29 (9), 62; Foreign PetroUmm 
Toeh., 1936. 4. 209; Ckem, Abt.. 1936. 30, 8590. 

^ For the methodt of N. A. Butkov. tee (^rleton Elltt, **The Oeroitlry of Fetroleitoi Derivativet.** 
The Chemical Catalof Co.. New York. 1934. 

*»R, A. Kvant. Proc. IForfd Petr. Coufir., 1933. 2, 460; J. Inti. Pet. Tech., 1934. 20. 8SA; 
Brit. Ckem. Abt. B, 1934. 997. 

■*Cy. alto the work of T. Sakmion, Ann. combmetiblet tiqdidee, 1930. 3, 831; Ckem. Abe., 1931, 

II. 4393. 



932 


CHEMISTRY OF PETROLEUM DERIVATIVES 


composition of the sediment is the same whether formed in laboratory or in an 
engine, but a highly oxidized form is found in the hotter portions of the motor 

Garner and his co-workers^*^ have studied the influence of various factors, 
such as contaminations and temperature variations, on the results obtained in the 
British Air Ministry test. This test consists of the passage of 15 liters of air an 
hour through a 40 cc. sample of oil maintained at 200®C. for 2 periods of 6 hours 
each on consecutive days. After this treatment, the stability of the oil is deter¬ 
mined by the changes produced in the coke number and the viscosity. Auld'-^®^ has 
suggested that the test may be made a little more discriniinating by raising the 
temperature to 250®C. Comparison of the British test with that of the French 
Air Ministry has shown similarity of results with these two methods.^®**^ Although 
the absolute values of six various types of oils differed with the test employed, 
there w'as the same order of classification in each case. The fact that the British 
and French tests employ different methods (the former carried out at 2(X)®C. with¬ 
out a catalyst and the latter at 140°C. with a catalyst), and yet classify lubricating 
oils in the same order, was taken to confirm the view that deterioration takes place 
by oxidation and polymerization and that a catalyst such as copper accelerates but 
does not change the nature of the reaction. 

Heating lubricating oils at 130®C. for 50 hours in the presence of air and 
of copper has been suggested as an aging test by Dackweiler.*-^*^^ The results 
parallel those for the measurement of ether-insoluble asphalts. Chernozhukov 
and Krein-®^ have studied the oxidation of lubricating oils containing naphthenes 
and aryl and hydroaryl hydrocarbons. They found that a lubricating oil composed 
of naphthenes and 15 to 20 per cent aromatic hydrocarbons increased in acidity on 
oxidation but formed no precipitate. The course of the reaction followed was 
that which it would have taken in the absence of naphthenes. However, in the 
presence of 10 per cent or less of aromatics, the oxidation followed the course for 
straight naphthenes. They also observed that if there was 5 pvr cent of hydroaryl 
hydrocarbons in a naphthenic oil, a precipitate was formed on oxidation which con¬ 
sisted of hydroxy-acids, asphaltenes and carbenes. .\t higher concentrations the 
hydroxy-acids are the predominant products. The asphaltenes were thought to 
originate from the aralkyl hydrocarbons, such as diphenylmethane and its homo- 
logues, which may occur in the oil. 

In Diesel engines, aging of lubricating oils is said to consist in an oxidation 
which takes place on the cylinder walls, resulting in the formation of asphaltic 
products. The latter are insoluble in the oil but soluble in chloroform.*^®^* Further 
aging leads to products insoluble even in chloroform. 

Dornte and Ferguson^^^ investigated the oxiflation of oils whose oxidation is 
unaffectefl by the non-volatile prrxlucts formed. They showed that the total oxygen 
absorbed was a linear function of the time at constant oxygen pressure and constant 
temperature. Water and carbon dioxide, with some carlnm monoxide, were the 
only products of oxidation. The absence of peroxides was l)elicved to lx? charac¬ 
teristic of this type of reaction. The catalytic p<iwcrs of copper, iron, lead and tin 

*"■/. Damian, Compt. r§nd. Congr. Craiisagr, 1931, 2H6: Brit. Ckem, Abi. B, 19J1, J7ft; Chem. 
Zenir., 19J2. 2. 2571. 

F. H. Garner, C. I. Kelly and J. L. Taylor, Broc. World Prtr. Congr., 2, 44$: Bnt. 

CMrm. Abs. B, I9J4, 997. 

»«S. J. M. Auld, /. tnsi. Pet. Tech., 19.16, 22. 57; Brit. Ckem. Abi. B. 1936, 30«. 

*** J. Damian and R. Jeannin. 15me Congr. chim. ind. (Bruxetlr*, Sept. 1935). 1936, 492; Chem. 
Abs.. 1936. JO. 5776. 

H. Dackweiler, Bull. sac. beige elec., 1933. 49. 550; Chrm. Abs.. 1934. 29. 4892. 

K. I. Cbemoxhukov and S. F.. Krein, /. Appl. Chem. Hums. 1935, 9, 251 ; Brit. Chem. Abs. 
B. 1935, 711. 

•’•A. Acker and F. Rengade. Ann. combuthbles liquides. 1936, It. 945; Chem. Abs.. 1937. 31. 
1199. 

R. W. Dornte and C. V. Ferguaun. Ind. ting. Chem., 1936. 28. 863; /. Inst. Pet. Tech., 1V36, 



AUTOXIDATION OF PETROLEUM DISTILLATES 


933 


were studied. Copper had a rather pronounced effect, while the others exerted little 
if any influence. The metal to oil ratio and partial pressure of the oxygen affected 
the catalytic power, especially of copper. Similar work subsequently was under¬ 
taken with that type of lubricating oil whose rate of oxygen absorption continuously 
decreases, probably due to a decreasing concentration of the reacting components 
of the oil.-®** From the oxygen absorption data, an empirical equation was 
obtained: 


V* - kt 

where V » total volume of oxygen absorbed in cc. at standard conditions per 100 grams 
of oil, 

t * time in hours, 

and k « rate constant obtained by plotting against /. 


This equation indicates that the reaction probably was retarded by the oxidation 
products. However, the rate of reaction varied linearly with the partial pressure 
of the oxygen. In addition to the oxidation products of the first type of oil,^^^ acids 
were detected and similar catalytic effects of metals were noted. Below 250®C. tin 
and some of its compounds act as antioxidants for lubricating oils.^^^ The extent 
of this effect depends upon the specific compound, the type of oil, concentration in 
the oil and other conditions of the test. Soluble fatty acid salts, naphthenates, 
phenolates and such organo-metallic derivatives as tin tetraphenyl were found to be 
oxidation inhibitors. It was suggested that the tin compounds might have reacted 
with an auto-catalyst formed during oxidation. Tin tetraethyl and tin ricinoleatc 
may be used in amounts up to 1 per cent.^^^ 

X'arious investigators have suggested tests to ascertain the stability of oils to 
oxidation.Guthrie and co-workers-*^ have pr()j)osed a “stability number*’ 
which is said to be useful in conjunction with results obtained in service. The 
procedure is to oxidize 150 cc. of oil for 5 hours at 388.8°F. by passing 2.2 liters 
of oxygen through it per hour. The changes produced in kinematic viscosit>', 
carlxm residue, precipitation number and neutralization number are determined. 
The “stability number*' is then* one-fourth of the sum of 4 times the change in 
viscosity, plus 100 times the change in carlxm residue and 1(X) times the changes 
in Ixjth the precipitation numlx*r and neutralization numlxr. 

Rogers and Shoemaker-^^ have descrilKxl the widely used Indiana Oxidation 
test. This is carried out in oil test tulxs, 40 to 44 mm. inside diameter and 450 to 
500 mm. in length, and placed in an oil bath heated to approximately 342°F. The 
apparatus is shown in Fig. 20*^ The temfxralure can be reguUted closely by 
means of electric heating units. .*\ir is blown through the oil samples at a prede¬ 
termined rale. M intervals samples are taken and asphalts determined by pre¬ 
cipitation with naf>htha. The times re<|uired b^r the formation of 10 and 100 mg. 
f)f asphaltene ikt 10 g. of oil are determined as inde.xes of the oxidizability of the 
oil. Details of the j)rcKedurc arc: 


i'ill the oil tube to a depth of cm. (approximately 300 cc. of oil). Place the 
tube in the bath, the level of which muvt be at least 5 cm. above that of the test oil. 
The oil bath must be up to temperature and so maintained that the temperature of the 


R. W. Dornte, C. V. KrrgujMW und C. P. Ind. Eng. Cfcrm , PJ36, 28, 1542; Ckcm. 

Abi., 19,16. SO. HS91; / Inst. Ptt Ttch., 1957. 2S. 29A. 

^ R, W. Dornfr and ('. V. Kergujion. loc. nf. 

»’• K. W. j, Mardle*. Chtm. TraAr J.. 19.54. 95. 256; /. Inst. Pet. Tech., 1955, 21. 6lA, 

^ P, C. Barl>u»a. Ktt". chtm. iW. (Rio de Janeiro). 1955, 404; Chem. Abs., 1956. SO. 1217. 

^ For a di^cuanton of oxidation tcMn the reader niay consult Carleton Elli>. '‘The Clieinistry of 
Petroleum Ilerivativex,” The Chemical Catalog Co.. New York. 19S4. A1m> E. P. Redgrove, Petroicum 
Times, I9J4, S2. 583; Chem. Abs , 1935. 29. 4565. (7 Britinh P. 421,226. 1934, to “Yacco*' S.A F.; 

Brt#. Chem. Abs. B. 1935. 136, J. Inst Pet Tech , 1955, 21. lOOA. 

B. Cktithrie. R. niggin> and 1). Morgan. .Vo#. Pet. .Vrtex. 1954. 26 (52). 22; 26 (55). 22; /. 
Imst. Pet. Teek., 1954, 20, 568A. ^ 

T H Rogerji and B. H Sh«»em.iker. fnti hna. Chem. Ann!. Edt.. 19.14, 6. 419; Brtt. Chem. 
Abs. B. 19.14. 54; Chem. Ah*.. 19.tC 29. 12.16 
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lest oil is 341 ± 0.5®F. The air delivery tube is placed so that the end is within 6 mm. 
of the bottom of the oil tube. One-half hour after placing the oil in the bath, start the 
air at a rate of 10 ± 1 liters per hour (as measured under laboratory conditions). The 
start of the test |>eri<Kl is the time t»f starting the air. 

“For determination of the sludge values withdraw a 25-ec. sample of the test oil 
in a pipet. Weigh 10 grams (± O.l g.) of this jwrtion immediately into a 3(X)-cc. 

Erlenmeycr flask, and dilute with 100 cc. of A.S.T.M. precipitation naphtha.”* The 

naphtha used must, by comparative test on a sample of oxidized oil, give within 25 per 

cent of the sludge value obtained with a reference sample of A.S.T.M. precipitation 

naphtha. Stopper the flask and allow the .solution to stand for 3 to 3.5 hours at room 
temperature (70 to 85®F., 21 1 to 20,4®C.). 




Fn;. 209. 

Drawing ui Ai>i)aratns for Indiana Oxida¬ 
tion 7>st. ( I* H. R(*giTs and H H. Shoe¬ 

maker ) 


(onr/cjy InHuttrml nud /; 


“Prepare a Gooch type crucible (approximately 35 mm. in diameter) with a mat of 
0.5 to 0.65 g. of medium asbestos fiber. During prejiaralion of the mat, press it d^wn 
before adding the last portion. Dry the crucible at approximately .MX)®F. (148.9*C.) for 

at least 2 hours in an oven and weigh. F'ilter the .sample, wash with precipitation naphtha, 
heat at approximately 300*F. for 0.5 hour and weigh. Express the sludge as milligramt 
per 10 g. of oil.“ 

“Samples for sludge determinations may lx‘ taken every 24 hours before sludging 
begins. Take at least three samples giving sludge values between 5 and 125 mg., in¬ 
cluding one between 5 and 20 and one between 50 and 125. A plot of these values vs. 
time on log paper is then used to determine the sludging time and the 100 mg. time. 
For tests made at barometric pressures differing by nmre than 5 per cent from 1 
atmosphere, correct these times to normal barometric pressure by multiplying the ob¬ 
served time by the ratio of the barometric pressure during the test to 760. 

“For determination of viscosity increase, samples of approximatel^r 75 cc. are with¬ 
drawn every 50 hours and used to run Saybolt viscosity. This oil is then replaced in 
the test tube.“ 

This test is said to he reprorlucihle within 10 per cent by different operators. 

^ S0C. TrtUma Matrrinh, .Section 6 (*), Mrtborf 1)91-3.1, A.S.T.M. Stnn4afdi> Part 11, tSS|. 
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Fairlic-^^ has designed an apparatus in which oil may be aged to give results 
comparable to actual use in a motor. The apparatus consists of a sump from 
which oil is pumped into a header-tank. From this it flows to an aerator and then 
through a heating coil 40 feet long. It passes from the heater to a cooler in which 
the cooling water runs at a rather high temperature (at boiling if room temperature 
is above 80®F.). The essential conditions are: 4 liters of oil in sump, 220®F. sump 
temperature, 300 ml. per hour flow through heater and a heater outlet temperature 
of 425®F. Tests are run for 150 hours, samples being taken at the end of 50, 100 
and 125 hours and inspected for the proportion of sediment or sludge formed. 

The experimental study of the oxidation of lubricating and heavier oils has 
shown, according to Obenaus,®^® that reliance upon the results of only one test, such 
as carbon residue, acid numl)er or viscosity, may give erroneous conclusions as to 
the aging properties of the sample. According to Nikiforov and his collaborators, 
oxidation of motor oils by various methods showed that the main change was crack¬ 
ing due to the action of metals at high temperatures on the oil.^^® 

By treating transformer oil sludge with dilute aqueous nitric acid and ether, 
Boisselet and MouratofT-^ found that the oxidation products included acids and 
metallic soaps. Extraction of either used or aged motor oil with sodium hydroxide 
has given various oxy-acids.-*^* The extraction of an alkali-treated oil with 
gasoline removes resinous material-^- and hence influences the tar number as de¬ 
termined by the Kissling test.®^-* 

Water vapor has so pronounced an influence on asphalt formation that even 
the humidity of the lalxiratory may affect the amount precipitated from aged 
mineral oils by l)enzine.-’*^ Organic substances, such as acetone and alcohol, also 
increase the amount of precipitate, ('onsequently precipitations should be carried 
out in tight containers where contaminants can not be introduced, and the solutions 
should settle in the dark. W eiss and Wllinger®^^ have studied the oxidation of 
oil and fouml that increased water vapor decreased the amount of deposit and 
increased the volatile acids formed as shown in F'ig. 210. They considered that 
the study of several profxTties, such as sludge formation, fi.xed and volatile acidity, 
interfacial tension, and color during artificial aging of any class of oil, showed 
more in regard to the properties of that oil than the volume of oxygen absorbed. 

Investigations have shown that oiliness decreases quite rapidly by oxidation at 
75®Substances such as /^-naphthol act as inhibitors for the reaction and 
simultaneously improve the lubricating properties of the oil to a certain extent. 
King-”^ has investigated the behavior of oils under relatively high temperatures 
(2(X) to v^(K)®C.) and foumi that oils which normally maintain a film up to 160°C. 


M. Fairlir, 0%l (laj J. n-J-Vv 53 <45). 5S; J. Inst. Pet Tech.. 19^5, 21. 255A; Chem. Jhs . 
lyJ.S. 29. 4560. 

*** \V. OKrnauA. .‘Iufjerr ( hem . 48, Chrm Abs. B, 1955. 1052. 

^ U. Nikiforov, .M. Vorrnko. S. Beider. N. I>. liramenitikii. M. M. Kainger, V. P. Nikol'skaya. 
I Ix. Ignalov^kaya and E. .\ \'la«»\a. Xeft. Kho 2 .. 1954, 26 (4). 44; them. Abs.. 1954, 26, 749<>; 
iJril. Chem. Abs. B. 1955, 592 

L. Botsielct and C. MourattifT. Ann ctfmb. hqmtdcs. 1954, 19, 69; Chem. Abs,, 1954, 28. 5S8I; 
;. /msf. Pet Tech., 1954. 20. 515A 

H. Muller, and W. Muller. Petny/enm 1954. SO. (45) ; Monian. RUschei%. 1954. 26, No. 

25, 5; Motffrenhetrieb, 1954, 7. 5; Chem. Abs,, 1955, 29, 2722; Brtt. Che-m. Abs. B, 1955, 8; J. 
/HSt. Pet Tech,, 1955, 21. 17A. 

K. Weisaelberg, Petrolettm Z., 1954. 30, No. 4. 5; (kew. Abs., 1954, 28, 5881; J. Imst. Pet. 
Tech,, 1954, 20. 165.\; Bnt. Chem. Abs. B, 1954, .108. 

••Carleton Ellis. “The Chemistry of Petroleum Ilerivativea.” The Chemical Catalog Co.. New 

■“A. MailUrd and M. A. Acker, Cenpr. Chim, ihd. Paris. Oct.. 1954; Aun. comb, tiijuidcs, 

I95S. 10. 465; Chem. Abs., 1955, 29. 6749' /. Inst. Pet, Tech., 1955. 21. 574A. 

•»H. Weiaa and E. Vellinger. Proc, World Petr. Comgr., 1955, 2, 425; J. Inst. Pet. Tech,, 1954, 
20, 515A; Bnt. Chem. Abs. B, 1954. 742. 

F. H. Rhodes and A. W. I.ewi«. Ivd. Enfi. Chem,, 1954. 26. lOll. 

■"R. O. King. /. Inst. Pet, Tech.. 19.U, 20. 97; Chem. Abs., 1954. 28, 5,>72; Brit. Chem. Abs. 
B. 1954, 509; J. Inst, Pet. Tech., 1954, 20. 260.\. For details and a discussion of the results, the 
F8p«r ahotiid be consulted. 
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could lubricate up to 300®C. because of what he termed “oxidation lubrication.” 
This was observed, for example, in the case of a blend of 40 per cent “bright 
stock“ and 30 j)er cent each of a paraffin and asphaltic base distillate. 

Oxidation of White Oils 

The oxidation of white oils is a rather special example of the oxidation of lubri¬ 
cating oils which are preparetl by drastic refining. Dornte-**^ reported that the 
oxidation of white oil is an autocatalytic process involving a chain mechanism. He 
deduced an empirical equation to represent the results of his experiment: 

l'' -kt + n 

in which F is the volume of oxygen absorljed in cubic centimeters reduced to 
standard conditions per 100 g. of oil. k is the constant which characterizes the 
rate of oxidation reaction, t is the time in hours and n is considered a function of 



• Deposit 
A \ olatjle acids 


Fig. 210.—Influence of Air Humidity on Oxidation Products from Tv^o Oils. (H. Weiss 

and E. Vellingcr > 


inhibition due to natural inhibitors present. It is negative when an inhibitor such 
as phenyl-a-naphthylamine has l)een added. Experiments were conducted by the 
absorption of oxygen at IIS to 145®C. 

The oxidation of synthetic mixtures of naphthenic hydrcKarbons (pure me<licinal 
white oils) and aromatic hydrocarbons by the metho<l of Butkov*** has shown that 
aromatic compounds in general are more readily oxidized than naphthenic hydro¬ 
carbons, although the latter seem to induce the reaction.'*”^ The antioxidant prop¬ 
erties of aromatic substances arc improved by the presence of a trivalent carbon 
or an increase in the number of rings. Inhibitors of the oxidation of naphthenes 
are phenols, quinones and resins of aromatic origin, although they affect the ap- 

R. W. Dorme, tnd. Eng. Chgm., 19J6, 2t, 26; Bril. Chtm. Ahi. B. 19J6. S07: CMrm Ahi. 
I9J6. SO. 1215. 

«»N. A. Bttikov, 1927. II, 332; Ckgm. Abt., 1928, 22, 2458. 

••N. I. Cbemothttkov and S. F.. Krtin, Neft. Khct., 1933, 25, 35, 102; Ckim. Abt., 1934, 
28, 621. 
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pearance of the oils.*®^ On the other hand, aldehydes, ketones, acids, hydroxy 
acids and phenol acids reduce their stability. 

Yamada^®^ has observed that a greater proportion of acidic substances is 
formed in the oxidation of white oil in the absence of dehydrating agents, such as 
phosphorus pentoxide or potassium hydroxide, than in their presence. This is 
analogous to the results reported by Weiss and Vellinger-®^ on the action of water. 
Alcohols were found to be primary oxidation products although they were not 
active centers for subsequent oxidation. 

The stabilization of white oils is effected in the same way as in the case of 
other petroleum products, viz., by the addition of antioxidants. Alkene diamines 
of the types H 2 N-CHR-CHR'-NH 2 and (CH 2 )b(NH 2)2 or their derivatives,^®^ 
oil soluble mercaptans containing more than 7 carbon atoms,^®^ and aromatic mer- 
captans or disulphides or the corresponding selenium or tellurium compounds^ 
are useful as antioxidants for refined petroleum oils. Archibald^®^ has noted that 
refining of mineral oil to give a product to conform to the U. S. Pharmacopoeia 
removes some substances which are antioxidants. He has suggested ether-extrac¬ 
tion of the clay used in filtering the oil, distilling off the solvent and adding small 
amounts (0.02 to 1.0 per cent) of the residual oil to the final product to protect 
the latter against oxidation. The methyl alcohol-extract of spindle oil may be 
blended with a highly refined white oil to give an insulating oil.^®® 

OxiD.MioN Inhibitors for Lubric.\ting Oils 

The formation of sludge by the autoxidation of lubricating oils has been inves¬ 
tigated by Tanaka, Kobayashi and Furihata.^®® They reported that substances 
which acted as antioxidants under certain conditions might be pro-oxidants in oils 
with other characteristics. They proposed an explanation based on the formation 
of a peroxide of the autoxidizable substance, A, which can react with the added 
substance, H : 

Ki 

A (), B BO, + .4 

fCt 

where Ky and are the reaction-velocity constants in the directions indicated. 
The higher the ratio of Ky to A'm, the more effective B is as an antioxidant 

The autoxidation of lubricating oils in storage may be hindered , by methods 
similar to those used fi)r ga.solincs and white oils. White lubricating oils may be 
blended with pale lubricating oils to stabilize the latter*^^ against sludge forma¬ 
tion. Shoemaker^®* has suggested the addition of an oil-soluble amide such as 
dibutyl sodamide. The naphthenates of various metals, such as manganese, lead, 

•** N. 1. t hrrnoihukov and S K. Krrin, .Vr/f. Khos^., 1935. 28 (3), 59; Foreign Petroleum Tech., 
1935. 3. 577; Chem. Abs . 19.36. 30. 2.356. 

T. Yanuda, /. Soc. Chem. Ind. Jaf'on, 1931. 34. Suppl. binding. 493; 1932, 3S, Suppl. binding, 
202. 467; Chem. Abs., 1932, 26, 3366. 4703; 1933. 27. 1493. 

•• H. Wdta and E. Vcllingcr, loc ctf. 

Voorheet, CanadUn P. 351.723. 1935, to Standard Oil Co. of Ind.; Chem. Abs., 1935, 29. 

6751. 

R, G. Sloane, U. S. P. 1,966,050, to Standard Oil Development Co.; Bris. Chem. Abs. B. 
1935, 485; Chrm. Abs., 1934, 28. 5653. 

•• R. G. Sloane. t'anadian P 356.175. 1936. to Standard Oil Development Co.; Chem. Abs., 1936, 

SO, 2749. 

F. M. Archibald. C. S. IV 2.035.418, Mar. 24. 1936, to Standard Oil Development Co.; Chem 
Abs., 1936. 30, 3168; J. Inst Pet. Tech , 19.36. 22, 216A. 

•»K, Typke. lird&I n. Teer, 1933, 9. 29, Chem. Zentr . 1933, 1. 2202; Chem. Abs., 1934, 28, 5651. 

••Y. Tanaka, R. Kolmyanhi and M. Kurihata. /. Sot'. Chem. Ind. 1935, 38, smppl. binding, 

417: Chem. Abs., 1935, 29. 8301; Brit. Chem. Abs. B. 1935, 1032 

^A K. Becker and W. S. Davm, V. S. P. 1,966.111. July 10, 1934. to Standard Oil Develop* 
ment Co.; Chem. Abs . 1934. 28. 5658; J. Inst Pet Tecb . 1934. 20. 540A. 

B. H. SHormaker. IV S. P. 2.012.918, Aug. 27, 1935. to Standard Oil Co. of Ind.; Chem. Abs,, 
191$, H. 7064. 
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zinc, copper, aluminum, cobalt or calcium, are stabilizers for lubricating and trans¬ 
former oils.*®* Tin compounds, such as tin oleate and tin tetraphenyl, are re¬ 
ported to inhibit the deterioration of oils,*®* whereas compounds of copper, iron, 
silver, vanadium and manganese are said to accelerate the rate of deterioration. 
Compounds of gold, mercury, chromium, cerium, bismuth and antimony have little 
influence. Tin compounds may be added with lead compounds, the latter intended 
to raise the spontaneous ignition temperature.*®'* Chromium oleate is reported to 
inhibit oxidation and minimize the corrosion of metal surfaces.*®® Organic com¬ 
pounds of tin or lead may be added together with an oil-soluble organic compound 
of chromium.*®* Organic derivatives of elements of Groups II, III or V of the 
Periodic Table may be added to lubricating oils.*®^ Examples are trinaphthyl-a- 
propyl bismuthine, cadmium dicresyl, triphenyl bismuth and di-tolyl mercury. They 
are said to be effective at 200-250®C. Aromatic disulphides and mercaptans and 
the corresponding selenium and tellurium compounds are reported to l)e inhibitors 
in oils, other than white oils, which have a high rate of oxidation.*®* Hydroxy- 
and amino-diaryl ethers or sulphides have been suggested as antioxidants.*®® 

The mechanism of the oxidation of transformer oils is very similar to that for 
lubricating oils.**® V>llinger and Miiller*** have investigated the oxidation of 
mineral oils by atmospheric oxygen at temperatures between KX) and 150°C. In 
the accompanying graphs, Fig. 211, the effect of addition of copper stearate in 
amounts of 2 to 25 mg, to 100 cc. of oil is shown. 

In experiments in which copper stearate was added directly to the oil, curves 
such as A were obtained. Curve Ai represents a mixture containing 25 mg. 
copper stearate per 100 cc. of oil, Ao containing 10 mg., A 2 5 mg., and A 4 2 mg. 
However, it will be noticed that in curve B the initial period (from its origin to 
point T) influences the rate of asphalt formation. During this perio<l copper was 
being dissolved from small, polished copper cul)es placed in the oil. After the 
time T, even removing the cubes entirely had no effect l)ecause they had become 
inactivated by adsorption of some substance present in the oil and did not dissolve 
any further. VV'hen the oil was initially acid either from an added organic acid 
or from heating in the absence of a metal, copper dissolved very readily and a 
curve such as C was obtained. 

From these results V'ellinger and Muller concluded that the rale of formation 
of sludge in a transformer oil depends upon the amount of dissolved copper. The 
area of copper exposed to the oil had an influence on the amount of asphalt forme<l 
(Curve D) because of the greater amount of copper dissolved from a large sur- 


»*C. K. Parker, I’. S. P. 2.001.108. May 14, 1935, to Standard Oil Co. of Calif.; Ckem Abs . 
1935. 29. 4570: Bnl. Ckem. Abs. B, 1936. 630. 

•• E. W. /. Mardle*. Tech, Pttb. Intern. Tin Research and Peivloffment Council C 1934. No 2; 
Ckem. Abs., 1935, 29, 3504; Brit. Ckem. Abs. B, 1934, 997 Cf. alio H Suida and P. Franchetti, 
Petroleum Z., 1935, 31, No. 49; Motorenbetrieb u. Maschinen-Schmierung, 1935, t. No. 12. 2; Ckem 
Abs., 1936, 30, 3213; J. Inst Pet. Tech., 1936. 22. 56A. 

•“W. Helmore ai»d E. W. T. Mardlea, British P. .198.222, 1933; Ckem. Abs., 1933, 27. 1525. 
••A. A. Griffith and W. Helmore, British P. 423.441, 1935; ]. Inst. Pet. Tech., 1935, 21. 175A; 
Brit. Ckem. Abs. B, 1935, 346. 

••British P. 431.066. 1933. to C. C. W’akefield & C'o. I.td.; Brit. Ckem, Abs. B. 1935, 760. 
Austrian P. 141.869. 1933; /. Inst. Pet. Tech.. 1935, 21. 312A. 


••British P. 433.257. 1935, to Standard Oil Development ('o.; Brit. Ckem. Abs. B, 1935, 937: 

/. Inst. Pet. Tech., 1935, 21. 423A. Frerwh P. 789,595, 1935; Ckem. Abs.. 1936. JO, 1992. 

••British P, 425.569. 1935, to Standard Oil Development Co.; Brit. Ckem. Abs. B. 1935, 441* 

Chem. Abs., 1935, 29. 5650. ’ ’ 

••British P. 442,161, 1934, to Standard Oil Development Co.; Ckem. Abs.. 1935, 29, 3822* 
Brit. Ckem. Abs. B, 1936. 439. Cf. also R. Rosen, Canadian P. 356,177. 1936, to Standard Oil 
D^elopment Co.; Ckem. Abs., 19.16. JO. 2748. 

••A of the oxidation of crude oils has shown that certain changes may be expected: 1 For- 
nuit^ of COt; 2. Formatioa of asphaltic and gummy substances; 3. Increase in acidity: 4. Unchanged 

surface tension: 5, Decrease in inter facial tension. S. S. Taylor and H. M. Smith. Bar, Mines 

Kept- ^ InvesHgotions, 1934, J2Jf. 

. Vdlinger and G. MOIler. Compt. rend., 1934, 19S, 2252; Ckem. Abs., 1934. 28* $643. See 

H. ^hwarr, Petroleum Z., 1935, Jl, 7. Cf. G. Mofler, Compt. rend.. 1935, 209. 1769; BriC 
Ckem. Abs. B, 1935, 709. MOIler has studied the oxidation of transformer oil on prolonged heating 
He found no relation between the volume of oxygen absorbed and the formation of deposit. 
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face. Curve E shows the effect of copper stearate on the reaction velocity of the 
oxidation. 

Gemant^^^ has measured the absorption of air by mineral oil at 20 and 80®C. 
He concluded from his data that the absorption is not purely physical but is accom¬ 
panied by a reversible oxidation. It has been observed that the oxidation of trans¬ 
former oil is a monomolecular reaction in which the reaction constants and energy 



Couftcsy Imf'rimmc itaiitlnrr I’lHarj 

Fig. 211.—Kffcct of Coi)i>er Stearate on Rate of Asphalt Formation in Air Oxidation of 
Mineral Oils. (K. \>llinger and Ci. Muller) 


of activation vary l)ccause of the presence of different hydrocarbons.^*^ It was 
also rcfKirted that activation energy increased with the time of oxidation because 
of the disappearance of readily oxidizahle material and not because of autocatalysis. 
Oxidation of over-refined oils gave prixlucts which remained in solution, although 
the reverse iKCurred with under-reftned oils. 

Thin films of tin, lead and copfK'r have a catalytic effect on the formation of 
sludge in insulating oils, which increasi's in the order named. The effect of tin. 
however, is slight, and it may even !k‘ an anfi-oxidant.^*^ Copper catalyzes the 

•‘•A. (lemanl. 7'raHjt I'araJay .S\v.. 32, (W4; J. Inst. /Vf. Tech., 1936, 22, 2S2A; Brit. 

Chem. Ahs. B, 19.U», 43.S; Chem. Ahs., 19.16, SO, 4656. Trans. Faraday Soc.. 1936, 32, 1628; Ckem. 
Abs , 1937. 31. H42. 

S. OrnMcin. C. Jaiuscn. Sr.. KriigMnan and D. Th. J. ter Horst. Phystca. 1935. 2, 201; 
/. Arch. FJektmt.. 1930, 25, 567; 1933. 27, 489; Chem. Abs., 1935. 29. 7060; Brit. Chem. Abs. B, 
1935. 484. 

P. J Harinahuitrn and l>. A. Was. Proc. K. Akad. ITeteusch. Amsterdam, 1935. .3f, 1002; 
Brit Chem Abs B, 1936, 134; J. Inst. Pet. Tech., 1936. 22. 102A. 
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oxidation of naphthenes to asphaltogens more readily than iron, although the 
activity is reversed in the oxidation of aromatic hydrocarbons to phenols.*^* 
Kurlin and Blinova,**® among others, have observed that severe refining decreases 
the stability of oils. Over-refined oils have been used in transformers in order 
that the inert gas formed by their decomposition may remain above the oil and 
reduce explosion hazards.**** Contrary to beliefs once held, the addition of fresh 
oil to a transformer does not increase the rate of sludge formation unless, in some 
cases, the original oil was of inferior quality or excessively aged.*** 

The effect of circuit-breaking and high temperatures on a transformer oil has 
been studied **® and it was found that the amount of gas formed increased rather 
rapidly with the number of breaks and came out of solution readily. 

One of the most important properties desired in a transformer oil is resistance 
to that oxidation*^® which results in the formation of sludge and acid.*-* This is 
a sequence of unimolecular reactions of the different oils present. Weiss and 
Salomon*** have used the time required for the production of a trace of deposit in 
oil heated at 114-117°C. in contact with air as an index of alterability. They 
classified oils which formed deposits in less than 10 hours as very alterable. Those 
yielding deposits of more or less than 0.008 g. (per 100 cc.) in 15 to 24 hours were 
considered to be of average and slight alterability, respectively. If the time re¬ 
quired for deposition was longer than 36 hours the oil was very slightly alterable. 
Gemant*** described a rapid measurement of the oxidation of insulating oils in 
air. In his method, a sample of oil is kept in a closed space at 145 or 155®C. 
under a constant pressure. The progress of the oxidation can l)e followed by 
measuring the decreasing volume of air above the oil. 

The deterioration of steam-turbine oils**^ may be measured in a manner similar 
to that used for transformer oils.*** 

Chebotar**® has observed that the Sligh and Michie tests measure only the 
sludge formed by the oxidation of transformer oil and do not take into account 
the formation of acids. He determined oxidizability by heating the sample in a 
bomb with oxygen at 151®C. and 300 pounds pressure and noting the pressure 
drop. The naphthols, naphthylaniines and diphenylamines inhibited the oxidation 
of “Nujol'’ (a white medicinal oil), but not of transformer oil. On the contrary 
/^-naphthylamine even accelerated the oxidation of the latter oil. Phenyl-a- 
naphthylamine is not as satisfactory in practice as in the laln^ratory, according to 
Typke.***^ 

The oxidation of solar oil by air under pressure is catalyzed by the addition of 

** N. I. Oicrnoxhukov, M. V^ Kurlin and A. M. Kurlina, /. Appl. Chem. (USS R.)/\9^6, f, 
690; Brit. Ck^m. Abi. B, 1936. 627; Chem. Abt., 1936, JO. 7830. 

•‘•M. V. Kurlin and A. M. Blinova. J. Appt. Chem. (VS.S.R ). 1934. 7, 831; Chem. Abt., 1935, 
29. 2725; Brit. Chem. Abt. B. 1935. 134. 

G. Ford. Elec. En^f., 1936. 55. 371; Chem. Abt., 1936. 10. 3994. 

•»» R. H. (;oId€. De Ingenieur, 1934. 49. E173; Chem. Abt., 1935. 29. 5288; /. Inti. Pet. Tech., 

1935. 21. 93A. 

»** H. Weian and A. Maillard. Ann. combutliblet liquidet, 1935, 10. 437; /. Imtt. Pet. Tech., 1935, 
21, 335A. 

••H. WeiM and T. Salomon. Ann. combuttibla liauidet. 1927, 2, 801; Chem. Abt., 1928, 22, 2458. 

L. S. Orn#lein, C. janaam. Sr., D. T. ]. ter Horat, C. Krii«»man and G. H. Frederlk, Prge, 
0 cod. Sci. Amsterdam, 1936, 19, 566; Chem. Abt., 1936, 10, 5775; Btit. Chem. Abt. B. 1936. 728. 

H. Weiaa and T. Salomon. Ann. combustibles liquidet, 1929, 4, 419; Chem. Abt., 1929, 21. 5565. 

••A. Gemant, Trant. Faraday Soc., 1936. 12. 1628; ). Inst. Pet. Tech., 1936. 22. 540A; Chem. 
Abs., 1937. 11, 842; Brit. Chem. Abs. B. 1936. 1188. 

•••T. Salomon. Compi. rend, congr. Graissage {Strasbourg), 1912, 383; Chim. el ind., 1933, 29. 
811; Chem. Abs.. 1933, 27. 3596. Alto M. Van Rytaelbcrgbe. lime Congr. chim. ind. (Bruxellea, 
Sept.. 1935). 1910, 14; Chem. Abs., 1936. 10, 5776. 

••T. SUlomon, Compt. r^nd. congr. Graissage. 1911, 733; Chem. Abt., 1933, 27. 4661. 

»*L. P. Cbebofar. J. J ist. Pet. Tech.. 1934. 20, 168; Chem. Abs., 1934. 28, 3573; Bril. Chem. Abs. 
B, 1934, 309; /. Inst. Pet Tech., 1934, 20, 255A. 

K. Txpke. Erddt u. Tecr, 1933, 9, 61; Chem. Abs.. 1934, 28, 5652. 
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various metal naphthenates. The rate of oxidation is proportional to the pressure 
and is greater for more highly refined oils 

The following have been suggested as antioxidants for transformer oils: poly- 
carboxylic acids or anhydrides such as maleic, succinic or adipic,a-naphthol,"**^^ 
naphthylamines and various nitro aromatic compound/J-naphthol with dibenzyl 
disulphide,and benzyl disulphide with various substances such as m-cresol, 
thymol monosulphide, 2,2'-dihydroxy-l,T-dinaphthyl sulphide or 4,4'-dihydroxy 
diphenyl sulphide.^^^ 

•* K. I, Ivanov and V. I. Shustina. J. Applied Chem. (U.S.S.H.), 1936, 9, 82; Chem. Ahs , 1936, 
30, 6173. 

»»*F. M. Clark, Canadian P. 338,340, 1934; Chem. Abs., 1934. 28. 2178. British P. 423,774, 

1935, 10 British Thomson H wit on Co. Ltd.; Chem. Abs., 1935. 29, 4574. French P. (addition to 
758,072) 44,763, 1935, to Compagnic fran^aise pour I’cxploitatiori dcs proc^rs Thomson-Houston; 
Chem. Abs., 1935, 29. 6416. 

■•J. C. I). Oosterhout, Canadian P. 359.295, 1936, to Texaco Develoifmcnt ('orp.; Chem. Abs., 

1936, 30. 6186. 

F. M. Clark. U. S. P. 1.988.299. and 1.988.300. Jan. 15. 1935. to (icneral Electric Co.; Chem. 
Abs., 1935. 29. 1623; Brit. Chem. Ahs. B. 1935. 1 128. Canadian P. 348.447, 1935; Chem. Abs.. 
1935, 29, 3508. Canadian P. 353,332. 1935; Chem. Ahs.. 1935. 29. 4165. Both to Canadian (ieneral 
Electric Co. Ltd. French P. 758,072, 1934. to CompaKnie fran<;aisc pour I’exploitation des precedes 
Thomson-Houston; Chem. Abs., 1934, 28. 31 52 

B W. Story and E. W. Fuller, I’. .S. P 2.000,105. Mav 7, 1935, to Soconv-Vacuum Oil Co ; 

Chem. Abs., 1935. 29. 4165; Brit. Chem. Abs B. 1936. 534. 

*** B. W, .Story an<l E. \V. Fuller. C. S. P. 2.(»28.257, Jan, 21. 1936, to SoconyA’acuum Oil Co ; 

Chem Ahs . 1936. 30. 1989. 



Chapter 41 

Oxidation of Aromatic Hydrocarbons 

Since aromatic hydrocarbons can be isolated from petroleum fractions in some 
degree of purity by the sulphur dioxide extraction process^ and by other methods, 
the oxidation of these compounds is of considerable interest to petroleum chemistry. 
By careful separation of that fraction of an Oklahoma crude boiling between 107 
and 108®C., as much as 32 per cent toluene was recovered.^ 

Various catalysts have been used in the partial oxidation of the aromatics; in 
general, the oxides of vanadium, tungsten and chromium have been found best 
suited to the operation. Chariot^ reported an investigation of the oxides of boron, 
beryllium, magnesium, aluminum, silicon, titanium, vanadium, chromium, man¬ 
ganese, iron, nickel, cobalt, cadmium, copper, lead, zinc, zirconium, columbium, 
molybdenum,* tin, antimony, tellurium, tantalum, tungsten, thorium, bismuth, thal¬ 
lium, uranium, lanthanum, cerium, praescxlymium. neodymium, and samarium. A 
number of combinations of two or more oxides were investigated, as well as the 
metallic catalysts such as nickel, copper, lead, cobalt, platinum and palladium. The 
metals are approximately 50 to 100 times as active for complete oxidation as are 
the difficultly reducible oxides, but these metals tend to promote destructive total 
oxidation by this excessive activity. The amount of substance undergoing partial 
oxidation is independent, over a considerable range, of the time of contact, the 
concentration, or the nature of the organic substance, according to this investiga¬ 
tor. The catalyst employed is the deciding factor. 

In the partial oxidation of l)enzene, Nevvitt and Burgoyne^ rejmrt, there are 
only three stages l^efore ring-rupture takes place. They believe that, in the case 
of benzene, oxidation under high pressure proceeds as a series of hydroxylations, 
yielding successively phenol, hvdrcxjuinone, and finally (juinone. With toluene and 
ethylbenzene under high pressure, the side chain and the ring are oxidized simul¬ 
taneously. (See page 943.) 

A definite induction iKrkxl (Kcurs in the oxidation of toluene and cthyllx'nzenc 
although there is none in the oxidation of l>cnzene. On the other hand there is a 
surface effect® in the latter oxidation but none in the case of toluene and ethyl 
benzene. From these results the investigators concluded that there is a chain 
mechanism involved in each case, though the mode of propagation differs. 

Stephens and Ro<luta® have studied the reactions of more complex alkyl-substi¬ 
tuted benzenes, particularly tertiary hydrocarbons, and report that in these cases 
oxidation always fKcurs at the a-carbon atom (the side-chain carbon directly ad- 

* According to V. A. Kalichcvnky and H. A. Stagnrr “Thr ( hemtcal Refining of Petroleum.” 
The Chemical Catal<» Co.. New York. 19S3. 

•J. M. Bruun. K. T. t.4>ftlie and S. T. Schicktanx. Bur. of Standards /. Research; 1<)JI, 6, 36.1; 
Brit. Ckem. Abs. B, 1931, 660; Chem. Ahs., 1931. 29. 25S1. 

»G. Chariot. Ann. Chim., 1934, 2. 415; Chem. Abs., 1935, 29. 1314; Brit. Chrm. Abs. A. 1935, 43. 

• D. N. Newitt and J. H. Burgoync. Proc. Roy. Soc., 1936. AlSS, 44S; Chem. Ahs.. 1936, 90, 

2555; Brit. Chem. Abs. A, 1936. 599. 5^ alio C. E. Seuaeman and J. I, Stubbs, Jnd. Eng. Chem., 

1933, 29, 12S6; Brit. Chem. Abs. A, 1934, 62; Chem. Abs., 1914. 28. 746. 

» In this in»tance, a greater surface-tO'volume ratio retards the reaction. The effect of surface* 
vohime ratios is more fully discussed in Cliapter 36. 

•H. N. Stephens and F. L. Roduta, J.A.C.S., 1935, 97, 2380; Chem. Abs.. 1936, 30, 1750; 
Brit. Chem. Abs. A, 1936. 324. 
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jaccnt to the rinjj). With inethylethylphcnyiniethane. methyl-«-propyIphenylmetli- 
ane or mcthyl-«-butylphenylmethane. oxidation proceeds to yield acetophenone 
almost exclusively; if there is any tendency to yield the higher phenones (proprio- 
phenone or butyrophenone) the relative yields are so slight the products could not 
be detected, Kxperiments with an example of a secondary hydrocarbon, diphenyl- 
methane, showed that oxidation led to benzophenone provided no water was present, 
but the reaction was inhibited by the presence of water. It was suggested that 
this was due to reversible decomposition involving the loss of water. On the 
other hand, in the case of the tertiary hydrocarbons no inhibitory effect was ob- 
serve<l either with rest)ect to the previously mentioned tertiary hydrocarbons or to 
triphenylmethane or melhyldiphenylmethane. This may find explanation in the 
fact that the formation of a molecule of \vater from a molecule of a primary addi¬ 
tion proiluct of oxygen and a tertiary hydrocarbon would require the contribution 
of one of the hydrogen atoms from an alkyl group. The resulting alkene residue 
then must drop off if a ketone, which is alw^ays the observed product, is formed. 
The loss of a carbon atom attendant upon the elimination of w^ater may so reduce 
the probability of reversal of this step by excess of water that no obser\'able inhi¬ 
bition occurs. Kvidently, from these results the larger aliphatic group attached to 
the tertiary carl>on tends to contribute the hydrogen and is thus eliminated. In the 
case of triphcnylmetliane. where no alkyl groups are available, the oxidation prod¬ 
ucts are benzophenone and phenol. 
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An investigation of the slow oxidation of benzene in the vapor phase, using 
ethyl nitrate as a catalyst, has been reported by Griffith and HillJ These investi¬ 
gators found that there was no appreciable induction period in the oxidation, but 
that the reaction time varied directly with the benzene-oxygen ratio and the pres¬ 
sure, and inversely with the absolute temperature and the concentration of ethyl 
nitrate catalyst. The surface effect was quite pronounced as the reaction velocity 
was considerably lowered by increasing the surface-volume ratio. Similarly, the 
addition of a small amount of tetraethyl lead counteracted the accelerating effect 
of the ethyl nitrate. In general, it was found that the reaction catalyzed by ethyl 
nitrate at 430 to 480°C. was similar to the uncatalyzed reaction at 530°C. If con¬ 
centrations of ethyl nitrate exceeding 0.35 per cent are employed, the reaction be¬ 
comes explosive, but short of the explosive reaction, the intermediate prtxiucts are 
the same as those produced in the purely thermal reaction at a somewhat higher 
temperature. 

However, in the oxidation of benzene and its derivatives and homologues, metal¬ 
lic oxide catalysts are generally employed. F’igulevskii and Yarzhemskaya^ have 
studied this reaction and reported that benzene, oxidized in the presence of vana¬ 
dium pentoxide (on fireclay) at 370 to 450°C., proceeds through benzfKjuinoiie to 
maleic anhydride and then to carbon dioxide and water, h'or maximum yields of 
maleic anhydride these investigators recommend high gas velocities through the 
reaction chamber and rapid cooling of the resultant gases. Under these conditions 
a yield of about per cent of maleic ac.d was obtained. J'hree condensers in .series 
were employed in collecting the reaction products; one air-ccH)led to room tem¬ 
perature, one cooled to 0°C. in ice water, and a final trap cooled in liquid air. 
Maleic acid was obtained under these conditions, but when the first (air-cooled) 
condenser was maintained at 40 to 50°C. to prevent condensation of water vapor, 
only pure anhydride was collected there. In addition to these principal prcxlucts. 
over 4 per cent of quinone was formed an<l complex decomposition products prob¬ 
ably containing quinhydrone. It is suggested that the reaction goes from benzene 
through hydroquinone, quinone and maleic anhydride to carbon dioxide and water. 
On the other hand, it has been reported that benzene and benzene derivatives 
which contain no oxygen (such comfX)unds as toluene and chlorobenzene) can be 
converted to the corresponding —OH derivatives by heating the former with 
oxygen or air in the absence of oxidation catalvsts but at temperatures between 
650 and 750°C.» 


Anhydride 


Downs'^ has pointed out that in the synthesis of organic chemicals, several dif¬ 
ferent inorganic or organic intermediates are usually needed, and frecjuently the 
large quantities of the inorganic materials recjuired may exceed the cost of the 
organic raw material. C atalytic oxidation processes, such as those now' used in 
making maleic anhydride and other benzene oxidation pro<lucts, approach the ideal 
for industrial purposes, since only one raw material need be stocked for use; the 
other is air, whicl carries no freight or warehousage charges or other costs beyond 
that of blowing it into the reaction vessel. Maleic acid, before the discovery of its 
synthesis by oxidation of benzene, was a laboratory chemical and of little practical 


^ R. H. Griffith and S, G. Hill, Trans. Faraday Soc., 1936, 32. 829; Chem. Ahs., 193o, 30. 4828; 
/. Inst. Pet. Tech., 1936, 22, 299A; Brit. Chem. Ahs. A, 1936. H04 

•V. V. Pigulevakit and E. J. Yarzhemakaya, J. (Jen. Chem (U.S..^.R.). 1935, 5. 1620; Brit. 

Chem. Abs. B, 1936. 536; Chem. Ahs., 1936, $0, 1978. 

•British P. 439,356, 1935. to I. G. Farb^nd. A.-G,; Chem. Ahs., 1936. 30. 2990; Brit. Chem 

Ahs. B, 1936. 182. French P. 788.261; Chem. Abs., 1936, 30. 1390. 

»C. R. Downa, Ind. Eng. Chem., 1934, 26, 17; Chem. Ahs., 1934, 28, 1332; Brit. Chem. Abs. 

B. 1934, 265. 
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interest. It is now produced by oxidation of benzene or naphthalene. Maleic acid 
is one of the reagents indicated in the important Diels-Alder reactions^' according 
to which it condenses spontaneously with conjugated diolefins such as butadiene, 
isoprene, cyclopentadiene and various other unsaturated compounds: 
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By the direct addition of water to the double bond of maleic acid, malic acid* can 
be produced. This edible acid has been suggested as a substitute for tartaric acid 
in baking powder. Bcrtsch and Krause* ’-report reducing maleic acid electrolyti- 
cally to prtKluce succinic acid by hydrogenation of the double bond. The yield is 
said to be* approximately 97 per cent of that theoretically possible.*-* 

This oxidatio!! of benzene to maleic anhydride or maleic acid is generally ef¬ 
fected f)y the use of catalysts comf)osed of oxides of metals of variable valence 
(such as iron, vanadium, chromium and tungsten). Zalkind and Zolotarev*^ 
mixed benzene and air by bubbling the air through liquid l)enzene at 15°C., and 
tested the catalytic action of vanadium pentoxide (deposited on pumice) with this 
mixture. The gases were preheated to 36()®C. and reacted at 410 to 430°C. The 
investigators reported this process gave the higliest yields obtained, approximately 
15 per cent of maleic acid calculated on the l>enzene consumed. Unoxidized benzene 
was recovered by adsorption on cooled silica gel. It was believed that oxidation 
proceeded as a series of hydroxylations, yielding phenol, hydroquinone, quinone 
and finally maleic acid. 

Jaeger*-'^ proposes that the effective yield can be increased without the use of 
recycling pumf)s by using a series of reaction chambers interspersed in the circuit 
between a series of condensers. The reaction product of the first chamber would 
thus pass through a condenser wherein the oxidation products would be extracted 
and the unreacted gases would pass on to a second converter, a second condenser, 
and thus through whatever number of converters was decided upon. 

Jaeger*® has also suggested that maleic acid may be produced by the oxidation 
of heterocyclic compounds such as furan and its derivatives. Thus, furfuraldebyde 
and air, mixed with exhaust gases from the oxidation, arc passed over a vanadium 
j)entoxidc-aluminum oxide catalyst at about 370°C. to yield 45 to 75 |>er cent of 
the compounds maleic aci<i and mesotartaric aciil. Polynuclear hydrocarbons such 

” Sre C'arlrton Kllis. "Thr Chrtnistrv of S\nthruc Kr^ins.” RcinhoWI PuhlishitiK New 

York. 1935. 

**J. A. Brrtuch ami A. If. Krauftc, V. S. P. 1.945,17.‘5, Jan. 30, 1934, to MonMnto Chrm. Co.; 
Brtt. Chrm. /ths. B, P)34. 953; Chrm. 1934. 28. 2370. 

It has repotted that sticcinic or phthalic acid anhydride can he reacted with thionyl chloride 

in the presence of rinc chloride calalvst to produce the correst>ondin« dicarhoxylic acid chlorides. 
The anhydride is maintained in a liqutd state. carryinR the *>nc chloride catalvst. while the thionyl 
chloride is added slowly. British P. 414.572, 1934, to Monsanto Chem. Co,; Chem. .4bs., 1935, 29, 
478; Brit, Chrm. Abs. B. 1934. 875. 

** Yu. S. /Zalkind and S. Zolotarev. J. Applied Chem. (C.S.S.R.), 1933. 6. o81; Chem. Abs., 
1934. 28, 4039; Brit C>u'w. Ab.i. A, 1933. 1152. 

“A. O. JaeRer. 1’. S. P. 1.945.354, Jan. 30. 1934. to Selden Co.; Chrm. Ab.r., 1934. 28. 2366; 
Bhi. Chrm. Ah.t. B. 1934. 9 54. 

*• A. O. Jaeger. U. .’S. P. 1.995.614. March 26. 1935. to Selden Co.: Chrm. Abs, 1935, 29, 2975; 
Brit Chrm. Abs. B, 1936, 444. 
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as naphthalene may be used as the starting material in the maleic acid synthesis 
also. Brode and Johannsen^^ suggest that the vapor of naphthalene or acenaph- 
thene and air be passed over vanadium pentoxide catalyst at 400®C. and the 
resulting mixture slightly cooled. It is then passed over zinc, cadmium or alumi¬ 
num oxide catalysts and the pro<lucts (^principally maleic acid and benzene) con- 
densed out of the exhaust gases. 


pRODl'CTION OF PHTH.ALIC A.N H VDRIDK 


Phthalic anhydride, important in dye synthesis and other organic syntheses, 
has become of even greater importance since synthetic resins of the alkyd type have 
created an excellent market for this substance. The oxidation of naphthalene to 
produce this substance has, con.sequcntly, become of increased importance. As in 
the oxidation of benzene to its intermediate products of oxidation, the common 
catalysts in the oxidation of naphthalene to phthalic anhydride are the oxides of 
the metals capable of more than one valence state. Punnett’* suggests, for in¬ 
stance, that vanadic oxide and aluminum deiK)site<l on alundum be used as the cata¬ 
lytic agent in this type of reaction. The temperature employed is generally some¬ 
what below red heat.*'^ Jaeger-'* proposes a similar (vanadium oxide) catalyst 
supported on diatomite brick. Silicon carbide, titanium carbide or zirconium car¬ 
bide have been suggested as activators for vanadic oxide catalysts in this reaction-^ 
and simultaneously serve as supports for the catalyst.'-- 

Brode and Johannsen-' report that one ap[)aratus for the oxidation can he 
effectively arranged so that the naphthalene vajwrs and air are led into a catalyst 
chamber, then to a chamber where the gases are collected, mixed with air. and 
passed to another catalyst chaml)er. The exhaust from this second catalyst 
chamber is mixed with further naphthalene vapor-air mixture, and the gases are 
passed to a third catalyst chamber (See Fig. 212), 

In controlling the proportion of oxygen to naphthalene vapor, Riegler-^ sat¬ 
urates the oxygen-containing gas (air) with naphthalene vapor at a known tem¬ 
perature, then admixes a known cjuantity of naphthalene-free air to bring the 
proportions to any desired value. To aid in control determinations of the reaction. 
Douglass and Jones--'* suggest that a portion of the reacting gases Ixr withdrawn 
during the process, and the organic constituent be converted completely to oxides 
of carbon and determined as such. The catalytic converter apparatus is then 
controlletl by these determinations.-'' 

J. Brode and A. Johannxen, U, S. I*. 25H. junr 1'^ IV.U, to I <1. I’'arl>eiiiii<i. A ; 

Chem. Ahs., 19J4. 28, 5081. 

K. B. Punnett, I’. S. P. 1,978,506. Oct. .10. to National Aniline & (‘hem Co : ( hrm. Ah*.. 

1935, 29. 176. See also \V. S. ('alcott and W. A. C S. I*. 2.t).l4.MV(,. March 24. I93r,; 

Chem. AbM., 19.16. 30, 3182. 

»A. Wohl. U. S. P. 1.971,888. Aug. 28, 19.14, to 1. Farl)enind. A li.; Chrm. Ahs.. 1934. 

28. 6446. 

* A. O. Jaeger, V. S. P. 1.935.054. Nov, 14. 193.1. to .SHden Co.: liril Chetn. Ahs. B, 1934 793 
Chrm. Ahs.. 19.14, 28. 480. 

** A. O, JacKtr. U. S. P. 1.930,716, C>ct. 17. 1914, to .Sehim Co ; ( hrm. Ahs.. 1934, 28, 172, 
Brit. Chrm. Ahs. B, 1934. 875 

»R. Klatt and H. Jeliner (Petroleum /... 1935. 31. 1; Chrm. Ahs.. 1936. 30, 2733; /. lust. Pet. 
Tech., 1936, 22. 3.57A) report that oxidizing a kero'^ene containing a considerable portion of naphthalene, 
using a vanadic oxide cataly«t. yieldn almost solrlv the lowest fatty acids and aldehydes, formic acid, 
formaldehyde, acetic acid and acetaldehyde and dimethylketone. No phthalic anhydride was reiw>rte<i 
in tbU case. 

J. Brode and A. Johannsen, V. S. P. 1.959.898. May 22, 1934, to I. (J. Farlienind A (I. • 
Chem. Ahs.. 1934. 28. 4345. 

** R. Rtegler. U. S. P. 2,030,800, Feb. II. 1936, to National Aniline A Chem. (‘o.; Chrm Ahs 

1936. 30. 2208. 

»W. Douglass and H. I.. Jones. V. .S. P, 2.013.727. Sept. 10. 1935. to K. I. du Pont de 
Nemours A Co.; Chem. Ahs., 1935. 29, 6903. 

^ Phthalic anhydride and phthalic acid derived from it have Item sugvesteH as constituents of 
lietroleum-emulsion breaking comftounds. C. H. M, Kolrerts fC. S. P, 1.978.227. Oct. 23. 1934. to 
Tretolite Co.; Brit. Chem. Ahs. B. 1936, 261; Chem. Ahs., 1935, 29, 329) mixes phthalic acid with 
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Production of Benzaldehvde 

Parks and Katz-^ have published a report of data accumulated in studies of a 
scries of different catalytic agents for the oxidation of toluene in air. They were 
particularly interested in the production of benzaldehyde, since this substance is a 
lower oxidation product than benzoic acid or maleic anhydride, and correspond- 
ingly more difficult to obtain in good yield. The industrial price of benzaldehyde 
is relatively higher in consequence, and it was hoped that a suitable catalyst could 
Ih? found which would tend to favor the production of the aldehyde. It was thought 


Fig. 212. 

Sketch of Kquipment 
for Oxidation of 
Naphthalene to 
Phthalic Anhydride. 
(J. Brode and A. 
johannsen) 



that the lead derivative^ of the metals of the fifth and sixth groups of the periodic 
table would favor the partial oxidation of the side chain, since tetraethyl lead slows 
the oxidation of gasoline. Other investigations had indicated that metals of these 
groups were best suited for the partial oxidation of toluene. Various catalyst 
supports were tried, and aluminum metal in granular form was selected as most 
satisfactory. Because of its high heat conductivity the tendency toward formation 
of hot spots and consequent irregular oxidation leading to carbon dioxide and 
water was decreased. Ciood heat transfer is necessary as well as effective cooling, 
since the reactions involved are highly exothermic. The following equations illus¬ 
trate this proportionality among the various possible degrees of oxidation: 

C»H»CH, + J(\ C*H»CH,OH + 39,900 cal. 

-f C), - C.HiCHO H,0 -f 91,200 cal. 

-1- 3, 2 0, -V C.HkCOOH -f H,0 -h 156.300 cal. 

C.H^CH, -f 60, C 4 H, 0 , + 3CO,-f- 3H,0 -h 600,300 cal. 

CtHjCH, -I- y 7CO, -I- 4H,0 -h 934,400 cal. 

In respect to the catalysts it will be remembered that the “gap elements,'* those 
possessing more than one oxidation state, have been found most satisfactory, and 
the hydroxylation theory of oxidation has been most generally accepted in the oxi¬ 
dation of benzene. The hydroxylation mechanism would require the presence of 
oxygen in the atomic state, and it is found that catalysts removed from the reaction 
chamber show color shadings indicating various oxidation stages. These investi¬ 
gators conclude that there is an alternate oxidation and reduction of the metallic 
oxide, atomic oxygen being released in each cycle. The temperature at which a 
given oxide becomes active in catalyzing the reaction corresponds to the tempera- 

a long chain hydrocarbon sulphonic acid and a sulphur dioxide j>etrol«uni extract boiling about 200*C. 
for tbii purpone. Thit investigator hai alao suggested a reaction product of phthalic anhydride and 
glycerol ^rtly aaponihed with ammonia and diluted with alcohol. (U. S. P. 1.977,146, Oct. 16. 1934. 
to Tretofite Co.; 7, Inst. Frt. Tech., 1935, 21, 25A; Chem. Abs., 1935, 29,' 329.) 

W. G. Parks and J. Katx. Ind. Em, Ckem., 1936, 2t, 319; Chtm, Abs,, 1936. 30, 2836; jBrit. 
Chem. Abi. B. 1936. 682; 7. Inst Pet feck., 1936, 22. 202A. 




948 


CHEMISTRY OF PETROLEUM DERIVATIVES 


ture at which this oscillation to higher and lower oxides takes place. Among the 
catalysts tried were lead chromate, tungstate and vanadate, uranium tungstates 
and molybdates with boron carbide, and other salts and combinations of the 
metals of the groups suggested. Thus it was found that with lead molybdate a 
maximum of oxidation was obtained at a temperature of 585®C., when 29.S per cent 
of the available oxygen was consumed in partial oxidation products, the remainder 
of the oxygen producing total oxidation products (carbon dioxide and water). 
Lead chromate became active as a partial oxidation catalyst at 390‘*C. (2.4 
per cent of the oxygen consumed appeared as oxygenated bodies), although using 
uranium tungstate, even at 425®C., gave no partial oxidation products. A uranium* 
molybdenum-boron carbide catalyst at 575°C. gave the highest yield of partial 
oxidation products, that is, 45 per cent. A similar uranium-molybdenum catalyst 
without the addition of boron carbide yielded (at 525°C.) only 23 per cent partial 
oxidation products.-^ The apparatus used is illustrated in Fig. 213. 





A- AIR PUMP 
B- COTTON AIR flLTCR 
C- PRIMARY AIR FLOWMCTER 
0- SECONDARY AIR FLOWMETER 
E- STEAM PREHEATER 
F- STEAM VAPORIZER 

M* SCRUBBER 


C-TOLUENE RESERVOIR 
M- MOLTEN LEAD BATH 
I-REACTION TUBE 
J- THERMOCOUPLE 
K- CONDENSER 
L-RECEIVER 



Courtesy Industrial and Engineering Chemistry 
Fig. 213.—Apf>aratus for V'apor-phase Oxidation of Toluene. 


(W. G. Parks and J. Katz) 


Successful solution-oxidation of toluene to benzaldehyde and benzoic acid has 
been reported by Berkenheini and his co-workers.*-^'^ The oxidation pnKCss in this 
case is carried out at temperatures of the order of 35 to 4()°C. in a sulphuric acid 
solution, manganese dioxide serving as the source of oxygen. The ratio of benzal- 
dehyde to benzoic acid can be controlled quite accurately, these investigators re¬ 
port, by varying the conditions of time of reaction, temperature, and the ratios of 
manganese dioxide, sulphuric acid and toluene. Benzaldehyde can be prepared 
without admixture of benzoic acid by carrying out the reaction at 35 to 40®C, in 
the presence of 65 per cent sulphuric acid for 6 hours, using 4 parts (by weight) 
of sulphuric acid and 1 part of mangane.se dioxide. Toluene is converted to the 
aldehyde (20 to 22 per cent), and 40 per cent of the toluene can be recovered 
unchanged. At temperatures of 70 to 75°C., using more .sulphuric acid (13 to 14 
parts of 50 per cent acid), benzoic acid is the principal product. According to 
these investigators, manganese dioxide obtained in various ways as by-products 
can be used satisfactorily in this preparation. 


*T1ic«e jieldft were calculated on the t»aaie of the oxygen coniumed. 

M. Berkeohetm. E. V. Yavortkaya. O. P. A11>iukaya and T. F. Dankova, /. Applied Chem, 
(U.SS.R.). 19.14, 7, 778; Chem, Abi., 1935, Zt, 2522; Brit. Chem. Abt. B, 1935, MT? 
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Since henzaldehyde is so readily oxidized to benzoic acid, other investigators^ 
have suggested that a milder oxidizing agent be used. Thus, carbon monoxide may 
be used with benzene, the carbon monoxide adding to the ring to form the aldehyde. 
The proposed method suggests passing carbon monoxide into an autoclave contain¬ 
ing aluminum chloride and benzene which has been saturated with hydrogen 
chloride at atmospheric pressure. A reaction temperature of 20 to 50°C. is main¬ 
tained, and the reaction product discharged gradually into water maintained at 10 
to 60®C. by circulation of tap water through cooling coils. The investigator re¬ 
ports that the use of ice water, or refrigeration maintaining temperatures near 0®C. 
is unnecessary. 


pRODl'CTION OF BeNZOIC ACID 

Benzoic acid is produced in two types of oxidation processes; by direct oxida¬ 
tion of toluene to the acid, and by oxidation of naphthalene to phthalic anhydride 
followed by decarboxylation of the dicarboxylic acid to benzoic acid. 

The oxidation of toluene to benzoic acid requires powerful methods of cooling, 
due to the large amounts of heat released during the reaction. Jaeger^^ has sug¬ 
gested a method illustrated in Fig. 214. He has also proposed that an inhibiting 
vapor, such as carbon tetrachloride, he added as an inert protective. the 
oxidation, this investigator found that potassium vanadyl vanadate at 380 to 390°C. 
acts as a specific catalyst, tending to oxidize the side chain rather than the ring 
structure. He recommends that milder catalysts, such as a diluted zeolite contain¬ 
ing tantalum, molylKlenum or tungsten at somew^hat higher temperatures (450°C.). 
be used if aldehydes are desired.’’'^ It has been reported that the activity of vana¬ 
dium oxide in this catalytic action can be increased by the addition of silica gel.'^^ 
Jaeger**'^ produced a catalyst for this and similar oxidation reactions by mixing 
together three solutions, one com|>osed of a suspension of “Celite” earth in a water- 
glass solution, the second a potassium vanadate solution, and the third a solution 
of potassium aluminate. The mass is converted to a gel by the addition of sulphuric 
acid and this gel filtered and dried at temperatures below’ 100°C, It is then broken 
into lumps, hydrated by trickling water over it, and leached with a 3 per cent sul¬ 
phuric acid solution. The leached mass is calcined in air mi.xed wdth sulphur 
dioxide gas at 420 to 500°C. 

Toluene may be partially oxidized in solutions, particularly solutions of chro¬ 
mates and dichromates, it has been reported. The reaction is carried out under 
pressure and at temperatures above I00°C. (but below* 360°C., the critical tem¬ 
perature of water). The dichromates of the alkali metals should he present, it is 
said, since in this way the sodium hydroxide formed during the reaction which 
reduces the chromium is neutralized by the dichromate rather than by the benzoic 
acid formed. Photochemical reactions also may be employed in this type of partial 
oxidation. Anthraquinone is generally employed as the catalyst, according to 
Nozicka,*® but various auxiliary catalysts may be employed to improve the process. 

•*J. A. Almqui»t. British P. 445.5.S4, 19.U). to E. I. du Pont dc Nemours A Co.; CArm. Ahs,. 
1936, 30, 67$9. 

•'A. O. Jaefcr. U. S. P. 1,942,817, Jan. 9, 1934, to Selden Co.; Chem. Abs., 1934, 2t. 1713; 
Brit. Chem. Abs. B, 1934, 816. 

“A. O. Jaeirer, C. S. P. 1,909,355, May 16, 1933, to Selden Co.; Brit. Chem. Abs. B. 1934. 88. 
S«« alao U. S, P. 1,909.354, May 16. 1933; Chem. Abs., 1933, 27. 3725. 

••A. O. Jaefer, U. S. P. 1.937,962, I>ec. 5. 1933, to Selden Co.: Chem. Abs., 1934, 28, 1056; 
Brit. Chem. Abs. B, 1934, 825. See alao S. V. Bofdanov and N. Lexnov, Ruaaian P. 38,633, 
1934; Chem. Abs.. 1936, 30, 3445. 

•*J. K. C^wdhury and S. C. Choudhury, /. Indian Chem. Soc., 1934, 11. 185; Brit. Chem. Abs, 
B, 1934, 609; Chem. Abs., 1934. 28, 4297. 

•A. O. Jaefer, U. S. P. 1,941,688, Jan. 2, 1934, to 5^1den Co.; Chem. Abs., 1934, 28, 1713. 

“F. Noaicka, Auatrian P. 141,082, 1935; Chem. Abs., 1935, 29, 3916. U. S. P. 1,945.067, 
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He found, for instance, that activated carbon or an oxide or salt of copper, bismuth, 
iron, vanadium or silver acts as a promoter. The vapors of toluene and anthra- 
quinone mixed with oxygen may be passed over such a catalyst as those suggested, 
while the gases are strongly irradiated to produce benzoic acid. Similarly, this 
type of catalyst will promote the reaction of benzene and hydrogen chloride to 
form chlorobenzene, it is stated. 

The second oxidation method of producing benzoic acid mentioned earlier in 
this chapter is that which involves the oxidation of naphthalene to phthalic anhy¬ 
dride followed by decarboxylation to benzoic acid. Jaeger*'*'^ recommends passing 
phthalic anhydride, hydrogen and carbon dioxide over sodium chloride on quartz 
at 360 to 400®C. If phthalic anhydride and carbon monoxide are passed over 



Fig. 214. — Method for Temperature Control in Catalytic Vapor-phase Reactions. 

(A. (). Jaeger) 


copper on pumice at this temperature, the pro<luct is largely bcnzaldehyde. With 
other catalysts such as iron oxide-sodium chloride, aluminum vanadate, hydrated 
copper aluminum silicate or iron carbonyl, a mixture of benzoic acid and benzaldc- 
hyde is produced. This investigator has also suggested passing the oxidation 
products of naphthalene mixed with water vapor directly over a strongly alkaline 
contact mass (e.g., copper carbonate-calcium hydroxide on pumice at 320 to 
400®C.) for the preparation of benzoic acid.®® He®® has further suggested beryl¬ 
lium oxide at 350 to 450®C. as a catalyst in this decarboxylation. According to 
Brode and Johannsen,**^ the use of lead oxide as catalyst allows the reaction to 

Jan. 30. 1934, to VereinigU Cheni. Fabr. Krridl. Helirr and Co.; Chrm. Abr, 19.14, 2t, 2273. 
Carman P. 624,964, 1936, to Vrreinifte C*hein. Fabr. Kreidl. Ifclkr & Co.; Chem. Abt.. 1936, 90. 
4870. See al»o I. KreidI, U. S. P. 1,971.042. Aiig. 21, 19.14; Chem. Ahs.. 19.14, 28. 6066. 

«A. O. Jaeger, U. S. P. 1,966,067. July 10. 1934. to Selden Co.; Hrit. Chem. Ab$. B, 1935, 443; 
Chem. Abe., 1934, 28, 5473. 

•A. O. Jaeger, tl. S. P. 1,964,516, June 26, 1934. to Selden ('o.; Brit. Chem. Abi. B, 1935, 397; 
Chem. Abi., 1934. 28, 5080. 

•A. O. Jaeger. U. S. P. 1.956,718. M,iy I. 1934, to .Selden (o,; Chem. Abs., 1934. 28. 4071; 
Brit. Chem. Abe. B, 1935. 219. 

*^J. Brode- and A. Johann^en. V. S. P. 1,982.195, 1.982.196 and 1,982.197, Nov. 27, 1935, to 
I. a. Farbenmd. A. G.: Chem. Abe., 1935. 29. 480. V. S. P. 1.955.050. April 17. 1934; Chem. Abi., 
1934, 28. 3744. See aU A. O. Jaeger, U. S. P. 1.939.212, Dec. 12. 1933, to Selden Co.; Chem. 
Abi.. 1934, 28. 1364; Brit. Chem. Abs. B. 1934. 1825. On the other hand, Brode. Johann«en and 
iTroaaback (German P. 608.075. 1935, to I. (J. Farlienind. A. G.; Chem. Abe.. 1935. 29. 2548) have 
tittggeftrd an anatogoua reaction for production of naphthoquinone and henaene. In thii caae the 
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lake place at a temperature as low as 250®C., although temperatures up to 500® C. 
are suggested. The same investigators also proposed bismuth and cadmium oxides, 
and iron oxide activated by zinc or cadmium oxide. According to Scharff and 
associates,in the decarboxylation of phthalic anhydride to benzoic acid, cooling 
considerations are of little importance, since there is small heat exchange in this 
reaction. Thus, these investigators suggest that the oxidized naphthalene vapors 
containing phthalic anhydride be passed directly from the reaction chamber (leav¬ 
ing this zone at a temperature of about 4(K)®C.) and, with only slight cooling, 
contacted with the decarlKJxylation catalyst. This latter conversion to l>enzoic 
acid is, however, attended with the difficulty that organic sul{>hur coni|Kninds 


Trts/t OccarhOMy/dthon 

Caf^/yst 


I'M.. 215, 

.Sketch (){ Apparatus for De- 
carboxylatitjii of Phthalic 
Anhydride to Penzoic Acid. 
(M* Scharff, J. Brode, A 
Johannsen and J. Keichart) 



frejt 


Benzoic Ac/i^ Yapor 


Crmei Canratmn^ 
jPbfha/ti. Aahjjr/i^e 


■ Spenl Purifier 


present as impurities tend to form sulphuric acid. The inorganic acid is con¬ 
sidered to f)oison the catalysts used in the decarlK)xylation. They suggest, there¬ 
fore. that the catalyst be either moved countercurrently to the reacting gases, or 
that tw^o catalyst stages l)e employed. In the first proposed method, the raw gases 
meet first the nearly exhausted, and sulphuric-acid-saturated, catalyst, gradually 
depositing sulphuric acid as they reach progressively fresher catalyst. In the 
second method, the gases would first be contacted with a cheap and inferior catalyst 
such as pumice granules or zeolites, catalysts which will absorb the sulphuric acid. 


products of the catalytic oxidation of naphthalene are letl (without isolation! over a decarboxylation 
catalyst such as cadmium oxide aluminum oxide at a temperature of These investigators 

have also suggested iwssina the oxidation products over a second oxidation catalyst with further 
admixture of air, thus producing maleic acid and l>en<oquinone. 

M. Scharff. J. Brode, A. Johannsen and J. Reichert, I’. S. P. 1,9«8.876. Jan. 22. 19.15. to 
I, G. Farbenind. A.G.: Chem. Abs„ 1955, W, 18,15. 
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The purified gases are then contacted with a more expensive and highly active 
catalyst.^2 (See Fig. 215). 

Jaeger^* finds that the metal salts of phthalic acid such as zinc phthalate or 
nickel phthalate can be similarly broken to yield benzoic acid and some benzalde- 
hyde. Thus zinc phthalate in the presence of quartz is heated with hydrogen to 
325-410®C. to yield largely benzaldehyde, but with steam at 360 to 400®C. benzoic 
acid is the principal product. Tiie efficiency of the reaction is reported to be quite 
high; with nickel phthalate, hydrogen and steam at 350^C. the yield is 78 per cent 
of the theoretical quantity of benzoic acid. Daudf*^ reports that phthalic anhydride 
and water vapor react at temperatures of 175 to 350°C. in the presence of nickel 
phthalate catalyst to yield benzoic acid. 

Jaeger”*^ has also suggested that methyl alcohol and phthalic anhydride be passed 
over a zinc oxide catalyst (at 380 to 400°C.) to produce methyl phthalate and 
benzoic acid. In a somewhat similar manner dimethyl (or diethyl) phthalate, 
passed over aluminum vanadate, yields methyl (or ethyl) benzoate and some benzal¬ 
dehyde. 


pRonrcTioN OF Anthraquinone 

Various investigators have reported methods for the oxidation of anthracene to 
anthraquinone. This reaction may be represented as follows: 


O 



() 

„ Anthracene Anthraquinone 

SchmidliiP*^ found that vanadium oxide or iron or silver vanadate served as cata¬ 
lysts for the air oxidation of fused anthracene under normal pressure. Jaeger^^ 
also reports that iron vanadate or iron-manganese vanadate makes a good catalyst 
for this reaction but recommends the addition of an alkali or alkaline earth metal 
salt, such as one of potassium or calcium. Crude commercial anthracene at a 
temperature of 340 to 440°C. is mixed with air and passed over this catalyst mass 
to form anthraquinone. Pietzsch^^ has proposed an apparatus for this type of oxi¬ 
dation wherein the gaseous reactants are pas.sed through annular spaces lietween 
an inner tube containing catalyst, and an outer wall surrounded by a heating bath. 
The flow is then reversed and the gases led countercurrently through the catalyst 

** C. Conover (U. S. P. 2 , 006 , .135, July 2 . l'>35, to Moniwnto Chem. Co.; Chrm. Abs., 1935. 29. 
5460) ba« luggested a different tyj>e of drcarlmxylation. luting chromium chloride ai the decar* 
boxylation cataTy»t in the pre^nce of dry hydrogen chloride to produce benroyl chloride from 
phthalic anhydride. The metal chloride is added tu the acid anhydride at a temperature above 
200*C., while the dry hydrogen chloride is passer! in. 

*»A. O. Jaeger. IJ. S. P. 1.961.150. June 5. 1934. t< Selden To.; Bfit. Chem. Abi. B. 1935. 297; 
Ch/m. Abj., 1934. 28. 4744. 

**H. W. Daudt. U. S. P. 1,962.175. June 12, 1934, to E. I. du Pont de Nemours & Co.: 
Chrm. Abs., 1934. 28. 4744. 

^ A. O. Jaeger. U. S. P. 1,925,590, Sept. 5. 1933, to Selden Co.; Brit. Chrm, Abs. B. 1934, 618; 
Chr. t. Abs., 1933. 27. 5338. 

*•;. Schmidlin, Germskn P. 578.723, 1933; Chrm. Abs., 1934. 28. 784. 

♦'A. O. Jaeger. U. S. P. 1,926,540, Sept. 12. 1933, to Selden Co.; Brit. Chrm. Abs. B. 1934, 711; 
Chrm. Abs., 1933, 27, 5751. 

K, F. Pietzsch, V. S. P. 1,961,164. June 5, 1934, to Selden Co,; Chrm. Abs., 1934, 28, 4748. 
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tube where reaction takes place. DeRewaH® reports that the vapor phase oxidation 
of anthracene can be catalyzed by the oxides of nitrogen, using air or other oxygen- 
containing gas as the source of oxygen. 

On the other hand, it has been suggested that alkali chromates be made the 
source of oxygen in producing anthraquinone from anthracene. A solution of the 
chromates may be made acid by addition of an acid weaker than acetic, such as, for 
instance, carbonic acid. The anthracene is heated under pressure with this solu¬ 
tion, to produce anthraquinone and chromic hydroxide.*^ 

Elfxtrochemical Oxidation of Aromatic Hydrocarbons 

In addition to the catalytic methods of oxidation that have been suggested, a 
number of investigators have found that in some instances electrochemical methods 
may be employed successfully. McKee and Heard®' reported an investigation of 
the oxidation of benzoin in alkaline solutions of sodium aromatic sulphonates. 
They found that a nickel electrode permitted good efficiency in this oxidation, while 
in strongly acid solutions naphthalene depolarized a graphite electrode with the 
formation of (juinone and various phenolic products. The solvents used by these 
investigators w'ere sodium xylene- and cumene-sulphonates. These compounds 
bring into a(|ueous solution a considerable variety of water-insoluble organic com¬ 
pounds, including toluene, naphthalene, anthracene, hydroquinone, borneol and 
non-aromatic compounds such as linseed acids and oleic acid. In addition to mak¬ 
ing possible the oxidation of these dissolved compounds by electrochemical action, 
the sulphonates also aided electrochemical halogenation of toluene. 

Palfreeman and Knibbs'*^ ret)ort oxidation of benzene to benzoquinone by adding 
benzene continuously to a 10 per cent aqueous solution of sulphuric acid in an 
undivided cell of lead and lead dioxide anode and a water-cooled lead cathode. 
The acid-benzene mixture was stirred at such a rate as to assure distribution 
without emulsification. The oxidation product (benzoquinone) in dilute benzene 
solution overflows from the surface of the acid into a reduction vessel containing 
iron and an aqueous iron salt kept above the boiling point of benzene. The quinol 
formed passes into the a(|ueous phase, while the benzene is distilled, condensed, and 
returned to the electrolytic cell. Schwaebel®® suggests that one solution of the 
problem of getting gcxxl contact between the hydrocarbon and the active electrode 
may be to inject the benzene or other hydrocarbon into the aqueous electrolyte in 
a finely divided state in such a manner that it rises over the surface of one of the 
electrodes. For instance, the compound may be forced in through a nozzle ar¬ 
ranged beneath an inclined anode of large surface. The benzene then rises across 
the anode surface to the surface of the aqueous electrolyte, and a pump recirculates 
the superincumbent li(|uid through the nozzle. Thus benzene may be oxidized to 
l>enzoquinone, or toluene to toluquinone. Analogous electrolytic reduction may he 
used to convert benzo(|ninonc to hydro<|uinone. 

Plotnikov®^ and co-workers have investigated the oxidation of toluene in ethcr- 

•• F. J. I)rR«wal, U. S. P. 2,022,84.‘», Dec. 3. 1935, to Atmospheric Nitrogen Corp ; Ckrm. Abs., 
1936. 50. 730; Bnt Chem. Abs. B, 193o. 1195. 

••British P. 413,366, 1934, to I. (J. Farhenind. A.-G.; Chtm. Abs.. 1935. 29. 182; Bn't. Ckrm. 
Abs. B. 1934. 826. 

R. H. McKee and J. R. Heard, Trans. Eirctrorhrm,. Soc.. 1934, 65, 161; Brit. Chrm. Abs. 
A, 1934. 496; Trans. FJfctrochrm. Sac.. 1934, 65, 135; Brit. Ckrm. Abs. A, 1934, 496; Ckrm. Abs., 
1934, 31. 2276. 

•• H. Pilfreeman and N. V. .S. Knihh^, Britiah P. 430.572, 1933; Brit. Ckrm. Abs. B, 1935, 
796; Ckrm. Abs., 1935, 29, 7834. 

" F. X. Schwaebel, German P. 614.041. 1935, to I. G. Farhenind. A.-G.; Ckrm. Abs., 1935, 
29, 5754. 

V. A. Plotnikov, I. 1. KitaneFson and S. G. Fridman. Mrm. Inst. Chrm. All Ukrainian Acad. 
Set., 1934, I. 133; Ckrm. Abs., 1935, 29, 2094. 
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water solutions of phosphoric acid and report that the ring and side chain are both 
attacked. Benzaldehyde can be produced in somewhat better than 1 per cent yields 
(1.08 per cent) when using current densities of 0.0112 amperes per square centi¬ 
meter, although low current densities of the order of 0.0065 amperes per square 
centimeter yield only about 0,1 per cent. Kirk and Bradt^® report that nitration 
of toluene can be speeded and made more complete by electrochemical action. Con¬ 
centrated nitric and sulphuric acids and toluene were placed in the anodic com¬ 
partment of a cell with a porous diaphragm and a platinum electrcxle. A nitration 
yield of 46 per cent without electric current was increased to 48.3 per cent by the 
application of direct current. However, mixtures which normally give nitration 
yields higher than 50 per cent do not give better yields with current. The presence 
of manganous, bismuth, ceric, mercuric, chromic and \ inadic ions increase nitra¬ 
tion, particularly manganous ions, but tungstic oxide decreases nitration, though all 
of these serve to increase oxidation. Fichter and Rosenzweig®® studied the elec¬ 
trochemical reactions of />-fluorotoIuene and found that although this halogenated 
toluene is readily oxidized to fluorol>enzoic acid, the intermediate aldehyde could 
not be isolated. F'ichter and Muller*'^ report that the use of wetting agents such as 
isopropylnaphthalenesulphonic acid to disperse hydrocarbons (e.g., mesitylene) in 
dilute aqueous sulphuric acid leads to higher yields of oxidation products. The 
products of electrolysis (with a current density of 0.016 amperes per square centi¬ 
meter) on a lead dioxide anode were mesitylcnealdehyde, inesitylenic acid, o-hy- 
droxymesitylenic acid, uvitic acid, mesitol, 2,6-dimethylbenzoquinone, acetic and 
formic acids and carbon dioxide. Separate experiments on the individual inter¬ 
mediate products established the course of the reaction. A 13 per cent yield of 
mesitylenic acid was obtained on the lead dioxide ano<le, and 6 per cent on a plati¬ 
num anode in a mixture of 40 per cent nitric acid and 50 cc. of glacial acetic acid 
plus the wetting agent. 

Drozdov and Drozdov®* suggest oxidizing anthracene to anthraquinone electro- 
chemically in a dimethylketone-sulphuric acid solution. They report that in this 
solution the hydrocarbon combines directly with oxygen at the amxle to yield 
anthraquinone, a reaction which does not occur when using suspensions of anthra¬ 
cene in sulphuric acid. In the latter ca.se, a catalyst such as cerium sulphate or 
potassium dichromate is needed to transfer the active oxygen, the electrcx'hemical 
action serving to regenerate the oxidizing agent. Cerium sulphate is a more active 
transfer agent than potassium dichromate, but the prtwlucts obtained are contami¬ 
nated to a greater degree by higher oxidation products of anthracene than is the 
case when potassium dichromate is used. 

Miscf.i.lankoi's Oxid.ktion Rk.vctions of thk .Aromaths 

Jaeger®® has reported that fluorene can be oxidized with air in the presence of 
vanadic oxide catalysts in a manner similar to the oxidation of naphthalene. The 
reaction takes place between 300 and .500®C'. to yield Huorenone and a small amount 
of phthalic and maleic anhydrides. These latter products can lx* removed from the 
oxidation mixture by ccx)ling the exhaust gases to just below lOO’^C. 

•« R. C. Kirk aiwl W. K. Bradt. Trans. T.lectrochcm Sot . 67. Bnt. CUcw. Abt. A. 

1935, 589; Chtm. Abs., 1935. 29. 2860. 

F. Fichter aiul J. RoietixwetK, fletv. Chim. Acta, IV.t.t. 16. 11.54; i hem. Abs.. 19.14. 28. 2277: 
Brit. Chem. Abs. A. 1933, 1152. 

Fichter and O. Muller, Hetv. Chim. Acta. 1935. 18, 831; But. Chem. Abs. A, 1935. 1229: 
Chem. Abs., 1935. 29. 6150. 

“ N. S. Drozdov and S. .S, Drozdov. J. Ap^ied Chem. (U.S'.S.R >. 1933. 6. 897; Chem. Abs.. 
1934, 28, 3985; Brit. Chem. Abs. A. 1934. 38. 

**A. O. Jaecer, U. S. P. 1,892.768, Jan. 3, 1933, to .Selden ( o.; Brit. Chem. Abs. B. 1934, 55; 
deni. Abs.» 1933, 27, 2164. 
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Duckcrt* *• ^^ reports that acenaphthene can be oxidized to naphthalic acid and 
acenaphthenequinone to the extent of about 2 per cent by the use of oxygen (as 
oxidizing agent) and a catalyst. The best conditions were found to be 3 to 5 
kilograms per s(juare centimeter pre.ssure, a temperature of 3(X)°C. using as cata¬ 
lyst manganese nitrate, and dissolving the acenaphthene in dichlorobenzene. 
Kiprianov and Dashevskii^^ found that the oxidation of acenaphthene produced a 
small quantity of acenaphthcne<|uinone and some naphthalic acid anhydride. A 
considerable quantity of the quinone could not be separated from the acid anhy¬ 
dride by extraction in aqueous sf)dium carbonate or sodium acid sulphite solutions, 
due to the formation of mixed isomorphic crystals of the two organic substances. 
The isomorphic crystals appeared to consist of alternate layers differing in chemi¬ 
cal properties. Extraction and separation was possible by using the sodium salts 
in aqueous solutions under pressure and at elevated temperature, or by dissolving 
the salts in hot nitrobenzene. The rather small yields of the quinone were raised 
by this extraction metluxl. 

Dashevskii and Karishin^'-’ treated acenaphthene (5 gins.) with ammonium di¬ 
chromate (19 gms.) in 95 per cent acetic acid solution (200 cc.) and obtained a 
71.1 per cent yield of acenaphthene<iuinone. along with only 7.5 per cent of naph¬ 
thalic acid. 

It has been reported that acenaphthene can be dehydrogenated to acenaph¬ 
thylene by certain catalysts typified by solid, non-reducible heavy-metal compounds 
such as zinc molyMate and zinc oxide, although magnesium oxide, crystalline silicon 
or graphite arc also suggested. The acenaphthene, with a diluent such as nitrogen 
or water vapor, is passed over the catalyst at a temperature of 600 to 750®C. 
tinder atmospheric pressure.*'-’' 


• R. Ducktrt, Arch. sa. f*h\s. nat.. 15, 244, .14.1; Ckcm. Abs.. 19.14, 28, 1255; Brit. Ckrm. 

Abt. A. 193.1, 115.1. 

A. 1. KiprUnov and M. M. Dashevskii. J. Applied Ckem. {V.S.S.R.), 19.14, 7. 944; Ckrm. Abs., 
1935. 29. 25.10; Brit. Ckrm. Abs. A. 19.15. 347. 

*• M. Datbevskit and A. Karishin. Org, Ckrm. !md. ((’.SS.R.), 1936, 1, 729; Cki^m Abs., 1937, 
II, 679. 

•British P. 423.885, 1935, to I. Farbenind. A.r..: Ckrm. Abs., 1935, 29. 4382; Brit. Ckrm. 
,4bt. B. 1935. 348. French P. 762,672. 1933: Ckrm Abs.. 1934. 28. 5081. 
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More complex aromatic acids may be made by indirect oxidation processes. 
Thus naphthalene-1,4,5,8-tetracarboxylic acid and its derivatives may be prepared 
from pyrene. The method proposed involves a preliminary chlorination of pyrene, 
to form the tetrachloropyrene. This is oxidized in three stages; first in 20 per 
cent fuming sulphuric acid at 90®C.. then in concentrated sulphuric acid at 200®C. 
The pyrenequinone formed by these processes is then oxidized by sodium hypo¬ 
chlorite, with rupture of two of the rings, to form naphthalene-1,4,5,8-tetracar- 
hoxylic acid. 
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If instead of the tetracldoropyrene, a hexachloropyrcne, obtained by a more 
exhaustive chlorination of pyrene, is used as the starting material, and the third 
and final oxidation is carried out using nitric acid in place of the hypochlorite 
solution, a dichlorinated tetracarboxylic acid is obtained. The pro<luct appears to 
consist of a mixture of two acids; the provisional formula assigned to this product 
is as follows, in which one X represents an atom of chlorine, the other X a hydro¬ 
gen atom 
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Selenium dioxide has been suggested as the oxidizing agent- in syntheses in¬ 
volving such hydrocarbons as polynuclear aromatics containing a methyl or methyl¬ 
ene group. Thus 2-methylbenzanthrone can be heated under reflux with acetic 
acid and selenious acid to yield benzanthrone-2-aldehyde.®* Fisher®® reported 
studies of the oxidation of nitrobenzene compounds and benzyl halides refluxed 
with selenium dioxide. The conditions required for the oxidation of nitrotoluenes 
are fairly rigorous; 2,4-dinitrotoluene and 2,4,6-trinitrotoluene were unattacked by 
selenium dioxide in boiling alcohol though oxidation was possible at somewhat 
higher temperatures. However, />-nitrobenzyl bromide was oxidized readily to 
nitrobenzaldehyde, and benzyl chloride yielded benzaldehyde and a small quantity 
of benzoic acid. Nitrobenzal bromide (/>-) was not as readily oxidized as w’as 
the benzyl compound but yielded />-nitrobenzoic acid. More complex aromatics 
such as diphenylmethane, 4,4'-dinitrodiphenylmethane and triphenylmethane were 
not oxidized by seleniiini dioxide in boiling alcohol, though at higher temperatures 
the di- and triphenylinethanes were oxidized to benzophenone and triphenylcar- 
binol, respectively. Firth and Gething®*^ found that selenium compounds act as 
catalysts for oxidation by hydrogen peroxide. Thus, the oxidation of benzaldehyde 
in the presence of hydrogen peroxide alone is slow under ordinary conditions, but 
the addition of a small amount of selenium oxychloride materially accelerates the 
reaction. 

Several reactions have been developed whereby carbon monoxide can be directly 
added to aromatic compounds, which, although not strictly an oxidation process, 
yields various oxyaromatics. Zerbe and Jage®® have studied the reactions of vari¬ 
ous phenol derivatives and homologues with carbon monoxide under pressure and 
heat. It was found that in the presence of alcohol (methyl or ethyl) sodium 
phenolate reacts with carlxni monoxide to form ethers. Pressures above 30 atmos¬ 
pheres make this leaction quantitative, according to Zerbe and Jage. carbon monox¬ 
ide absorption beginning at 130®C. and best yields resulting at 180°C. In general, 
the phenol homologues are more reactive in this synthesis than is phenol itself, 
the reactivity being changed by the amount and nature of the basic or acidic sub¬ 
stituent. It is suggested that carbon monoxide adds to pro<luce a formic ester inter¬ 
mediate. Hey®^* reports that benzene reacts with carbon monoxide in the presence 
of hydrogen chloride and aluminum chloride-cuprous chloride catalyst to yield 
benzaldehyde, benzoic acid, and a small quantity of anthracene. I^rson^® suggests 
that in the aluminum chloride-catalyzed condensation of carbon monoxide and 
lienzcne to benzaldehy<le. a complex of aluminum chloride and the aldehyde can be 
usefl as the catalyst in the initial stages of the reaction. Thus the reaction is be¬ 
gun with fresh benzene and carbon monoxide plus aluminum chloride-aldehyde 
complex from previous reactions and later completed by the addition of fresh 
aluminum chlori<le. 

An indirect method permitting the addition of carl>on dioxide to naphthalene 
and its derivatives has been reported. In this case naphthalene is reacted with 
metallic sodium in the presence of a stable aliphatic monoether (e.g,, dimethyl, 
methylethyl or methylpropyl ether) or mixtures of these with other nonreactive 

'‘’F. Kaccr. \\ S. V Nov. il. to t'.rXeval Aniline Works; Chtm Ahs., 1934. 

28. 77b. r.rrman P. 557,249. 19.tJ; U>tm. Abs . 193y 27, MU 

••r. If. Fisher. / .4 r V . 19t4. 56. 205t»; Chem. Abs.. 1935, 29. 131; Brit. Chem. Abs. A. 

1934. 1353. 

B. Firth ind If H. CethinK. .f.CS . 1936. 633; Chrm. Abs.. 1936. 30. 5180; Brit. Chtw, Abs. 
A. 19.16. 850. 

•C. Zerbe ami F. Jage. Brruustoff Chem . 1935. 16. 88;.Oi<‘m Abs.. 1935. 29. 5427; Brit. Cbcm. 
Ahs. A, 193 5. 442. 

«*n. H. Hey. 1935. 72; Chrm. Abs. 1915. 29. 1785; Brit. CMrm. Ahs. A. 1935. 344. 

^A. T. Umon. U. S, P. 1.989.700, Feb. 5. 1935. to K. I du Pont de Nemours A Co.; Chrm. Ahs.. 

1935, 28,* 1834. alao Britith P. 445.554, 1934. to E. I. du Pont dc Nemours & Co,; Brit. Chem. 
Abt. B, 1936, 537. 
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solvents. The product, 1,4-disodiumnaphthalene, is highly reactive and hydrolyzes 
to form dihydronaphthalene and when treated with carbon dioxide yields the alkali 
metal salt of dihydronaphthalenedicarboxylic acid.*^^ 

Davidson and Bogert^^ have reported making benzyl alcohol by the crossed 
Cannizzaro synthesis. The aromatic aldehyde (e.g., benzaldehyde) is intro<luced 
to a solution of methanol and formaldehyde at 65°C. and potassium or sodium 
hydroxide added, the heat of reaction being absorbed by cooling water to maintain 
the temperature between 65 and 70°C. The mixture is then heated at 70°C. for 
40 minutes and finally refluxed for 20. The aromatic alcohol (benzyl alcohol) is 


~OH 

bentaldehydt henzyl alcohol 

formed in 85 to 90 per cent yield w’ith about 2 to 5 per cent of the corresponding 
aromatic acid. The reaction is effective also with other aldehydes, permitting the 
preparation of anisyl. piperonyl and veratryl alcohols. 

Separation and Purification of Aromatic Oxidation Products 
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The problem of separation and purification of the complex mixture of oxida¬ 
tion products resulting from catalytic oxidation processes may be divided into two 
general phases: separation of the products, and decolorization. The latter is gen¬ 
erally effected during the purification, but certain stubborn traces of substances 
with great coloring power must sometimes l)e treated separately. The distillable 
color-bearing substances which come over with phthalic anhydride, for instance, 
may be removed by prolonged (several hours) heating of the anhydride at about 
285°C., but Conover‘S® has suggested that this process may be improved by the 
addition of acids such as lactic, tartaric or citric, or of acid-forming substances 
such as glycerol. 'Smith*^^ has found the ultraviolet light from a mercury arc aids 
in decolorization, and it is reported to be sufficiently effective to make further 
distillations unnecessary in some cases. It has been suggested further^® that 
phthalic anhydride vapor be diluted with an inert gas, such as carbon dioxide or 
nitrogen, so that the anhydride is precipitated in the form of finely divided solid 
particles, and recovered in this manner. 

In the separation of such materials as I)enzoic acid, phthalic and maleic anhy¬ 
dride and other complex oxidation products, general methfMls depend on fractional 
distillation, differential solubility or differential activity. Fre(|uently the distilla¬ 
tion is conducted using a compound of the substance to l)e purified rather than the 
material itself. Thus, Jaeger and Daniels*^*^ suggest reacting the crude phthalic 
anhydride with an ammonium base compound (e.g., ethanolaminc) which is capable 
of reacting with the acid anhydride to form ammonium phthalate. Water is evap¬ 
orated and the residue heated to form and sublime pure phthalimide. An analogous 


^French P. 779,105, 1935, to E. I. du Pont dc Nemours & Co.; Chem, Abi.. 1935, 29, 4775. 
«D. D»Tidton and M. T. Bogert, J.A.CS., 1935. 57. 905; Chvm. Abs.. 1935. 29. 4344; Bnf. 
Chtm. Abs. A, 1935, 972. 

*C. Conover, U. S. P. 1,916,657, July 4, 1933, to Mon»anto (’hem. Co.; Brit. Chem. Abs. B. 
1934, 394; Abs., 1933, 27, 4545. 

WF. D. Smith, U. S. P. 1,948.281. Feb. 20. 1934, to Monaanto Cheni. Co,; Brit, Ckrtit. Abs. B. 
1934, 1094; Chsm. Abs., 1934, 28. 2725. 

^ H. B. Fotler, U. S. P. 2.064.468, Dec. 15, 1936, to National Aniline A Chemical Co.; Ch^m 
Ahs^ 1937, SI, 710. 

^A. O. Jaeger and L. C. DanleU. U. S. P. 1,968.253. July 31. 1934. to Selden Research and 
Mm§, Corp.; Chem. Abs., 1934, 28, 5835; Brit. Chrm. Abs. B, 1935, 621. 
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method involving fractional solidification rather than distillation has been reported. 
Conover^^ suggests melting the crude product, then cooling it in an undisturbed 
condition. Crystallization takes place precipitating a purified solid phase while 
the impurities remain in the liquid, permitting separation. Riegler^** proposes pre¬ 
cooling the vaporous products before condensation. The precooling temperature 
is adjusted to a controlled value above the dew-point of the mixture with respect 
to the product. In the products of naphthalene catalytically oxidized for produc¬ 
tion of phthalic anhydride, the dew-point of phthalic anhydride (though varying 
considerably since it is dependent on the nature and efficiency of the catalyst, the 
naphthalene-air ratio originally used, and other factors) is generally in the neigh- 
Ixjrhood of 115 to 130°C. Thus, a primary cooling apparatus may be used w'herein 
the heat energy of the hot exliaust gases is taken up in boiling water under slightly 
more than atmospheric pressure. The gases then pass into a condensing chamber 
where the temperature drops below the dew-point, precipitating the anhydride. 
The method is said to he advantageous in that it permits the use of a small, closely 
controlled primary condenser in absorbing the major portion of the heat energy of 
the exhaust gases. This also permits easy control of the precipitating condenser 
which is thus re<|uired to lower the temperature of the gases to an extent of only 
a few degrees. Tlie investigator’-* has suggested that the precof)le(l gases (at 
120 to 135®C\) he passed through a long, narrow, externally cooled tube, for in¬ 
stance. The tube is fitted with a screw-type scraper, which serves to dislodge the 
deposit, and simultaneously convey it to the discharge end. At the same time, the 
flow of gas through the tube is made turbulent by the scraper, resulting in small, 
homogeneous crystals, it is reported. The gases pass finally through dust bags. 

Desai and Patel^* report an investigation of the solubilities of benzoic, cinnamic, 
salicylic, phthalic and succinic acids in 14 solvents of various polarities. It was 
found that in slightly polar solvents, the solubilities decrease with increasing 
polarity of the solutes, phthalic and succinic acids being scarcely soluble. Solu¬ 
bility increases with polarity in the aromatic hydrocarbons, cyclohexane and carbon 
tetrachloride. It is suggested that benzoic, cinnamic and salicylic acids form read¬ 
ily dissociable solvates with alcohols, while phthalic and succinic acids form hy¬ 
drates with water which cause irregularities in the general behavior of these 
substances. 1'he investigators concluded that the order of solubility is that of the 
fx)larity of the solvents in the case of the aromatic hydrocarbons, cyclohexane and 
carlx)n tetrachloride, but that this general relationship does not hold with more 
polar solvents. Chloroform was irregular in all cases, .\cetone and butyl alcohol 
were abnormal in some cases. 

This type of differential solubility is used in purifying the various products of 
aromatic oxidation, either directly applied to the substance or by first forming a 
separable salt. Jaeger and Daniels^* have suggested extracting the products with 
two or more organic solvents and water. The crude compounds are taken up in 
water .solution, the solution i> extractixl first with a solvent dispersible in water 
(e.g., hydroxytoluic acid) and this mixture is in turn extracted with a solvent such 
as benzene which is miscible with the non-ac^ueous solvent and indispersible in 
water. The purifietl acid (maleic, fumaric, phthalic or naphthalic) is recovered 

” r. Conover, C. S. P. 2,046,.t68. Jnly 7. 1936. to Monsanto Cltcmical Co.; Chrm. Ahs., 1936, 
10, 5.S97. 

R. RicKlrr. U. S. P. 2.004,586. Tunr 11. 19.15, to National Aniline & Chemical Co.; Brit, Chrm, 
Abi, B, 1936, 633; Chrm, Ahs.. 1935.' 29. 5218. 

R. Riegler, British P. 449,621. 1936, to National Aniline & Chemical Co.; Rrif. Chrm, Ahs, 
B. 19,16, 97.5; Chrm. Ahs.. 1936. 30. 8247. 

"•P. G. Desai and A. M. Patel. /. Indian Chrm. Sor., 1935, 12. 131; Chrm, Abs,. 1935, 29. 4239; 
BHt, Chrm. Abs. A, 1935, 695. 

•'A. O. Jaeger and L. C. Daniels. C. S P. 1.9,10.054. Oct. 10. 1933. to Selden Co.: Chrm. Abs,, 
1934. tt. 179; Brii. Chrm. Abs. B. 1934, 751. 
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from the aqueous solution. Jaeger^^ also proposed that benzoic and phthalic 
acids may be separated by washing the mixture with benzene or toluene, in which 
the benzoic acid is the more soluble. The use of monochloronaphthalene or solvent 
naphtha in an analogous process has been suggested.'^’^ On the other hand, Bent¬ 
ley and Catlow^^ have proposed that a double compound be formed by one or more 
of the constituents of the mixture to be separated and this compound separated 
out by fractional crystallization. Thus cresols may be reacted with an aromatic 
amine such as benzidine (paradiaminohiphenyl) and the resulting compound sep¬ 
arated from impurities by crystallization. Witzel^^ suggests that in working with 
the oxidation products of furfural, alkali can be added to form maleic and tartaric 
salts which can be separated by crystallization from water solution. 

Some investigators have suggested accomplishing separation of the impurities 
by a secondary oxidation process, choosing such conditions as will destroy the 
undesirable compounds without seriously attacking the desired product. Jaeger 
and Daniels^® found this separation applicable where the salts of the desired sub¬ 
stance are less readily oxidized by hypohalites than are the corresponding salts of 
the impurities. The sodium salts (of benzoic, naphthalic or phthalic acids, for in¬ 
stance) are formed, and an aqueous dispersion of these salts is treated with sodium 
hypochlorite (or hydrogen peroxide). The salts are then converted to esters and 
separated in the usual manner (as by distillation). Bertsch and Krause^*^ report 
an analogous purification of succinic acid (produced by electrolytic reduction of 
maleic acid) by the action of alkaline potassium permanganate, followed by de- 
colorization (with charcoal) and filtering. Volkhin^^ reports that phthalic anhy¬ 
dride was purified by maintaining it at 180 to 280°C. for 3 to 4 hours and then 
adding sodium or calcium chloride with ferric oxide or oxides of other metals 
(e.g., lead oxide, cuprous oxide). The temperature is maintained at 200 to 280°C. 
for a further period of 3 to 4 hours and the mixture then distilled in vacuo or 
blown with air to recover the phthalic anhydride. 

On the other hand, Conover^® suggests separating benzoic and phthalic acids 
by a partial neutralization with a salt such as sodium carbonate, taking advantage 
of the fact that piTthalic acid is stronger than benzoic. The separation is com¬ 
pleted by distilling the resulting mixture with superheated steam. 

According to Jaeger’*^^ most of the impurities present in phthalic anhydride 
produced by the vapor phase oxidation of naphthalene which are volatile at the 
sublimation temperature of the acid anhydride are unsaturated substances. He 
proposes that these substances can be eliminated by contacting them with poly¬ 
merization catalysts, bringing about the formation of larger and non-volatile 
molecules. The crude anhydride is heated under atmospheric pressure to its boil¬ 
ing point, or under 3 to 5 atmospheres pressure (when it may be heated to boiling 
or somewhat less than the boiling point under this pressure). If pressure is used 

“A. O. Jaeger, U. S. P. 1.919,023, July 18, 1933, to SeUlen Co.; Brit. Chem. Abs. B, 1934, 
394; Chem. Abs., 1933, 27. 4817. 

“British P. 415,748, 1933, to National Aniline & Chemical Co.; Brit. Chem. Abs. B, 1934, 9.53. 

“W. H. Bentley and B. Catlow, U. S. P. 1,980,901, Nov. 13, 1934, to Wm. Blythe & ( o.. I.td.; 
Chem. Abs., 1935, 29. 476. 

«H. W. Witzel, U. S. P. 1,945,246. Jan. 30, 1934, to Seldcn Co.; Chem. Abs., 1934, 28, 2370; 
Brit. Chem. Abs. B, 1934, 953. 

“A. O. Jaeger and L. C. Daniels, U. S. P. 1.943.892, Jan. 16, 1934, to .Selden Co.; Chem. Ab.K.. 
1934, 28. 2019; Brit. Chem. Abs. B. 1934, 892. 

“ J. A. Bertsch and A. H. Krau.se, C. S. P. 1,945.175. Jan. 30, 1934, to Monsanto ('hem. Co,; 
Brit. Chem. Abs. B, 1934, 953; Chem. Ab.r.. 1934. 28, 2370. 

«A. E. Volkhin, Russian P. 33,147. 1933; Chem. Abs., 1934, 28. 3423. 

•• C. Conover, U. .S. P. 1,937,383. Nov, 28, 1933, to Monsanto Chem. ('o.; Brit. Chem. Ab.f. B, 
1934, 825; Chem Abs., 1934, 28. 1056. 

“A. O, Jaeger, T^ S. P. 1.953,937. April 10. 1934. to Selden Research and Engineering Corp.; 
Chem. Abs., 1934, 28. 3744; Brit. Chem. Abs. B, 1935, 140. See also A. O. Jaeger and K. V. 
Pietzsch. C. S. P. 1,993.886. March 12. 1935. to American Cyanamid fi Chemical ('orp.; Chem. Ah.t., 
3935, 29, 2976; Brit. Chem. Abs. B, 19.36, 47. 
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and the vapors are contacted with a polymerization catalyst (aluminum chloride, 
zinc chloride or activated carbon), the purification process is said to be completed 
in one to two hours. After the lapse of this period, the refluxing polymerization 
still is tapped and the phthalic anhydride sublimed over. If atmospheric pressure 
is used and no catalyst employed, the mass should be maintained at its boiling 
point (284.5®C.) for 6 hours. 



Chapter 42 

Production of Acids from Petroleum Hydrocarbons 

Acids can be obtained by the oxidation of petroleum hydrocarbons by either 
liquid- or vapor-phase operations. A variety of agents, such as air or oxygen, 
nitrogen tetroxide, or ozone, have been recommended. In addition to acids, 
other oxygenated hydrocarbons, such as alcohols, ketones, aldehydes, and esters, 
are formed and in many instances the conditions under which reaction takes 
place determine which product will be secured in the largest proportion. In 
this chapter are discussed those methods applicable to liquid hydrocarbons, par¬ 
ticularly to the higher-boiling distillates. Procedures employed with gaseous 
hydrocarbons have been described previously (see Chapters 37, 38 and 39) and 
those for solid petroleum hydrocarbons (e.g., paraffin wax) are given later 
(Chapter 43). 

Oxidation of Liquid Hydrocarbons in the Liquid Phase 

The oxidation of saturated hydrocarbons of petroleum origin, with air and 
oxygen, has been studied by Burwell.^ Both liquid and solid materials were oxi¬ 
dized under pressures of 200 to 500 pounds per square inch and at temperatures 
below the thermal decomposition points of the hydrocarbons, in most cases not 
above 160®C. Fairly large batches (200 or more pounds) of hydrocarbon mate¬ 
rials were oxidized. Those stocks rich in straight-chain hydrocarbons oxidized 
readily without catalysts, whereas the latter were needed when dealing with mix¬ 
tures in which other types of hydrocarbons represented the major portion of those 
present. As catalyst, manganese oleate or a portion of unsaponifiable, partially- 
oxidized hydrocarbons from a previous treatment was used. 

When paraffin wax, melting at 122-124®F. and averaging 24 carbon atoms, was 
oxidized under the above conditions, most of the acids formed averaged 12 to 14 
carbon atoms. On the other hand, by oxidizing distillates from Pennsylvania pe¬ 
troleum, fewer acids and a larger percentage of esters resulted. Monobasic, as 
wxll as some dibasic, acids were obtained from the solid paraffins, formic and acetic 
acids representing 10 to 15 per cent of the total products, with the former pre¬ 
dominating. Because of this fact, Burwell concluded that primarily oxidation 
takes place on the beta-carbon atom, second preference being on the gamma-carbon 
atom instead of the alpha-carbon.^ This, he believed, resulted first in the forma¬ 
tion of alcohols, and later ketones, which oxidized further, with cleavage, to give 
acids of lower molecular weight. The reactions are illustrated by the following 
equations: 

^ A. W. BurwcII, luH. Enp. Chem. 19.14. 26, 204; CUem. Abs., 19.14, 28. 21ft9; lirit. Chrm. Ah.i. 
B. 1934, 4.18. 

* At cracking temperatures oxidation attack'^ the alpha-carhon atom. j. ('. I*o])e, K. j. Dykatra 
and (i. F^gar, J.A.C.S., 1929, 51, 187.5, 220.1; Chem. Abs.. 1929, 23. .14.16; .1897; Hrit. Chem. Abs. 
A, 1929, 906, 1036. 
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2 CH,CH,(CH2).CH,CH« + O, 

CH,CH(0H)(CH,),CH,CH3 + CH,CH,CH(OH)(CH,).-iCH,CH, 

(O:) 

-CHaCO(CHj),CH2CH, -f CH3CH,CO(CH2),.,CH2CH, 4- 2 H-O 

xX (oxidation) ^ (oxidation) 

HC(X)H \ HOOC(CH2)xCH3CHa CH,COOH -f HOOC(CH,),_,CH,CH, 

Hydroxy-acids, lactones, alcohols, ketones and esters were also found among 
the oxidation products. In some cases esters, representing 60 to 75 per cent of 
the oxidized material, were obtained, which were difficultly saponifiable and were 
believed to be derived largely from secondary and tertiary alcohols. Although the 
acids made from the lighter distillates possessed very disagreeable odors, this ob¬ 
jectionable feature could be eliminated to a considerable degree by steam distilla¬ 
tion. A fraction of these acids boiling as high as 300°C. (572®F.) did not become 
very viscous even when cooled to 60®F. The corresponding lead, manganese and 
cobalt salts were readily soluble in gasoline and have found some use as driers. 

Various modifications of the al>ove procedure for oxidizing petroleum hydro¬ 
carbons have been employed. For example, transformer oil, subjected to a stream 
of air (for 6 months) at 110-115°C. gave a humic acid-like product which con¬ 
tained numerous hydroxyl and methoxyl groups, and on further oxidation with 
potassium permanganate yielded benzene-carboxylic acids.® On the other hand, 
if the oxidation of petroleum oils is carried out in several stages of 12 to 24 hours 
duration each, using calcium naphthenate as catalyst, water-white acids are ob¬ 
tained.* ** According to Plisov and co-workers® calcium naphthenate catalyzes the 
oxidation of gas oil at mild temperatures (llS to 120°C.) to produce hydroxy 
acids. In a method described by these workers, a yield as high as 90 per cent was 
reported. The hydrocarbon was mixed with 0.2 per cent calcium naphthenate, and 
conducted with air through an electrically heated glass tube. The reaction product 
was agitated with 20 per cent sodium hydroxide, and the mixture centrifuged for 
5 minutes to bring about separation. The alkaline solution was extracted with 
petroleum etlier to remove unsaponifiable material, and the raffinate decomposed 
to yield the free acids. These investigators report tliat good sej)aration may be 
obtained by selective solvent action of petroleum ether, taking advantage of the 
fact that the hydroxy acids are insoluble in this hydrocarbon solvent. In another 
procedure, after the oxidation is partially completed the conditions are made less 
intense, for instance, by lowering the temperature, so that secondary reactions in¬ 
volving the first-formed organic acids are retarded.® Also by stopping the reaction 
while some unoxidized material still remains, the formation of polyhasic acids is 
avoided.'^ 

The oxidation of a petroleum oil may be made to yield not only the higlier 
oxidation products such as aldehydes and acids, but also lower oxidation products 
suitalde for use as automobile fuels, Penniman® states. This investigator proposes 
an oxidation process which involves passing air through a deep layer (more than 
three feet in depth) of oil at a temperature between 315 and 482®C. Pressure 

* N. A. Orlov .md I. Z. Ivanov. J. Applied Chem. iUSS.R.), 1935, 8. 903; Brit. Chem. Abs. 
B. 19JS. 1032; Chem. Abs., 1936, 30, 4500. 

* Z. Danilovich and T. Dianina, Masloboino-Zhirox'oe Dclo, 1935, 15; Brit. Chem. Abs. B, 1936. 
403; Chem. Abs., 1935. 29. 5255. 

«A. K. Plisov, V. P. Golendecv and A. I. Zertzburg, J. Applied Chem. iU..^.S.R.), 1936. 9, 
841; Chem. Abs., 1936, 30, 7827; Brit. Chem. Abs. B. 1936. 728. 

*•0. Beck and H. Diekmann, U. S. P. 1.932.613, Oct. 31. 1933, to I. G. Farbenind. A.-G.; 
Chem. Abs.. 1934. 28. 490. 

^ C. Beck and H. Wcisxbach, German P. 581,829, 1933, to I. G. Farbenind. A.-G.; Chem. Abs., 
1934, 28, 1054. 

•W. B. 1). Penniman. T. S. P. 1.995,324, March 26. 1935; Brit. Chem. Abs. B, 1936, 438; 
Chem. Abs., 1935, 29. 2972. 
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. . Under tlie.se conditions, flie air is com- 

grcater than atmospheric is reconiniended^ converted 

pletely deoxygenated before reaching aqueous layer consists 

products of the reaction separate into two laver.. . upp^r laver is 

of a water solution This oxidation is said also 

reported to yield a Likhushin, Nasumyan and 

to remove sulphur compounds as sulphur dioxiae. 

Levkopulo,'* working with a specimen of Surakliany \ u * • *. 

favorable temperature for its air-oxidation was UO^C. while the best air rate was 
0.3 cubic meters per hour per kilogram of feed stock. Several catalysts were em¬ 
ployed, the best of which was sodium naphthenate. This was needed only for 
initiation of the reaction. They found also that refined oils gave better results by 
oxidation than did untreated oils. Both, however, exhibit induction periods which 
are much longer for the latter types of oils.'^ 

Keunecke and Werner^^ report that liquid-phase oxidation of hydrocarbons 
(containing 10 or more carbon atoms) may be inhibited to some extent by the 
presence of polymerizable impurities. These investigators suggest that if the 
liquid material to be oxidized is pretreated with approximately 3 per cent of an 
anhydrous hydrolyzable halide (e.g., aluminum chloride, boron trichloride or 
silicon tetrachloride), the undesirable substances are precipitated as polymerization 
products. In some cases it is advantageous to subject the liquids to a desulphurizing 
treatment prior to oxidation.This is effectively accomplished by hydrogenation 
under pressures of 5 to 200 atmospheres and at temperatures of 200 to 350° C. 
Sulphur is removed as hydrogen sulphide and the unsaturated compounds art 
partially or completely converted into the corresponding saturates. In still other 
instances, hydrogenation may be substituted by a sulphonation treatment.^* After 
extraction of the sulphonic acids, the oil is then subjected to oxidation at 96-115°C. 
in the presence of a manganese or calcium catalyst. Other contact agents which 
have been employed in liquid-phase operations include lithium oleate and aluminum 
stearate, sodium and aluminum palmitates^^ and alkaline-earth carbonates or mix¬ 
tures of alkaliqe-earth oxides and alkali carbonates.^® Also compounds containing 
several condensed nuclei, or derivatives of these, have served as catalysts in the 
photochemical air-oxidation of hydrocarbons,^® as for example, dihydrodianthrone 
in the transformation of petroleum to fatty acids. Activated carbon, lead, mercury 
and zinc compounds have been used as oxidation catalysts.Plisov and Goldov- 
skii^® state that solar oils can be oxidized by air without the aid of a catalyst. The 
crude oil was atomized together with steam, into a reactor at 210 to 220°C. The 
distillate obtained consisted chiefly of higher fatty acids, in good yields. The total 
yield may be increased when water vapor is absent, but the quality of the product 


• K. P. Likhushin, V. Nasumyan and N. Levkopulo, Neft. Khor., 1934, No. 10, 77; Chtm. 

Abi., 1935, 29, 6034; Brit. Chem. Abr B. 1936, 631. 

K. I. Ivanov and V. I. Schustina, J. Applied Chem. (U.S.S.R.), 1936, 9, 82; Brit. Chtm. Abs. 
B, 1936, 435; Chem. Abs., 1936, 30. 6173. 

“ E. Keunecke and R. Werner, German P. 624,229, 1936, to I. G. Farhenind. A.-G.; Chem. Abs., 
1936, 30, 2577. 

“W. Dietrich and M. Harder, U. S. P. 2,003,584. June 4, 1935, to I. G. Farhenind. A.-G.; 
Chem. Abs., 1935, 29. 4772. 

G. S. Petrov, Trans. VI Mendeleev Congr. Theoret. Appl. Chem., 1932, 2 (1), 844; Chem. Abs., 
1936, 30, 3975. 

»«W. Dietrich and M. Luther, U. S. P. 2,000.222, May 7, 1935; Chem. Abs., 1935, 29, 4164. 
German P. 621,979, 1935; Chem. Abs., 1936, 30, 2361. Both to I. G. Farhenind. A.-G. 

“G. S. Petrov, Russian P. 31,928, 1933; Chem. Abs., 1934. 28, 3575. 

"I. KreidI, C. Rosen and K. Rutter, British P. 403.954, 1933; Brit. Chem. Abs. B, 1934. 232; 

Ckem. Abs., 1934, 28. 3306. French P. 739,711. 1932; Chem. Abs., 1933, 27, 2098. F. Noiicka, U. S. P. 

1,945,067, Jan. 30. 1934; Chem. Abs., 1934, 28. 2273. All to Verein. Chem. Fahr. Kreidl. Heller & Co. 

” See Carleton Ellis, “The Chemistry of Petroleum Derivatives,” Chemical Catalog Co., New 
York, 1934. 

*** A. K. Plisov and B. Goldovskii, /. Applied Chem. iU.S.S.R.), 1936, 9, 492; Chem. Abs., 1936, 
30. 7543; Brit. Chem. Abs. B, 1936, 627. 
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under these conditions is poorer. A second oxidation of the unreacted oil also 
results in improved yields. 

Oxidation of Liquid Hydrocarbons in the Vapor Phase 

Klatt*® has reported experiments on the vapor-phase oxidation of a kerosene oil. 
The oxidation was carried out in an electrically heated steel tube packed with 
various catalysts, the resulting vapors then passing into a condenser arranged 
for very rapid cooling of the gases. It was believed that rapid cooling would 
minimize secondary reactions. Manganese dioxide, vanadium pentoxide, iron and 
brass turnings and aluminum scraps were tested for catalytic activity. The data 
led him to believe that vanadium is most suitable for the reaction. Manganese 
dioxide leads to pyrolysis rather than to oxidation, it was found. The investigator 



JcRuaaeff^ Ii^Saih CmuDHrH AbsorptRIh lomRs 
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Fig. 216. — Flow Scheme for Partial Oxidation of Cracked Petroleum Distillates. 

(Carlcton Plllis) 


concluded that the optimum conditions required the presence of steam, vanadium 
oxide catalyst, and comparatively mild temperatures (250 to 500°C.). The addi¬ 
tion of steam to the air-hydrocarbon mixture served to hasten condensation of the 
water-soluble compounds produced, and to minimize secondary reactions. Klatt 
and Jelinek-^* oxidized a specimen of Russian kerosene, containing a large propor¬ 
tion of naphthenes, in the vapor phase with air at 440°C. Steam was added and 
the mixture passed over a vanadium pentoxide-pumice catalyst. The product con¬ 
sisted of a solid fraction of high-molecular weight fatty acids, a water-soluble 
portion containing the lower fatty acids, aldehydes and ketones, and a liquid cut 
of unchanged kerosene. The total yield of fatty acids amounted to 7.5 per cent. 

Another procedure consists of spraying a mist of cracked petroleum oil, with 
air, into a reaction zone filled with vanadium oxide catalyst, the temperature being 
kept below a red heat.'^^ As an example, kerosene was introduced into cracking 
coils heated to 500-6(X)°C. and the vapors then led into air-cooled condensers. The 

«R. KUtt, PetroUum, 19.M. 30. No. 12. 1; Brit. Chem. Abs. B. 1934, 438; Chtm, Abs., 1934, 28. 
4883; Petroleum, 1934, 30, No. 13, 1; /. Inst. Pet. Tech., 1934, 20. 305A; Brit. Chein. Abs. B, 
1934. 438. 

* R. Klatt and H. Jclinck, Petroleum, 1935, 31. No. 42, 1; Brit. Chem. Abs. B, 1936, 83; Chem. 
Abs., 1936. 30. 2733. 

Carleton Ellis. U. S. P. 1,992.691, Fch. 26, 1935. to KUis-Fostcr Co.; Chem. Abs., 1935, tf. 
2730; Brit. Chem. Abs. B, 1936, 136, 
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higher-boiling fractions were condensed and the lighter constituents then mixed 
with air and cooled to room temperature, before entering the reaction chamber, in 
order to prevent the reaction from becoming too violent. In this way the formation 
of carbon was retarded. Furthermore, as a result of the cooling prior to oxidation, 
the products of cracking were partially condensed to a mist. The fine droplets 
thus formed were not so readily oxidized as material completely in the vapor phase, 
so that the tendency for excessive oxidation to occur was reduced. The reaction 
tube, containing vanadium oxide-impregnated pumice, was maintained at 425-450®C. 
Organic acids, aldehydes and the like were formed. Among the products, phthalic 
anhydride was identified. Some of these could l)e converted directly, by use of 
phenol or resorcinol, into phthalein dyes. 

Weber-" prepared intermediates from petroleum which could he used advan¬ 
tageously in oxidation processes. He subjected a specimen of kerosene to cracking 
at various temperatures and later oxidized the products with air. The oxidation 
was accomplished with the aid of a vanadium oxide catalyst mass which was heated 
in a lead bath at 750° F. James-^ reports that the heat of reaction engendered in the 
vapor-phase oxidation of petroleum hydrocarbons can be controlled if a series of 
reaction catalyst-zones is employed, each zone bringing about a fraction of the 
total oxidation to be carried out. Blue oxides of molybdenum or uranium oxides 
are suggested as catalysts, and the reaction is to be carried out at a temperature just 
below red heat. The reaction may he further controlled by the addition of a 
diluent such as steam or exhaust gases to the mixture of petroleum vapor and air. 
Mitscherling-* proposes a photochemical oxidation process for the conversion of 
hydrocarbons in the vapor or liquid phase. The hydrocarbon material in the 
vapor phase, for instance, is contacted with a solid catalyst (such as activated 
charcoal, copper sulphate, carbonate or hydroxide deposited on pumice, or sodium 
acid sulphite) in the presence of the radiation from a positive-column neon lamp. 
Cracking processes similar in nature are reported as well. The radiating lamp 
may contain argon, krypton or other noble gas. The lamp may consume from 180 
to 300 watts of electric energy at 12,(X)0 to 15,(X)0 volts. 

Nitrogen oxfdes may also l>e used as catalysts in the air oxidation of petroleum 
fractions. Sheely and King^® treated the vapors of a cleaner’s naphtha at 400°C. 
with air and nitric acid vapors. The acid vapor catalyst was regulated as to its 
concentration by the temperature of the liquid acid, the pressures of the vapors 
present ranging from 21 to 68 mm. The products consisted of aldehydes and acids 
of 8 to 10 carbon atoms. Up to 20 per cent yields of aldehydes were obtainable, 
while acid yields as high as 90 per cent were reported. 

Refining of Oxidation Products of Hydrocarbons 

When petroleum hydrocarbons are oxidized with air, several types of oxygenated 
derivatives are formed, including carboxylic and hydroxy-carboxylic acids, lac¬ 
tones, estolides-* (intermolecular esters of hydroxy-carboxylic acids), alcohols, 
ketones and other oxidized bodies, along with unoxidized hydrocarbons. These 
products may be separated and refined in several ways. For instance, the crude 
oxidation products may be subjected to distillation whereby the lower-boiling con- 

«H. M. Weber, U. S. P. 1,516,756, Nov. 25, 1924, to Ellis-Foster Co.; Chem. Abs., 1925, 19, 
397. 

^ T. H. James. U. S. P. 2,036,215, April 7, 1936, to C. P. Byrnes: Chem. Abs., 1936, 30. 3627. 

« W. O. Mitscberling, U. S. P. 2,003,303, June 4, 1935, to Neon Research of Connecticut, Inc.; 
Chem. Abs., 1935, 29, 4771. U. S. P. 2,003,898, Tune 4. 1935; Chem. Abs., 1935, 29. 4931. 

•C. Q. Sbeely and W. H. King. Ind. Eng. Chem.. 1934, 26, 1150; Chem. Abs., 1935, 29. 1061; 
Brit. Chem. Abs. A, 1934, 1335. 

**For the structure of estolides and other methods of refiniM oxidized petroleum, see Carleton 
Ellis, **Tbe Chemistry of Petroleum Derivatives," The Chemical Catalog Co., New York, 1934. 
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peratures between 150® and 300°C., and under pressures of 10 to 50 nun., an 
almost quantitative separation of fatty acids from hydroxy-carboxylic acids is ef¬ 
fected.®^ In this manner, the fatty acids are obtained in the distillate and the 
hydroxy acids in the still residue. Besides being applicable to mixtures of 
acids, the above process may also be used in refining crude oxidation products 
which have received no previous treatment. 

In case it is preferred to convert the hydroxy into unsaturated acids, the crude 
acids are heated to 150-250° C. for several hours in the presence of agents which 
promote dehydration, such as mineral acids, sulphonic acids or zinc chloride.®^ 
The heating may be carried on in an atmosphere of hydrogen or carbon dioxide. 
By this treatment the solubility of the acids in petroleum ether, and their iodine 
numbers, are increased. At the same time the tendency for pitch-formation during 
subsequent distillation is greatly diminished. As an example, 500 parts of the 
product obtained by oxidizing gas oil at 150®C. with air, are treated for 4 hours 
at 250°C. under a pressure of 50 atmospheres with hydrogen and finely-divided 
nickel, in the presence of 5 parts of naphthalene monosulphonic acid. Lighter- 
colored acidic bodies (480 parts) are obtained. The two materials show the fol¬ 
lowing differences: 

Solubility in Iodine Pitch Obtained 
Petroleum Ether Number on DivStillation 
Initial material. . 58.2% 17.8 20';^ 

Treated material. 91.8% 46.7 3% 

The crude acids, obtained from oxidized petroleum by any of the above methods, 
may be further separated into high- and low-molecular weight acids by treating 
their alkali salts with calcium hypochlorite. The calcium salts of the low-molecular 
weight acids are removed by washing with water, the salts of the high-molecular 
weight acids remaining undissolved.®® 

Uses of Oxidation Products of Petrolkl m 

Top oils, which reduce the breaking-in time of internal combustion engines and 
diminish carlx)n accumulation, are made from certain of the oxidation products of 
petroleum. These top oils are added to the fuels used in such engines and tend not 
only to furnish extra lubrication for the valves and pistons but also to soften carbon 
deposits. As an example, 3 per cent of an oxidized fraction of Pennsylvania pe¬ 
troleum oil is added to 97 per cent of unoxidized paraffin oil, and 1 volume of the 
mixture is added to 200 volumes of the fuel. The oxidized oil employed for this 
purpose contains esters, alcohols and ketones, and is neutral in character. Com¬ 
positions containing these neutral oxidation products are also blended with crank¬ 
case lubricants.®^ 

Lubricating oils may be incorporated in the soaps formed from the oxidation 
products of aliphatic petroleum hydrocarbons. The solid or semi-solid compositions 
thus prepared are proposed as lubricating greases. Or, the free acids, of average 
molecular weight of 160 to 165, may be dissolved in petroleum distillates to give 
oils possessing marked penetrating qualities.®® 

«H. Franzen and G. Kunze, U. S. P. 1,977,988, Oct. 23, 1934, to I. G. Farbenind. A.-G.: 
Chem. Abs., 1935, 29, 179. 

•* W. Dietrich, U. S. P. 1,940,400, Dec. 19, 1933, to I. G. Farbenind. A.-G.; Chem. Abs., 1934, 
28, !354. 

*G. S. Petrov and A. I. Danilovich, Russian P, 33,627. 1933; Chem. Abs., 1934, 28, 3575. 

»*A. W. Burirell, U. S. Patents 1,690,768 and 1,690,769. Nov, 6, 1928; Chem. Abs., 1929, 88. 

509; Brit. Chem. Abs. B. 1929, 199. U, S. P. 1,863,004. June 14. 1932; Chem. Abs., 1932, 28. 

4169. All patents to Alox Chemical Corp. See also, A. W. Burwell, “Oiliness,” Alox Chemical Coro.. 

Niagara Falli, N. Y. 

•A. W. Burwell, U. S. P. 2,012,252, Aug. 20, 1935; Chpm. Abs., 1935, 29, 6752; Brit. Chem. Abs. 
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The alkali salts of monocarboxylic acids have also been suggested for use in 
the preparation of certain liquid dispersions such as insecticidal and fungicidal 
plant-sprays, presumably of the insecticide-in-water type. On the other hand, the 
free acids have been employed in breaking emulsions of the water-in-oil type.^® 
The products formed by chlorinating these acids have also been used for the latter 
purpose.^^ 

The water-insoluble, petroleum-soluble saturated monocarboxylic acids (con¬ 
taining up to 12 carbon atoms) prepared from petroleum are said to act as activat¬ 
ing materials in rubber vulcanization.*^* Acids obtained from paraffin oil can be 
condensed with phenol and formaldehyde or furfural to produce plastic compounds.*® 
The polycarboxylic acids which are formed from petroleum can be condensed with 
polyhydric alcohols to produce resinous bodies also.”*** 

B, 1936. 800. U. S. P. 1.895.374, Tan. 24. 1933; Brit. Chem. Ahs. B, 1934, 9; Chem. Abs.. 1933, 

27, 2572. Both patents to Alox Chemical Corp. 

** A. W. Burwell, U. S. P. 1,955.052, April i7, 1934; to Alox Chemical Corp.; Chetru Abs., 1934. 

28, 3830; Brit. Chem. Abs. B. 1935, 200. U. S. P. 1,993,646, March 5. 1935; Chem. Abs., 1935, 

29. 2730. 

”C. H. M. Roberts, U. S. P. 1,979,347, Nov. 6, 1934, to Tretolitc Co.; Brit. Chem. Abs. B, 
1935, 891; Chem. Abs., 1935, 29. 329. 

** A. VV, Burwell. U. S. P. 1.981.822, Nov. 20, 1934, to Alox Chemical Corp,; Chem. Abs., 
1935, 29, 644; Brit. Chem. Abs. B. 1935, 1006. 

** (j. S. Petrov and N. B. Kruglaya, Plasticheskie Massui, 1935, No. 3, 16; Chems. Abs., 1936, 

30. 1147. 

♦"French P. 764.948. 1934, to I. G. Farbenind. A.-G.; Chem. Abs., 1934, 28. 6003. 



Chapter 43 

Oxidation of Paraffin Wax 

As the multitude of publications bear witness, much work has l)een done on 
the oxidation of paraffin wax and related substances with air and oxygen, as well 
as with other oxidizing agents. These reactions can be controlled so as to furnish 
predominantly either alcohols or acids or other oxygen-containing bodies. In spite 
of the fact that these various types of oxygenated compounds have been made, there 
still exists some doubt as to the exact structures of the hydrocarbons comprising 
paraffin wax. 

The acidic materials resulting from the oxidation of high molecular weight 
paraffins have been utilized principally for the manufacture of soaps. Other prod¬ 
ucts, such as esters, have been employed as beeswax substitutes and in miscellaneous 
preparations (Chapter 45). Although fat-like bodies have been obtained by the 
oxidation of paraffins^ and by esterification of the higher aliphatic alcohols with 
acids of petroleum origin,^ nevertheless it is questionable from an economic view¬ 
point whether the manufacture of synthetic fats from petroleum could compete 
with natural fats, except possibly in times of extreme emergency.^ For instance, 
during the World War, German soldiers were fed 6000 tons of synthetic fats 
made by esterifying ethyl alcohol with the acids formed by the ozonolysis and 
subsequent heating of unsaturated hydrocarbons resulting from the low-tempera¬ 
ture distillation of coal.'* 

Because of the complexity of the oxidation products of paraffin wax and the 
uncertainty of the nature of its components, the term “wax acids” seems best 
suited for the acids produced therefrom. 

Oxidation with Air 

For the production of wax acids, oxidation of paraffin wax with air appears 
to be the most economical.*"* Temperatures employed generally ranged from 150® 
to 180®C., though higher temperatures can be used. Under the latter conditions 
more vigorous oxidation occurs, accompanied by larger yields of lower molecular 
weight, or more volatile, products. The application of increased pressures often 
aids in speeding up the reaction. The velocity of reaction is affected also by the 
grade of feedstock being treated. For example, Reiner® reported that paraffin 
wax (m.p. 52.5®C.) was more rapidly converted (by air) to acids than ceresin 
wax (m.p. 56®C.), and that in both instances the change was faster at 140®C. than 

iW. Pufifs, German P. 488,877, 1929, to I. G. Farbenind. A. G.; Chrm. Abs., 1930. 24, 2323. 

* H. H. Franck, Chimie et induttrie, 1934, 31 (Spec. No.), 889; Brit. Chetn. Abs. B, 1934, 634; 
Chem. Abs,, 1934, 28. 6005. 

»R. FomcM, 1921, 40, 63R; 1923, 42, 358; Chem. Abs., 1923, 17. 2966. 

^A. W. Burwell. Ind, Eng. Chem., 1934, 26. 204; Chem. Abs., 1934, 28. 2169; Brit. Chrm. Abs. 
B, 193 :, 438. 

•Carleton Ellis, “The Chemistry of Petroleum Derivatives,” The Chemical CataloK Co., Inc.. New 
York, 1934. See also, M. Fri^wald, Rev. pet., 1935, No. 612, 4; J. Inst. Pet. Tech,, 1935, 21, 
)32A; Chem. Abs., 1935, 2^ 3502. 

•St. Reiner, ErdBl u. Tier, 1933, 9, 412; Chem. Abs., 1933, 27, 5954; /. Inst. Pet. Tech., 1933. 

19, 469A. 
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at 120®C. It has been proposed to refine the hydrocarbons with sulphuric acid 
and a small proportion of oxides of nitrogen prior to oxidationJ Refining condi¬ 
tions, however, should be sufficiently mild to avoid the occurrence of objectionable 
reactions with the hydrocarbons. 

Orlov and Tishchenko® noted the formation of volatile acids, aldehydic bodies 
and a considerable proportion of an asphaltic mass during treatment of paraffin 
wax (m.p. 57°C.) at 120-140°C. with air. On further oxidation with air (by 
weathering) the asphalt yielded substances which closely resembled natural humic 
acids. The development of dark-colored, resinous materials may be avoided by 
continuously withdrawing the partially oxidized wax and adding fresh wax to 
the reaction zone.® At a lower temperature (52®C.), other investigators obtained 
l)oth fatty and hydroxy acids as well as their anhydrides, lactones, and lactides.^® 
Hydroxy acids corresponding in composition to Ci 3 .i 7 H.j(j-;^ 4 (OH)COOH and one 
whose formula was believed to be C 35 He 9 (OH)COOH were identified. The latter 
acid, whose lactone melted at 58-59.4®C., was prepared by hydrolysis of its methyl 
ester (m.p. 46-48®C.). 

V'arlamov^^ found that the employment of catalysts, manganese, nickel, chro¬ 
mium, and cobalt, resulted in higher yields of acids but the proportion of hydroxy 
acids was also increased. The alkali carbonates were found to be negative catalysts. 

Friedolsheim and Luther suggest treatment of paraffin wax at 120° to 180°C. 
with air in the presence of alkalies such as sodium hydroxide or carbonate. ^ 
small proportion of manganese naphthenate or zinc stearate may be added. Under 

these conditions 70 per cent of the wax is said to be converted into acids. Other 

metallic catalysts which have been used in the liquid-phase oxidation of paraffin 
wax include calcium, barium, and magnesium naphthenates,'® and heavy-metal 
cinnamates,^^ carbonyls, carbides or palmitates,^^ and stearates.^® 

BurwelP*^ investigated the oxidation of saturated petroleum hydrocarbons, with 
air and oxygen, under various pressures and at temperatures below the cracking 
temperatures of the hy/lrocarlx)ns. The air-oxidations were carried out under 
alK)ut 15 to 40 atmospheres pressure and at 120° to 180°C., usually, however, below 
160°C. Manganese oleate or unsaponifiable, partially oxidized hydrocarixjiis were 
Used as catalysts. Paraffin wax melting at 122° to 124°F. and averaging twenty- 

four carbon atoms gave acids corresponding to an average of twelve to fourteen 

carbon atoms. By using large quantities of initial hydrocarbons (200 pounds), 
it was possible to isolate and identify many of the low-boiling volatile acids formed. 
Among those identified were formic, acetic, propionic, butyric and valeric and 
others up to 10-carbon acids. In the wash waters were found lactic, and suc¬ 
cinic and other dibasic acids. Alcohols, ketones, lactones and esters were also 

T M. Harder and VV. Dietrich, German P. 619,113, 19J5, to I. G. Farbenind. A. G.; Chem. 

1936, 30. 4H4. 

•♦N. A. Orlov and V. V. Tishchenko. J. AppL Chem. {USSR), 1933, 6. 112; Chem. Ahx.. 

1933, 27, 5748; Brit. Chem. Ahs. B, 1933. 613. 

*F.. Peukert, U. S. P. 1,987,208, Jan. 8, 1935, to I. G. Farbenind. A. G.; Chem. Abs., 1935, 
29, 1430. 

P. P. Schoruigin and A. P. Kreschkov, J. Gen. Chem. (U.S.S.R.), 1933, 3, 825; Brit. Chem. Abs. 
A, 1934, 510; Chem. Abs., 1934, 28, 6106. 

“V. Varlamov, Mas/obotno-i^hfrovor Deh, 1932, No. 6, 47; Chem. Abs., 1933, 27, 5955; Brit. 
Chem. Abs. B, 1934, 262. 

** A. V. Friedolsheim and M. Luther, U. S. P. 1,981,384, Nov. 20, 1934, to I. G. Farl>enind. 

A. G.; Chem. Abs., 1935, 29, 592. 

“C. S. Petrov, A. I. Danilovich, and A. Yu. Rabinovich. German P. 584,110, 1933; Chem. Abs., 

1934, 28, 308. 

M. Luther and H. Beller, U. S. P. 1,965,962, July 10, 1934, to I. G. Farbenind. A.-G.; Chem. 
Abs., 1934, 28, 5656. 

WW. Dietrich and .M. Luther, U. S. P. 2.008,490, July 16. 1935, to I. G. Farbenind. A. G.; 
Chem. Abs., 1935, 29. 5855. 

M. Luther and W. Flemming, Germ'’- P. 612,952, 1935, to I. G. Farl)enind. A.-G.; Chem. Abs.. 

1935, 29, 6244. 

>^A. W. Burwell, Ind. Uiig. Chem., 1934, 26. 204; Chem. Abs., 1934, 28, 2169; Brit. Chem. Ab.<. 

B, 1934, 438. 
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formed. The proportion of the latter, in some cases, was believed to represent a 
large part of the oxidation products. By use of charges of not less than 1000 pounds 
of wax many products of commercial utility were obtained.'® 

From this work it was noted that those materials containing a high percentage 
of straight-chain hydrocarbons oxidized readily but that other specimens, low in 
these compounds, required catalysts. From the products formed it was concluded 
that the principal reaction involved the beta-carbon atom rather than the primary 
and that the second preference was for the gamma-carbon atom, and so on toward 
the center of the molecule. It is interesting to note, however, that at higher tem¬ 
peratures (cracking temperatures) the alpha-carbon atom is more susceptible to 
oxidation than is the beta, the initial products being aldehydes.'® 

Yukhnovskii and Rokhlin,^® studying the oxidation of petrolatum, found calcium 
naphthenate to be a better catalyst than magnesium naphthenate. By carrying out 
their oxidations under 3 to 4 atmospheres pressure they could reduce the reaction 
time by as much as 500 per cent and considerably lessen the air consumption. The 
optimum reaction temperature was 110-115®C. At higher temperatures more 
gasoline-insoluble material was formed. At higher pressures the proportion of 
hydroxy acids was increased without an increase in the total yield of acids. On 
the other hand, 160®C. has been reported as the optimum temperature for the air- 
oxidation of paraffin wax under atmospheric pressure.2' However, Davanakov 
and Fedotova^^ report that the catalytic action of the ordinary metallic soaps is 
effective only at the lower temperatures (i.e., 120 to 140®C. but not at 160®C.). The 
catalysts used by these investigators were prepared by the interaction of salts of 
the metals used (manganese, calcium, aluminum) with the fatty acids of paraffin 
oxidation at 160®C. The calcium catalysts were more effective than the aluminum, 
and the manganese still more active. In semi-commercial experiments, it was 
found that the manganese catalysts increased the rate of reaction at 120°C. by a 
factor of ten. At 140®C., the reaction in the presence of this catalyst left only 15 
per cent of unsaponifiable matter. Davanakov^* reports, further, that the influence 
of catalysts is increased not only by lower temperatures, but also by the use of less 
highly refined paraffin. 

Berlin and Kuznetzova^^ subjected samples of foots oil, containing various pro¬ 
portions of paraffin wax, to oxidation with air at 160-170®C., both in the presence 
and absence of naphthenate catalysts. When dealing with oils of high wax con¬ 
tent (above 85 per cent) they found that the oxidation proceeded smoothly without 
catalysts, whereas, oils of lower wax content needed catalysts in order to produce 
satisfactory yields of oxidation products. It has been suggested that the oil con¬ 
tent of petrolatum or slop wax be reduced by extraction with low-boiling hydro¬ 
carbons, e.g., propane or butane, admixed with non-solvents for wax, such as 
alcohols, ketones or chlorinated hydrocarbons.^® After distillation, the wax may 
be subjected, in the liquid phase, to oxidation with air. In an attempt to elucidate 


•"A. W. Burwcll. U. S. P. 1,690.768 and 1,690,769, Nov. 6, 1928; Chem. Abs., 1929, 23. 509. 
V. S. P. 1,791.711, Feb. 10. 1931; Chem. Abs., 1931, 25, 2019; all to Alox Chemical Corn. 

‘•J. C. Pope, F. J. Dykstra and G. Ednr, J.A.C.S., 1929, 51, 1875, 2203; 1931, 53, 3752; Brit. 
Chem. Abs. A, 1929, 906, 1036; Chem. Abs., 1929, 23. 3436, 3897. 

*»G. Yukhnovskii and S. Rokhlin, Masloboino-Zhiravoe Delo. 1934, No. 9-10, 8: Chimie et industrie 

1935, 34, 402; Chem. Abs., 1935, 29, 7629; Brit. Chem. Abs. B, 1936. 1191. maustrte, 

« H. Pflugk, Braunkohienarch., 1932, No. 37, 1; Chem. Zentr., 1932, 2, 3959; Chem. Abs. 1933 

27. 2423. 

«A. B. Davanakov and O. Y. Fedotova, Org. Chem. Ind. (U.S.S.R.), 1936, 1. 79; Chem. Abs 

1936, 30, 5400. " 

“A. B. Davanakov, Trans. VI Mendeleev CoUgr. Theoret. Applied Chem. 1932, 1935, 2 (1). 867: 

Chem. Abs., 1936, 30, 3975. 

Grot. Neft., 1935, 5 (1), 52; J. Inst. Pet. Tech., 1936, 22. 

108A, Chem. Abs., 1936, 30, 3975. 

*>Britiah P. 434,311, 1934, to Standard Oil Development Co.; Brit. Chem. Abs. B, 1935, 1034. 
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the furfction of catalysts in these air oxidations of paraffin waxes, Plisov^® studied 
the formation of peroxides and acids during the reaction, both when catalysts 
(sodium and calcium salts of naphthenic and higher fatty acids) were present, and 
in their absence. It was found that when catalysts were not present, the amount 
of peroxides formed increased slowly at first, then rapidly, to a maximum value 
reached in about 3 hours, and then decreased. After 5 to 6 hours, no peroxides 
could be detected. In the presence of catalysts, the concentration of peroxides 
(lid not pass through a maximum, but declined steadily to zero after 4 to 5 hours. 

In some cases it is desirable to restrain the extent of oxidation and thus to ob¬ 
tain considerable amounts of aldehydes and alcohols rather than acids. This has 
been accomplished by oxidizing paraffin wax in the presence of orthoboric and 
acetic acids.^"^ Under these conditions the products are found to contain relatively 
large proportions of alcohols as their boric acid esters, in which form they are 
apparently protected against further oxidation. The esters are separated from un¬ 
reacted paraffin by extraction with ethyl alcohol. After evaporation of the solvent, 
the residue of wax-alcohol borates is repeatedly extracted with boiling water until 
hydrolysis is complete and all boric acid removed. A mixture of crude alcohols, 
prepared in this manner from hard paraffin wax, had the following characteristics: 

Crudf Wax Alcohols 

Melting point. 34®C. 

Acid number. 11 

Ester number. 27 

Saponification number. 38 

Acetyl number. 198 

Ash. 0.01% 

By saponifying, extracting the soap solution with ether, and evaporation of the 
latter, the crude alcohols were freed of fatty acids. The refined alcohols then ex¬ 
hibited the following properties: 

Refined Wax Alcohols 


Specific gravity (50®C.). 0.860 

Melting point. 31.5®C. 

Add number. 0.9 

Ester number. 6.5 

Saponification number. 7.4 

Hydroxyl number. 165 


Arsenious or phosphorous acid may be used as the oxidation catalyst in place of 
boric acid. 

Several means have been employed for lowering the air-consumption of these 
oxidation operations, as for instance, by effecting reaction under increased pres¬ 
sures.**^^ Another procedure consists of lengthening the period of contact between 
the air and hydr<x:arbon. 

Friedolshcim and Luther*® passed molten paraffin wax and air concurrently 
through a multiple-section heated tower (Sec Fig. 218.) Among advantages of 
this method of oxidizing wax is that the partially oxidized hydrocarbons are car¬ 
ried along in contact with air of decreasing oxygen content, thereby diminishing 
the tendency for excessive oxidation reaction to occur. Diluent gases may also 
be used to serve the latter purpose. In other instances the reactants are conducted 

•A. K. Plliov, Bull. toe. fWm.. 1936, S (5). 425; Brit. Chem. Abs. A. 1936, 586; Ckem. Abs., 
193^ SO, 3975. 

«T. Hellthaler and E. Peter, U. S. P. 1,947,989. Feb. 20. 1934; German P. 552,886. 1934; 
German P. 564,196, 1934, all to A. Riebeck*sche Montanwerke. A.-G.; Ckrm. Abs., 1934, 28, 2722, 
5832. 

«G. Yukhnovakii and S. Rokhlin, loc. cit. 

*A. V. FHedoliheim and M. Luther, U. S. P. 1,990.229. Feb. 5, 1935, to I. G. Farbenind. 
A.<G.; Ckom. Abs., 1935, 29, 1832. 















974 


CHEMISTRY OP PETROLEUM DERIVATIVES 


through filler bodies®® in order that they may become more intimately mixed. 
Various other methods, such as spraying the liquid hydrocarbons into the top of 
the reaction vessel and air through the bottom, and the tise of high-speed stirrers, 
have been suggested.®^ 


Use of Other Oxidizing Agents 

In place of air, the oxides of nitrogen (particularly nitrogen dioxide), nitric 
aci<l, jK>tassiiim fiermanganate, and ozone have been used for the oxi<lation of 


Mon LN Wax Air 



Ffo. 21«. 

'I'owcr of Chambers for Par¬ 
affin Wax Oxidation. (A. v. 
Friedolsheiin and M. laitlicr) 


paraffin wax.®- Electrochemical metho<ls may be employed also, though reaction 
appears to be much slower and in some instances the products are contaminated 
with a substantial proportion of unsaponifiable material and resins which are diffi¬ 
cult to eliminate. 

Beck and Diekmann®® point out that higher yields of acids are obtainable if 
reaction of paraffin wax and aqueous nitric acid is carried out under pressure, or 
if nitrogen dioxide is passed into the reaction mixture. It was their belief that 
nitrogen dioxide, not nitric acid, was the principal oxidizing agent and that by 
maintaining a high concentration of this dioxide oxidation was accelerated. As an 
example, paraffin wax melting at 52®C. was oxidized in a chrome-nickel-steel tower 
at 80®C. and under 4 atmospheres pressure with 50 per cent nitric acid. The acid, 
in a finely divided state, was allowed to trickle through the molten wax while 

"M. Luther and K. Goetze, U. S. P. 2,015,347, Sept. 24, 1935, to I. G. Farbcnind. A.-G.: 
Chem. Abs,, 1935, 29, 7685. 

“See Carleton ElIU, “The Chemi*try of Petroleum Derivatives,'’ The Chemical Cataloir Co., Inc., 
New York, 1984. 

•• For a review of the methods employing these agents, see Carleton Ellis, loc. fit. 

••C. Beck and H. Diekmann, German P. 579,988, 1933, to J. G. Farbenind. A. G.; Chem. Ahs., 
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nitrogfen dioxide (NO 2 ) was blown in at the bottom of the tower. By releasing 
the pressure, nitric oxide (NO) escaped from the top. The final oxidation product, 
which possessed an acid number of 210 and a saponification number of 290, con¬ 
tained 3 per cent by weight of nitrogen and 15 per cent by weight of unoxidized 
hydrocarbon. By saponification the nitrogen compounds and unreacted paraffin 
were removed. The wax acids were then further purified by distillation. 

Carboxylic acids, particularly those having an acid value greater than 400 and 
prepared by the oxidation of paraffin wax with nitric acid or oxides of nitrogen, 
may be esterified with monohydroxy alcohols or phenols to furnish softening and 
gelatinizing agents.'^** Partial esterification of polyhydroxy alcohols, or their ethers, 
gives the same type of prmlucts. These may l)e incorporated in lac(|uers, films and 
plastics (e.g., nitrocellulose or various synthetic resins) to impart plasticizing or 
softening action. 


Misckllankous Oxidation Reactions 

Sa|)ropels*'' can be oxidized with nitric acid to give 30-60 per cent yields of 
oxidation prcnlucts which consist of carboxylic acids and their saponifiable deriva¬ 
tives. The acids are of high molecular weights, low in hydrogen and iodine nuni- 
l>ers and soluble in petroleum ether. The last-named property apparently indi¬ 
cates only a small proportion of hydroxy acids. 

Zherdeva and associates'*^ investigated the oxidation of ceresins (m.p. 8S-90°C.) 
from Grozny, Surakhany and Turkmenia. The specimens w'ere blown with air at 
160-170®C. for 6 hours. Gasoline-soluble acids w^ere obtained in 30-48 per cent 
yields, along with 3.7-12 per cent of hydroxy acids. The gasoline-soluble portions 
had acid numbers of 107-151, saponification numbers of 137-192, and melting points 
of 41-72.5°C, 

Separation of Oxidized from Unoxidized Materials 


This separation can be accomplished by several means. For example, the oxi¬ 
dation products may be heated, under pressure, with alkalies to above 200°C. in 
the presence of hydrogen.^^ The hydrogen may be evolved from suitable sub¬ 
stances added to the alkali. It is also advantageous to add hydrogenation catalysts 
to the mixture since some water is likely to be split off the hydroxy acids giving 
unsaturated acids. The unsaponifiable matter is then removed by extraction with 
methyl alcohol, isopropyl alcohol, or benzine.'**^ Instead of alkali hydroxides, in 
some cases, the alkaline earth hydroxides, as aciueous suspensions, may be used."*® 
In order to convert even the lactones, esters, estolides and lactides to their alkali 
metal salts, oxidized paraffin is heated, in an autoclave, with 20 per cent alkali car¬ 
bonate, at temperatures ranging from 60®C. to 300®C. and under pressures of 1 to 

** British P. 395,340, 1933, to T. G. Farbeiiind, A.*G.; Brit. Chem. Abs. B, 1933, 906; Chem. Abs., 

1934, 28, 483. French P. 739.528. 1932; Chem. Abs.. 1933, 27, 2299. 

•• D. A. Shvedov, S. A. Kuzin and A. 1. Andreeva, Khim. Tverdogo Topliva, 1934, 5, 107; 
Chem. Abs., 1934, 28, 5961. Masloboino-Zhirofoe Delo, 1934, No. 5, 30; Chem. Abs., 1936, SO, 
1739. D. A. Shvedov, Ru«isian P. 4,161, 1924; Chem. Abs., 1928, 22, 4790. The sa^ropels are 
naturally occurrirm oily or wax-like decomposition products of marine plants and animals, and 
contain some paramn material. (L. I.itinsky. PetroleMm Z.. 1921. 17, 437; Chem. Abs., 1921, IS, 3739.) 
•• L. Zherdeva, E. Kogan and (L Shiryaeva. Aser. \eft. Khoc., 1934, No. 9, 70; Chem. Abs., 

1935, 20, 6036. 

•^British P. 433,780, 1935, to T. (L F.irl»enind. A.-G.; Chem. .dbs., 1936, 30, 637; Brit. Chem. 
Abs. B, 1935, 939. 

»»H. Franzen, H. Beller and M. Luther. U. S. P. 1.943.427. J.in. 16, 1934, to T. G. Farlienind. 
A.-G.: Chem. Abs., 1934. 28. 2017. 

*• M. Luther and H. Franzen. German P. .576,160, 1933. to I. ('». Farlienind. A.-G,; Chem. .Abs.. 

1934, 28, 490. 
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15 atmospheres.**® Or, the procedure may be reversed, whereby the oxidized wax 
is dissolved in an inert organic solvent, such as diethyl ether or benzine, and the 
resulting solution then extracted with an aqueous solution of an alkali or organic 
base which dissolves the saponifiable material.*** The aqueous layer is separated 
and extracted with fresh portions of organic solvent. The soaps are then re¬ 
covered by the evaporation of their aqueous solutions or the wax acids are liber¬ 
ated by acidification of the soap solutions by means of mineral acids. One method 
consists of introducing dilute nitric acid into the bottom of a tank containing a soap 
solution so that the organic acids formed may float to the surface where they are 
protected from further contact with the incoming acid.*^ Carrier and Reeves^* 
report a separation of the saponifiable from the unsaponifiable constituents of a 
mixture resulting from the oxidation of wax, using ammonia and solvent extrac¬ 
tion. Saponification with ammonia is carried out under pressure (80 pounds per 
square inch) at 140 to 150®C. in the presence of water and alcohol (e.g., isopro¬ 
panol), for two hours. The resultant mixture is then extracted with gasoline, to 
remove the unsaponifiable matter. The aqueous alcohol solution contains the 
saponified matter, and this solution is steam distilled to drive off ammonia, water 
and the alcohol. The residue is treated with sulphuric acid to free the fatty acids 
and hydrolyze any acid amides which have been formed, and the fatty acids sepa¬ 
rated from the resulting aqueous solution. An analogous process has been sug¬ 
gested by Beller and Schellmann,** who employ an alkali or alkaline earth metal 
in the saponification step, in the form of an oxide, hydroxide or carbonate. 

In order to produce wax acids free from hydroxy acids, oxidized wax is heated, 
under pressure and above 200°C., in the presence of alkaline substances such as 
sodium or calcium hydroxide and in an atmosphere of hydrogen. Water is split 
off during the reaction giving the salts of unsaturated acids.^^ Harder*® suggests 
that a similar result may be attained by treating the mixed products of oxidation 
of a wax with an alkali such as sodium hydroxide and water, together with an 
agent which will release hydrogen in alkaline media (e.g., zinc dust) at a tem¬ 
perature above 260°C. Ittner*^ suggests employing reduced pressures and tem¬ 
peratures above'250°C. Simultaneously, the mixture is blown with steam, carbon 
dioxide, or the vapors of toluol or xylol. Oxidation products of petroleum which 
possess disagreeable odors and which give soaps of poor lathering properties, are. 
by the above treatment, converted into almost odorless acids which furnish soaps 
of desirable sudsing proi>erties. Soaps made from the acids thus obtained are also 
more easily salted out than are the original hydroxy-acid soaps and when blended 
with higher-grade laundry soaps, may be used in larger proportions without pro¬ 
ducing soaps which are undesirably soft. Another procedure for dehydrating 
hydroxy acids consists of heating the calcium soaps in benzene, at 250° to 292°C., 
using an autoclave. In this manner the hydroxy-acid salts lose water to give the 
corresponding unsaturated compounds.** If the acids thus produced are of ob- 

^H. Beller and M. Luther, U. S. P. 1.931,859, Oct. 24, 1933, to I. G. Farbenind. A.-(;.; 
Chem. Abs., 1934, 28, 490. 

•A British P. 433,305, 1934 (f.), to I. G, Farbenind. A.-G.j Brit. Chem. Abs. B, 1935, 939. 

C. Beck and H. Diekmann, German P. 578,779, 1933, to I. G. Farbenind. A.-G.; Chem. Abs., 
1934, 28, 922. 

«*£. W. Carrier and £. D. Reeves, U. S. P. 2,052,165, Aug. 25, 1936, to Standard Oil Devel¬ 
opment Co.; Chem. Abs., 1936, 30, 6938. 

Beller and M. Schellmann, U. S. P. 2,055,095, Sept. 22, 1936, to I. G. Farl>enind. A.-G.; 
Chem. Abs.. 1936, 30, 7586. 

“ H. Beller and M. Schellmann, U, S. P. 2,059,201, Nov. 3, 1936; Chem. Abs., 1937, 31, 419; 
British P. 433,780, 1935; Brit. Chem. Abs. B, 1935, 939. Both patents to 1. G. Farbenind. A.-G. 

"M, Harder. U. S. P. 2,059,232, Nov. 3, 1936, to I. G. Farbenind. A.-G.; Chem. Abs., 1937, 
31, 419. 

M. H. Ittner, U. S. P. 1,951,511, Mar. 20, 1934, to Colgate-Palmolive-Peet Co.; Chem. Abs., 

1934, 28, 3610; Brit. Chem. Abs. B, 1935, 109. See also British P. 423,279, 1935; Chem. Abs., 
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jcctionable color, they may be dissolved in naphtha and treated with concentrated 
sulphuric acid, followed by active clay. This results in acids of improved color.**® 

On the other hand, the oxidized and unoxidized portions can be separated by 
selective solvents. Peukert®® extracted oxidized paraffin wax with ten parts of 
methyl alcohol in the cold and in this manner removed the greater part of the 
oxidized material. He also found pyridine to be a useful extraction medium. Beck 
and associates’** purified aqueous crude wax-acid soaps by heating them to the 
melting points of the corresponding anhydrous soaps and then removing the 
volatile constituents by reducing the pressure. This treatment gave the anhydrous 
soaps which were almost free of volatile substances of high boiling points. The 
soaps were then removed in this form or were redissolved in water to give solu¬ 
tions of the desired strength. Pungs and Behringer®^ separated high-molecular 
weight alcohols from high-molecular weight acids by fractionally distilling mix¬ 
tures of these under reduced pressures with the aid of steam or the vapor of an 
organic liquid such as ethyl alcohol or benzene. These mixtures include natural 
waxes and oxidation products of paraffins. For example, crude montan wax is 
treated with superheated steam at 200®C. under 60 mm. pressure. The esters pres¬ 
ent are split up and during a period of 5 hours 20 per cent of the original material 
distils over and is collected as a slightly yellow solid melting at 78® to 79°C. This 
is composed of high-molecular weight alcohols having an acetyl number of 120. 

The removal of oxidized from unoxidized products of paraffin wax has also 
been effected by means of liquid sulphur dioxide, acetic acid, ammonia, and other 
substances.®-* Vesterdal-®** observed that the hydroxy acids could be separated from 
the fatty acids produced in wax oxidation by the use of phosphoric acid. This in¬ 
vestigator states that if concentrated phosphoric acid is agitated with a considerably 
greater volume of the crude acids, and allowed to stand, separation takes place. The 
phosphoric acid and hydroxy acids form a lower layer, while the fatty acids form 
a second layer which may be separated. 

Structure of Wax Acids 

As yet, the exact steps occurring in the oxidation of paraffin wax or the struc¬ 
ture of the acids thereby obtained are not clearly understood. This is probably due, 
in large part, to the fact that considerable disagreement exists as to the exact 
structures of the hydrocarbons comprising the wax. For instance, Marcusson*®® 
concluded that ordinary paraffin wax consists only of normal aliphatic hydrocarbons, 
whereas Granacher®® expressed a belief that it contains principally branched-chain 
hydrocarbons. On the other hand, by successive crystallizations of petroleum as¬ 
phalt from pyridine and ether, and finally from benzene, Muller and Pilat®^ sepa¬ 
rated the bulk of the paraffin wax into four fractions which contained both true 
paraffins and some cyclic hydrocarbons. X-Ray studies®® on white paraffin wax 

••V. Varlamov and Z. Kentgsberg, MaslobointhZhirovoe Delo, 1935, 11. 203; Ckrm. .‘lbs., 1935, 
29. 7629. 

E. Pcukert, U. S. P. 1,987.208, Jan, 8, 1935, to I. G. Farbenind. A,*G.; Chcm. Abs., 1935, 
29. 1430. 

C. Beck. H, Weisthach and H. Diekmann, U. S. P. 1,965,566, July 10, 1934, to I. G. Far¬ 
benind. A. G.; Ckem. Abs., 1934, 28. 5697. 

“ W. Pungs and K. Behringer, German, P. 583,323, 1933, to I. G. Farbenind. A. G.; Chem. Abs. 
1934, 28. 173. 

“ See, Carleton Ellis, "The Chemistry of Petroleum Derivatives," Chemical Catalog Co., New 
York, 1934. See also R. Heublyum, Setfensieder-Ztg., 1935, 62, 421, 443; Chem. Abs., 1935. 29, 
4962. 

H. G. Vesterdal, U. S. P. 2,038,617, April 28, 1936, to Standard Oil Development Co.; Chem. 
Abs., 1936, 30. 3836. 

“J. Marcusson, Chem.-Ztg., 1925, 49, 166; Chem. Abs., 1925. 19, 3081; J.S.C.I., 1925, 44, 250B. 

®* C. Granacher. Helv. Ckim. Acta, 1920, 3, 721; Ckrw. Abs., 1921, 15, 668. 

«J. Muller and S. Pilat, Nature, 1934, 134, 459; Chem. Abs., 1934, 28, 7506; Brit. Chem. Abs. 
B, 1934, 996. 

** Yannaquis, Ann. cambustibUs liqnides, 1934, 9, 295; Chem. Abs., 1934, 28, 6288. 
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have indicated the presence of saturated cycloparaffins and branched-chain 
paraffins. 

Shoruigrin and Kreshkov^® separated hydroxy acids from oxidized paraffin wax 
by precipitation of their cadmium salts. From these they isolated both straight- 
and branched-chain acids. By treatment with dimethyl sulphate the carboxylic, 
but not hydroxyl, groups were methylated. Lactonization of a portion of the acids 
readily occurred. Distillation of the mixed methyl esters effected an increase in 
the iodine number, thus indicating that some j8-hydroxy acids were present. The 
formulas of the acids isolated corresponded to either C„HHob 03 or C„H 2 .uo 03 , in 
which n varied from 10 to 32. Comparison of melting points of these acids with 
those of known structure indicated the former were either highly branched or mix¬ 
tures of closely related isomers. 

Other investigators, however, have reported that oxidation of paraffin wax 
leads to the formation of fatty acids such as isopalmitic or arachidic, or of acids 
having an uneven number of carbon atoms.®® 

Uses of Wax Acids 

As previously mentioned, the largest use is probably in the manufacture of 
soaps. Such materials exhibit not only detergent properties but also those of 
emulsifying agents. In the latter capacity they are reported to l>e more effective 
than green soap in the preparation of insecticides from petroleum fractions, such 
as kerosene or gas oil,®^ Ellis®^ has proposed to employ wax acids for making 
soap powders. One method is to mix the acids with a relatively large quantity of 
solid alkali, e.g., so<Iium carbonate, and heat the mixture. Either liquid or solid 
fractions of the acids, obtained by filtration at any desired temperature or by 
fractional distillation, may serve as the acidic constituents of the products. The 
wax acid soaps are said to produce solutions of high foam-forming and washing 
capacity.®'"* The ammonium soaps of the wax acids in particular are recommended 
as agents in bringing about the separation of oil-water emulsions, although it is 
said the raw acids or other salts may be employed for this purpose.®** A semi-fluid 
detergent reported to be particularly applicable for removing grease and oil has 
been prepared by dissolving potassium soaps of wax acids in hydronaphtha.®*** The 
proportion of soap may vary between 1 per cent and 50 per cent, depending upon 
the consistency desired in the detergent. 

Oxidized paraffin wax may be compounded with lubricating oils, and the acid¬ 
ity of the resulting material reduced by treatment at 120-140°F. with a decolorizing 
clay.®^ Addition of esters, for example, those from wax acids and isopropyl alco¬ 
hol, to lubricating oils renders the latter particularly adaptable during the “running 
in*' period of motors.®® Incorporation of various salts of these acids, such as those 

*• P. P. Shorutgin and A. P. Kreshkov, /. Gen. Chem. iU.S.S.R.), 1934, 4, 988; Chem. Abs., 
1935, 29. 2147. 

® Carleton Ellis, *‘The Chemistry of Petroleum Derivatives,” The Chemical Catalog Co., Inc., 
New York, 1934. 

® B. G. Nemiritzkii. Bull. Plant Protection (U.S.S.R.), 1931, 3 (1), 201; Chem. Abs., 1933, 27. 
5876. 

** Carleton Ellis, U. S. P. 1,999,184, Apr. 30, 1935, to Standard Oil Development Co.; Chem. 
Abs^ 1935, 29, 4198. 

•H. Franzen, German P. 627,808, 1936. to T. G. Farbenind. A. G.; Chem. Abs., 1936, 30, 6091. 

French P. 794,711, 1936, to Bataafsche Petroleum Maatschappii; Chem. Abs., 1936. 30, 5078 

^ Carleton Ellis, V. S. P. 2,084.632, June 22. 1937. to Standard l.(J. Co. 

•B. Gallsworthy, Canadian P. 334,390, 193.1, to The Texaco Development Corp.; Chem. Abs., 
1933, 27, 5531. 

••French P. 748,512, 1933, to Standard Oil Development Co.; Chem. Abs., 1933, 27, 5531. 



OXIDATION OF PARAFFIN WAX 


979 


of zinc or magnesium®'^ and also of lead®® with lubricants has been suggested. Barth 
and Corlew®® state that the wax acids of molecular weight near 400, acid number 
of 120 or higher may be converted to pour point depressants for use with lubri¬ 
cating oil. The acids are saponified with a five per cent aqueous solution of sodium 
hydroxide, and the aqueous solution of soaps decanted from unsaponifiable mat¬ 
ter. To the soap solution, a slight excess of aluminum nitrate is added, and the 
resulting insoluble aluminum soaps are then coagulated by heating (to 190°C.). 
The resulting soaps are washed with water and benzol, and the purified product 
added to lubricating oil. 

A small proportion of alcohols having 8 or more carbon atoms, and derivable 
from the oxidation products of paraffin wax are of aid in preventing foam in fer¬ 
mentation processes, it has been reported.*^® These alcohols are said to be useful in 
the preparation of yeast cultures. 

The high-molecular weight acids produced by these oxidation processes are 
said to be useful in making a wave-breaking oil. A mineral oil of low wax con¬ 
tent is mixed with high molecular weight organic acids, and the resultant mixture 
may be used.*^^ 

Frolich^^ has proposed that the high molecular weight oxygenated products 
resulting from the oxidation of wax may be cracked to produce lower oxygenated 
products. Thus, the oxygenated wax products are cracked in the vapor phase 
at a temperature of 400® to 700®C. in contact with calcium carbonate or ferrous 
oxide. If temperatures of 600°C. are employed, a contact time of one second is 
recommended. The high-molecular weight compounds are split in this way to yield 
a mixture of higher ketones, aldehydes, unsaturated hydrocarbons, pyrones and 
other oxygenated compounds of lower molecular weight than the feed stock. 

Ralston, Pool and Harwood*^® report that wax acids may be reacted with am¬ 
monia to form the corresponding aliphatic nitriles. The acids are heated to a tem¬ 
perature somewhat below the boiling point (e.g., about 300°C.) and gaseous 
ammonia is passed in. The conditions are such that water formed by the reaction 
is continuously allowed to escape. The course of the reaction, it is suggested, is 
a primary formation of the ammonium soaps of the acids, followed by a rearrange¬ 
ment with loss of a molecule of water to form an amide. If the water is not per¬ 
mitted to escape, the reaction reaches an equilibrium at this step. However, if a 
great excess of ammonia is continuously blown through the liquid acids, the 
water is carried off. The ammonia is recycled, and the water is separated at each 
cycling. Although the fatty acids tend to decompose at temperatures in the range 
of 3(X)®C., the investigators report, the presence of the excess of ammonia appears 
to inhibit this, and the reaction proceeds to give good yields of the nitriles. 

G. H. B. Davis, British P. 401,341. 1932, to Standard Oil Development Co.; Brit. Chem. Abs. 
B, 1934, 184; Ckcm. Abs., 1934, 28, 2520. Also U. S. P. 2,055,462, Sept. 29, 1936; Chem, Abs., 
1936, 30, 7841. 

"‘British P. 434,056, 1934, to Standard Oil Development Co.; Brit. Chem. Abs. B. 1935, 938. 

E. J. Barth and R. P. Corlew, U. S. P. 2,059,192, Nov. 3, 1936, to Sinclair Refining Co.; 
Chem. Abs., 1937, 31, 1936. 

wW. Stcibelt, German P. 602,087, 1934, to I. G. Farbenind. A.-G.; Chem. Abs., \9iS, 29, 544. 

Dutch P. 67,663, 1933, to Bataafsche Petroleum Maatschappij; J. Inst. Pet. Tech., 1935. 21, 

461A. 

P. K. Frolich, U. S. P. 2.068,854, Jan. 26, 1937. to Standard Oil Development Co. 

WA. W. Ralston, W. O. Pool and J. Harwood, U. S. P. 2,061,314. Nov. 17, 1936, to Armoor 
A Co.; Chem. Abs., 1937, 31. 710. 



Chapter 44 

Oxidation from the Standpoint of Detonation 

There are two limits of inflammability for each pair of gases (combustible gas 
and supporter of combustion) forming a combustible mixture. The lower limit 
corresponds with the minimum proportion and the upper with the maximum pro¬ 
portion of combustible gas conferring inflammability on the mixture. Factors 
which affect these limits include direction of propagation of the flame, dimensions 
of the containing vessel and its open or closed condition, turbulence of the gases, 
and great variations in pressure.^ 

Limits of Inflammability of Gaseous Mixtures 

Jones, Yant, Miller and Kennedy^ have determined the limits of inflammability 
of diethyl ether and ethylene in air and oxygen. For measurement of air mix¬ 
tures, an upright closed iron cylinder (10.2 x 96.5 cm.) was used. For determina¬ 
tions in an atmosphere of oxygen a glass tube (4.4 x 60 cm.) was employed. The 
mixtures were ignited by a spark from an induction coil and the flame propagated 
upward through the tube or cylinder. The values observed for the upper and 
lower limits of inflammability of diethyl ether in air were 36.50 and 1.85 per cent 
by volume respectively. The same limits for ethylene-air mixtures were found to 
be 28.60 and 2.75 per cent by volume respectively. The explosion range of such 
mixtures as those of carbon disulphide, carbon tetrachloride and air have been 
determined by Popov and Bezzub.^ The lower ignition limit for a mixture of air 
and pure carbon disulphide was found to be 1.7-1.8 per cent, and for a commercial 
product (79.4 per cent pure) it was 1.19 to 2.1 per cent. 

Effect of Pressure. Breton and Laffitte,^ in measuring the limits and 
speed of detonation for mixtures of oxygen with propane, butane, acetylene, am¬ 
monia and diethyl ether, observed that with increase of pressure the explosive 
limits were widened. Thus, lower and upper limits of 15 and 90-90.4 per cent by 
volume were found for hydrogen under 1 atmosphere. With a pressure of 8.7 at¬ 
mospheres the lower and upper limits were 13.9-14.3 and 91.1-91.3, respectively. 
It was also noted that the addition of small quantities of hydrogen to a carbon 
monoxide-oxygen mixture lowered its lower explosion limit and that lead tetraethyl 
had no appreciable effect on the detonation limits. 

Effect of Temperature. The inflammability limits of mixtures of air with 
isopentane, hexane, heptane, octane, benzene, toluene, cyclohexane and cyclohexene, 

^ Carleton Ellis, *The Chemistry of Petroleum Derivatives,'* The Chemical Catalog Co., Inc., 
New York. 1934. A report of the ignition range of mixtures of hydrogen, carbon monoxide, methane, 
ethane and homologues, bensene, toluene, eth 3 dene, propene, acetylene, pyridine, in air and oxygen 
can be obtained from the investigations of A. Pignot, J. usines gaz., 1935, 59, 118; Chzm. Abt., 

1935, 29, 6022. This work includes curves and tables for the ignition ranges of the pure gas-air 

mixtures studied, and for some ternary and tecnnical gas mixtures. 

* G. W. Jones, W. P. Yant. W. E. Miller, and R. E. Kennedy, Bur. Mintz Kept, of Invtstiga- 

tionz No. 3278. 1935; Chem. Abz., 1935, 29. 7078; Brit. Chem. Abz. A. 1935, 1206. 

• P. V. Popov and K. E. Bexzub, Tranz. Sci. Inzt, Feriilizerz and Inzectofungicidez, U.S.S.R. 
No. 123, 1935, 210; Chem. Abz., 1936, 30. 3649. 

Breton and P. Uffitte, C<mpt. rend., 1936, 202. 316; Chem. Abz., 1936, 30, 2003; Brit, 
Chem. Abz. A. 1936, 432. 
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methanol, ethanol, propanol, acetone, as well as blends of these over the temperature 
range 100® to 300®C. have been investigated.'^ In the temperature interval 100- 
250®C. the upper and lower limits for benzene were found to be 17.9 and 4.9 per 
cent, respectively, while for toluene they were 27.0 and 3.0 per cent. The lower 
limit of inflammation was linear with reference to temperature for both hydrocar¬ 
bons. The upper limit, on the other hand, for benzene obeyed the same law, but 


O, in original atmoipheref per cent. 

20 10 18 17 16 15 


Fig. 219 . 

Influence of Carbon Dioxide on 
Inflammability Limits of Me¬ 
thane-Air Mixtures. (H. F. 
Coward and F. J. Hartwell) 


Courtesy Journal of the Chemical Society 



above 200° C . the values for toluene were distinctly lower than would correspond 
to linear variation. This was explained by the formation of an oxidation product 
in the case of toluene, which with the unoxidized aromatic gave rise to a mixture 
having an upper limit lower than that of pure toluene. Although the lower limits 
as determined for cyclohexane and cyclohexene were close together, the difference 
in the upper limits was more marked. At 150®C., a mixture of air and ethanol 
containing 80.5 per cent water vapor still propagated flame. 

In 1891, Le Chatelier stated that a mixture of any two limit mixtures (both 
upper or Ixith lower) will itself be a limit mixture. Briand® tested this rule upon 


*^29; Chem. Abs., 1936. 30. 1563; Brit. Cktm. 

• f* f*’**^^ ' *** See also M. B. Neiman and V. O. £a- 

1935, 6, 445; Chem Abs., 1936, 30, 2064. 

* M. Briand, he. ctt. 


Abs. 
trovich, 
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binary and ternary vapor-air mixtures, namely ethanol and cyclohexane, ethanol- 
benzene, benzene and cyclohexene, ethanol-methanol-benzene, and ethanol-benzene- 
cyclohexane. Although only the lower limit concentrations of these mixtures were 
determined, the accord between the calculated and found values was good. 


in original almosphere, per cent. 



Courtesy Journal of the Chemicdl Society 

Fig. 220.—Effect of Nitrogen on Inflammability IJmits of Methane-Air Mixtures. 
(H. F. Coward and F. J. Hartwell) 


Effect of Flame Propagation. The effect of the direction of flame propa¬ 
gation on the limits of inflammability of hydrogen and deuterium is discussed by 
Payman and Titman.^ The lower limits for both hydrogen and deuterium in air 
and oxygen (with a tube 2.2 x 45 cm.), using upward propagation of flame, were 
3.9 and 4.9 per cent, respectively. With downward propagation under the same 
conditions the lower limits were found to be 9.1 and 10.2 per cent for hydrogen and 

'’W. Payman and H. Titman, Nature, 19J6, 137, 190; Chem. Abe., 1936, 30, 2816; Brit. Chem, 
Abe. A. 1936, 431. 
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deuterium, respectively. However, the upper limits were the same irrespective of 
the direction of propagation of flame, being 94.2 and 73.0 per cent for hydrogen in 
oxygen and air, respectively. Values for deuterium were 94.7 per cent with 
oxygen and 75.0 per cent with air. 

Effect of Inert Gases. The influence of inert gases on the extinction of 
methane flames has l)een investigated by Coward and Hartwell.* In methane-air 


Oxygen in original aimoepkert, per cent. 

20 19 18 17 16 15 14 13 12 11 10 



Courtesy Journal of the Chemical Society 

l*'i(i. 221.—Influence of Inert (jascs on Inflaimnahility Limits of Methane-Air Mixtures. 
(H. F. Coward and F. J. Hartwell) 


mixtures, carbon dioxide narrowed the limits of inflammability as the proportion 
of diluent w^as increased. This is shown graphically in Fig. 219. The heavy curve 
represents the limits (upper and lower) of inflammability of methane in atmos¬ 
pheres composed of air admixed with the indicated proportions of carlK)n dioxide. 
As the amount of diluent gas is increased, the limits narrow until they meet when the 
atmosphere contains somewhat less than 25 per cent of carlx)n dioxide. The in¬ 
crease in the lower limit was attributed to the greater thermal capacity of the 
carl)on dioxide, and this cause, together with the reduction in oxygen content of 
the atmosphere were considered responsible for the decrease in the up|>er limit. 

"H. F. Toward and F. T. Hartwrll. J.C.S., 1926. 1522; Chem, Ahs., 1926, 20. 3.57.1; Hrit. Chem. 
Abs. A, 1926. 805. Set al»<i <i. W. Jones and R. K. Kenne«ly, /wd. /:«f/. 1935. 27. 1344; 

Chem. Abs„ 19.36, 10, 289; Brit. Chem. Abs. B, 1936, 177; J. Inst. Bet. Tech., 1936, 22, 22A. 
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In the same graph are indicated the results obtained by Eitner,® Clement,^® and 
Leprince-Ringuet.^^ These results are not strictly comparable, however, for the 
experimental conditions were somewhat different in each case. 

In Fig. 220 the heavy curve represents (as above) the inflammability limits of 
methane in atmospheres composed of air admixed with the indicated amounts of 
nitrogen. This figure also includes some values reported by Clement,'^ Leprincc- 
Ringuet,^® and Burgess and Wheeler.As in the case of carbon dioxide, these 
data are not strictly comparable, due to differences in experimental procedure. The 
influence of argon and helium on the limits of inflammability of methane-air mix¬ 
tures was also investigated. It was concluded that in the methane-air-argon mix¬ 
tures the lower limit of methane will have smaller values, since argon has a lower 
heat capacity than air. These facts are indicated by the data shown graphically in 
Fig. 221. Since the heat capacity of helium is very nearly equal to that of argon, 
it was thought that these gases should be somewhat alike in their effect as diluents. 
Fig. 221 shows helium to be markedly more extinctive of methane-air flames than 
argon. In summarizing the results of the above work, it was stated that the diluent 
gases affect the inflammability limits of methane-air mixtures by reducing the 
oxygen content of the mixture, its thermal capacity or its thermal conductivity. The 
thermal capacity effect is marked in the case of argon, for the lower limit of 
methane, under conditions described, is reduced from 5.24 per cent in air to 4.40 per 
cent in an atmosphere composed of 47 per cent of argon and 53 per cent of air. 

Jones and Kennedy'*"* made a study of the effect of varying proportions of nitro¬ 
gen and carbon dioxide on the inflammability limits of mixtures of methane, ethane, 
propane, and butane. Some of the results are given in Table 193. h'ig. 222 repre¬ 
sents graphically the influence of these inert gases on the values for propane. As 
the proportion of carbon dioxide increases both limits are raised until they narrow 
and meet when a ratio of diluent to hydrocarl)on of about 8 to 1 is reached. Like- 


T.\ble 193. —Limits of Inflammahility of Methane, Ethane, Nitrogen, 
and Carbon Dioxide Mixtures. 


Composition of' 
Original Mixture 
Air-free Basis, 
Per cent by 
Volume 


Mixtures 
Divided into Two 
Component 
Mixtures 
as Follows 


Ratio 

of Nitrc^en or 
Carbon Dioxide 
to Combustible 


Total 

Per cent of 
Components 


Inflammability 

Limits 

Lower Upi>cr 


Methane 

40 6 

Methane 

Carbon 

40 61 

1 

^ 0 60 

64 8 

8 5 

19.0 

Ethane 

Carbon 

7.6 

Dioxide 

24.2 J 





Dioxide 

24.2 







Nitrogen 

27.6 

Ethane 

7.61 

' 3.63 

35.2 

14 6 

32.1 


Nitrogen 

27.61 

> 




Total 

100.0 


100.0 


100.0 





Methane 

40.61 

1 0.68 

68.2 

8.4 

20.8 



N itrogen 

27.6J 

r 





Ethane 

Carbon 

7.6] 

I 

\ 3.18 

31.8 

13.6 

27 9 



Dioxide 

24.2J 






* P. Eitner, Habiiitatumuckrift, MUnchen, 1902. 

*•1. K. Gemcnt, U. S. Bureau of Mines, Technical Paper 43, 1913. 

*'F. Leprince-Ringuet, Compt. rend,, 1914* 159, 1999. 

^-L K. Clement, loc. cit, 

F. Leprince-Ringuet, toe. cit. 

^ M. I. Burgett R. V. Wheeler, J.C.S., 1914, 105, 2596. 

^ G. W. Tones tnd R. E. Kennedy, Bur. Mines Kept, of Investigations 3216, 
1933, 27. 4057; Cas Agc-Record. 1933, 72, 53; Chem. Abs., 1934, 20, 287. 


1933: Chem. Abs., 
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wise, when nitrogen is employed the limits meet when a ratio of nearly 15 to 1 is 
attained. Behavior of the inert gases in the case of butane is similarly shown in 
Fig. 223. 

Van Heiningen^® concluded that the extinguishing action of inert gases de¬ 
creases in the order: carbon dioxide, helium, nitrogen and argon, regardless of 
the nature of the explosive gas. Also that the upper explosion limits are mainly 
affected but the lower ones are little changed by the nature or amount of diluent 
added. 

The influence of inorganic dusts on binary mixtures of air with various com¬ 
bustible gases w'as investigated by Thompson.The presence of magnesium oxide 
dust narrowed the explosion range at both ends. With ethylene mixtures this 
effect was more marked than with those of hydrogen or carbon monoxide, in the 



Courtesy U. S. Bureau Mines 

Fiii. 222.— Fflcct of NitroRcn 'and of Carbon Dioxide on Inflammability Limits of Pro¬ 
pane. (G. W. Jones and R. E. Kennedy) 


case of benzene and diethyl ether the effect was barely perceptible and with methane 
it was absent. Substitution of silica dust for magnesium oxide dust gave com¬ 
parable results. With iron carbonyl vapor it was noted that a greater displace¬ 
ment (of explosion range) was effected than with magnesium oxide, but whether 
the effects were due to the undecomposed carlx)nyl molecules or to the iron (or 
oxide) formed by their decomposition w'as uncertain. An explanation proposed 
for the action of mineral dusts was that radicals or atoms, i.e., hydroxyl radicals 
or hydrogen atoms, propagating the reaction chains were absorbed and converted 
into stable molecules. 

Jones and Kennedy'^ determined the amount of carlxin tetrachloride that must 
be added to pentane, hexane, heptane, octane, or gasoline to render the resulting 
mixtures non-flammable. Determinations of the inflammability limits of such 
liquid blends were complicated by the differences in boiling points and vapor 
pressures of the chlorinated compound and the hydrocarbons. Under conditions of 
complete vaporization in an explosion tube the following percentages of tetra- 

’•‘J. van lleiningen. Rec. trav. ehim., 1936, 55, 65; Chem. Abs., 1936, 30, 3237; Brit. Chem. Abs. 
A, 1936. 431. 

H. W. Thompson. /. t^iysik. Chem.. 19.12. 18B, 219: Brii. Cktm. Abs. A. 1932, 1001. 

*• G. W. Jones and R. E. Kennedy, Bur. of Mines, information Circ. No. 6805, 1934; /. Inst. 
Pet. Tech., 1935. 31. 181A; Chem. Abs., 1935, 29, 1985. 
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chloride were required to prevent flame propagation: pentane, 66.7; hexane, 70; 
heptane, 70; octane, 66.7; naphtha (boiling range 97-lS5®C.) 70; and gasoline 
(boiling range 31-205®C.) 58.0. 

Ignition of Gases by Heated Surfaces 

The exposure of inflammable mixtures to heated surfaces has l)een one of the 
most popular methods of determining ignition temperatures. The results thus 
obtained do not give absolute values since they are influenced by other factors, 
e.g., the nature and extent of the igniting surface.'® Investigations carried out on 
the effect of different types of surfaces on the lower explosion limits of methane- 
oxygen mixtures,-® revealed that when a quartz vessel, whose surface had been 
treated with hydrofluoric acid, was used in the temperature range of 602® to 642®C'. 
the induction period of the explosion was reduced to about 3 minutes. Extent of 
acid treatment of the vessel surface affected the lower limit pressure of the gas 
mixtures. Thus, the value was 33.5 to 38.5 mm. after a 20 minute treatment and 



CourUsy i\ S. Bureau of Mines 

Fig. 223. —Influence of Nitrogen and of Carbon Dioxide on Inflannnability Limits of 
Butane. (CL W. Jones and K. K. Kennedy) 


18.0 to 22.0 mm. when the vessel had been exposed 150 minutes. The age of the 
surface treated also influenced the results. 

Other types of surface treatments studied were the deposition of a silver mirror 
on the inside of the vessel, the quartz surface rin.sed from \M potassium chloride, 
and lastly the quartz surface rinsed with \M aluminum nitrate. In the temperature 
range previously mentioned and at a pres.sure interval of 25 to 60 mm. the silver 
surface did not induce any explosions of a mixture of 1 volume of methane to 2.4 
volumes of oxygen. However, the reaction rate was considerably slower than with 
the hydrofluoric acid-treated quartz. Under the same conditions the potassium 
chloride-treated surface did not induce any explosion up to 110 mm. pres.sure, the 
reaction being greater than, but of the same order as, that in hydrofluoric acid- 


‘•Carlcton Ellis, “The Chemistry of Petroleum Derivatives,” The Chemical Catalog Co., Inc.. 
New York, 1934. 

»H. H. Storch. J.A.CS., 19.CS, 57. 68.S; Chem. Abs„ 19.CS, 29, 3517; Brit. Chem. Abx, A. 19.15. 
7^; Inst. Pet. Tech., 19.15, 21, IfiOA. The mechanism of the u|>|>er limit of ignition of a mixture 
of ethane ami oxygen has l)eeii re|>orte<i hy P. Sadovnikov. Phy.fik Z. Sotvjetunion, 19.CC 4, 74.1; 
Chem. Abs., 1934, 28, 2979. For the derivation of an etiuatinii for the t>eriod of induction in the 
inflammation of gas mixtures %ee A. K. .Matinovskii. Acta Physicochim. ((J.S.S.R.), 1935, 3. 509; 
Chem. Abs., 19.16. 30. 2387. The inducthm time and ignition temiwrature of methane-hydrogen mix¬ 
tures has been discussed by H. Sachs^te. Z. EIcktrochem., 1936, 42, 504; Chem. Abs.. 1936, 30, 6945. 
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treated quartz. With the alumina-coated surface explosions did occur in about 
the same pressure and temperature ranges as the hydrofluoric acid-treated quartz, 
but the surface aged more rapidly, until, after 24 hours no explosion could be ob¬ 
tained. The conclusion was made that, in the investigation of ignition temperatures 
of gases and gaseous mixtures by heated surfaces, if reproducible results are de¬ 
sired one should use a surface which can be accurately duplicated and will not age 
rapidly. 


Determination of Ignition Temperatures 

These deterniinatiuns have long l)een a subject of controversy, due to the many 
different values obtained through the use of widely variant methods and apparatus. 
Dixon's work^^ on the ignition points of gaseous mixtures using a ‘‘concentric 
tube" apparatus, under varying conditions of pressure and time lag has been com¬ 
piled by Coward.^^ Dixon’s apparatus consists essentially of a glazed silica cylinder 
enclosed within a clay tube, the latter being wound with nichrome wire which is 
used for heating. Air or oxygen is admitted through the larger of two concentric 
tubes at the base of a silica cylinder, while the inner or smaller tube which extends 
to the center of the cylinder carries the gas to be studied. The burnt gases are 
removed at the top of the cylinder. All of the equipment is well insulated against 
heat losses and built to withstand high pressures. 

The investigations included the mixtures: hydrogen-air (dry and also contain¬ 
ing 5.3 per cent water vapor), hydrogen-oxygen, carl)on monoxide-air (moist), 
carbon monoxide-hydrogen ( varying concentrations of hydrogen in moist and dry 
air), carbon monoxide-oxygen (dry and moist). Results were also obtained for 
mixtures of methane, ethane, pentane, benzene, and of ethylene with either air or 
oxygen. 

In Tables 194 and 195 are listed the rapid-ignition points, at atmospheric pres¬ 
sure, of some of the gases studied. These points, i.e., rapid ignition points, may be 
defined as the minimum temperature to which a gas and the atmosphere must be 
raised, prior to admixture, so that the gas inflames 0.5 second after opening the 
jet. The values are usually higher than the minimum temperature required to 
ignite such a mixture when it flows continuously from a jet. The latter arc 
designated as ignition points of stream. 

Table 194. — Ignition Points of Various Gases. 

In Oxygen In Air 



Rapid-Ignition 

Ignition Point 

Rapid-Ignition 

Ignition Point 

(las 

Point, °C. 

of Stream, ®C. 

Point, °C. 

of Stream, ®C. 

Hydrogen. 

625 

585 

630 

585 

Carbon monoxide. .. 

/687* 

\680»» 

650« 

693* 

683»» 

65 D 

Cyanogen. 

— 

811 

— 

856 

Carbon disulphide. . 
Hydrogen sulphide.. 

132 

— 

156 

— 

— 

227 

— 

364 

Ammonia. 

—. 

700-860 

— 

— 

Diethyl ether. 

219 

— 

549 

— 


• 0.63 i>cr cent water in atmosphere. 

^5.3 per cent water in atmosphere. 

** 2.0 per cent water in and in atmosphere. 

^ Investigations of H. B. Dixon for Safety in Mines Research Board, Sheffield. England. 

*H. F. Coward, 1934, 13a2; Ckrm. Abs., 1935. 29, 655; Bnt. Chrm. Abs. A, 1934, 117«; 

/. Inst. Pet. Tech., 1934, 20, 564A. For a discussion of the relationship between s|>ontaneous igni¬ 
tion temperature and anti-detonation quality see 1. R. Roseanu. Mon. pctrolc ronmain, 1936, 37, 1021; 
J. Inst. Pet. Tech., 1936, 22. 467A. 
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Table 195 .—Ignition Points of Hydrocarbons. 



In Oxygen 

In 

Air 


Rapid-Ignition 

Ignition Point 

Rapid-Ignition 

Ignition Point 

Gas 

Point, ®C. 

of Stream, ®C. 

Point, X. 

of Stream, ®C. 

Methane. 

664 

556-700 

722 

650-750 

Ethane. 

628 

520-630 

650 

520-630 

Propane. 

— 

490-570 

— 

— 

Pentane. 

355 

— 

600 

— 

Ethvlene. 

604 

510 

627 

543 

Propene. 

586 

— 

618 

— 

Acetylene. 

— 

428 

435 

429 

Benzene. 

685 

— 

710 

— 


The ignition temperatures tabulated show that inflammation of the various gases 
takes place at a lower temperature in oxygen than in air for the same pressure. 
In the cases of hydrogen and of carbon monoxide ignition temperatures were in¬ 
creased only 3® to 6®C. with the change in media from oxygen to air. With pen¬ 
tane the difference is 245®C. and for diethyl ether vapor, 330®C. 




A. Concentric tube apparatus 

B. Pyrex tube 

C. Porcelain crucible 

D. Pyrex tube with air or 
oxygen inlet 


CoMrtesy U. S. Bureau of Mines 

Fir,. 224.—Types of Vessels Employed for Determination of Ignition Temperatures. 
(G. W. Jones, W. P. Yant, W. E. Miller and R. E. Kennedy) 


A similar study has been made by Bunte and Bloch,^* who found that for a 
particular gas-air mixture the lowest ignition temperature occurred not with the 
amount of air required for complete combustion, but rather with a mixture showing 
the highest reaction velocity in accordance with the mass law. Here again when 
oxygen was substituted for air the values of the lowest ignition temperature fell 
considerably. 

The flash points of mixtures of methanol (anhydrous) and ethanol (99.5 per 
cent) with benzine have been recorded by Roberti.^*^ With methanol, the flash 
point was said to be 9.5®C., with ethanol, 14®C. 

«K. Bunte and A. Bloch, Gas u. Wasserfach, 19J5, 78, 325, 348, 537, 560; Brit. Chem. Abs. B, 
1935. 660. 933; Chem. Abs., 1935, 29. 6731. 

Roberti, Rieerca sci., 1934, S (2), 8; Brit. Chem. Abs. B, 1935, 791; Chem. Abs., 19.15, 8f, 

5625. 
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Effect of Concentration of Certain Substances on 
Ignition Temperatures 

Jones^® and co-workers investigated the ignition points of diethyl ether admixed 
with air or oxygen. Using the drop method apparatus (shown in Fig. 224, design 
D) the minimum ignition temperature was 182®C. in oxygen. With the apparatus 
of design B the minimum inflammation temperature in air was 304®C. Mixtures 
of diethyl ether vapor (containing 3.5 per cent by volume ethyl alcohol) showed 
higher ignition values in air in all vessels, i.e., in vessels of design B, C, D in Fig. 
224, the temperatures in air were 317®, 334® and 387®C., respectively. The mini¬ 
mum inflammation temperatures for ethylene-air mixtures in which the concen¬ 
tration of ethylene varied between 3 and 38 per cent by volume, were determined 



Courtesy U. S. Bureau of Mines 

Fig. 225.—Ignition Temperatures of Ethylene-Air Mixtures. (G. W. Jones, W. P. 
Yant, W. E. Miller and R. E. Kennedy) 


in the concentric tul)e apparatus shown in Fig. 224, design A. Results are pre¬ 
sented graphically in Fig, 225. Bunte and Bloch^® noted that high hydrocarbon 
concentration caused higher ignition temperatures.^^ 

Work by Naylor and Wheeler^* •• with mixtures of ethane, propane, ethylene and 
air showed that formaldehyde and ethylene are formed during the lag period for 
ethane-air mixtures. However, the prior addition of the aldehyde to inflammable 
mixtures did not shorten the lag. The rate of reaction was thought to be affected 
more by the concentration of the hydrocarbon than by the proportion of oxygen in 
the mixture. Also, it was noted that the ignition temperatures decreased with in¬ 
crease of molecular weight of the hydrocarbon. Low rates of reaction in the case 
of propene were explained on the basis of steric hindrance. Dykstra and Edgar, 
using a concentric tube apparatus similar to that employed by Dixondetermined 


*0. W. Jones, W. P. Yant. W. E. Miller and R. E. Kennedy. Bur. Mines. Kept, of Intestiga- 
iions No. 3284, 193S: Brit. Chem. Abs. A, 1935, 1327; Chem. Abs.. 1935, 29. 7041. 

•• K. Bunte and A. Bloch, loc. cit. 

^ Inflammation temperatures of divinyl ether-air or ox.^n mixtures and ether-ethanol-oxygen 
mixtures are given by vi. W. Jones and B. B. Beattie, Ind. Eng- Chem., 1934, 26. 557; Chem. Abs., 
1934, 28. 3903; Bnt. Chem. Abs. B. 1934. 568. 

»C. A. Naylor and R. V. Wheeler. J.CS., 1933, 1240; Chem. Abs., 1934, 28, 327; Bnt. Chem. 
Abs. A, 1933. 1123. 

»F. J. Dykstra and G. Edgar, Ind. Eng. Chem., 1934, 26. 509; Brit. Chem. Abs. B. 1934, 563; 
/. Inst. Pet. Tech., 1934, 20, 404A; Chem. Abs., 1934, 28, 3903. 

»H. B, Dixon and H. F. Coward, J.C.S., 1909, 9$. 514; J.S.C.I., 1909. 28, 301; Chem. Abs., 
1909, 8 , 1343. 
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the spontaneous ignition temperatures of gasoline vapor-oxygen mixtures. For a 
given mixture the ignition temperatures were lowered smoothly as the oxygen to 
fuel ratio was increased until suddenly an abrupt drop of about 200°C. occurred 



Fig. 226. 

Spontaneous Ignition Temi)erature of Gaso¬ 
line as Affected by Oxygen to Fuel Ratio. 
(F. J. Dykstra and G. Edgar) 


Courtesy Industrial and liiujinccrtmi ilu'mtstrx 


with only a small change in the ratio as shown in Fig. 226. Similar abrupt changes 
took place in the ignition temperature also when small variations were made in 



the percentage of gasoline vapor in the inner tube, with the oxygen to fuel ratio 
constant, as shown in Fig. 227. 

These observers noted, using a different technique, that certain gasolines possess 
two distinct ignition temperatures at definite concentrations and oxygen to fuel 
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ratio. For example, with a mixture containing 4.6 per cent gasoline vapor by 
volume and having an oxygen to fuel ratio of 8.2 to 1, ignition was first noted at 



a temperature of 280°C. as shown in Fig. 228. As the temperature was ahowed to 
rise, inflammation occurred at short intervals until the mixture reached 3i4®C., at 
which point ignition ceased. At 444®C., inflammation commenced again, but the 
explosions were somewhat less violent than those in the range 280° to 314°C. 



Fig. 229. 

Ignition Characteristics of »i-Octane and of 
Isooctane (2,2,4-Tri methyl pentane). (F. J. 
Dykstra and G. Edgar) 


CovTtcsy Industrial aiul F.nfiincrrina Clu'mistry 


'fhese same zones of ignition and non-ignition were passed through by lowering 
the temperature slowly. Fig. 229 illustrates similar results obtained with two 
pure isomeric hydrocarlx)ns, namely //-octane and 2,2,4-trimethylpentane. n-Oc- 
tane shows zones of ignition and non-inflammability similar to those obtaine<l for 
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gasoline (previously discussed). A 3.8 per cent fuel vapor mixture of 2,2,4-tn- 
methylpentane showed no ignition temperature below 523®C. and a relatively slight 
effect of oxygen-to-fuel ratio. The lowered temperature limit was not affected by 
changes in concentration of the combustible mixture, but the highest one was very 
sensitive to small differences. Ignition temperatures in oxygen were found to be 
less sensitive to variations in conditions than when determined in air. 

Experiments^' have also been carried out, using apparatus akin to that of 
Bunte and Bloch,*^ to study the relationship between ignition temperature and 
concentration of a combustible gas for the vapor-air mixtures of propane, butane, 
pentane, and other hydrocarbon gases. It was found that the lowest ignition tem¬ 
perature for a given mixture always occurred with the combustible vapor in ex¬ 
cess and that the temperatures decreased with increasing number of car!>on atoms. 

Effect of Pressure on Ignition Temperatures 

Townend and co-workers^^ studied the influence of pressure on the spontaneous 
ignition of mixtures comprising air and butane, pentane, hexane or isobutane. For 
butane-air mixtures, the ignition temperatures fell into two groups, the one, for 
determinations below 3 atmospheres pressure and at temperatures greater than 
450°C., and the other for greater pressures and temperatures below 370®C. Also 
with pentane-air mixtures upon which the pressure was less than 3 atmospheres one 
group (of ignition temperatures) lay above 490°C., and wdth greater pressure 
there was a group lying below 350®C. A transference of ignition point from the 
lower to the higher range occurred at a critical (or transition) pressure dependent 
on the composition of the mixture. At pressures near the critical value the addi¬ 
tion of lead tetraethyl raised the ignition point from the lower to the higher tem¬ 
perature. On the other hand, small additions of acetaldehyde at all pressures greater 
than one atmosphere produced a transference to the lower range. Further obser¬ 
vations showed for hexane-air mixtures two regions of spontaneous ignition, one 
below 350®C. and the other above 495®C. Also, the pressure necessary to transfer 
ignition from the^lower to the higher group was found to be 0.9 atmosphere for 
rich mixtures. In a limited pressure range just above the critical transition point, 
addition of 0.05 per cent lead tetraethyl raised the ignition temperatures from the 
lower to the higher system, as shown graphically in Fig. 230. When the mild 
steel lining of the explosion vessel was replaced by one of glass a lowering of the 
ignition points of about 20° occurred in both the higher and lower ranges. The 
pressure required to decrease the values, however, was alwavs slightly greater 
than with the mild steel liner. In the case of isobutane-air mixtures the ignition 
temperatures were below 370°C. and above 390°C., pictured graphically in Fig. 
231. The effect of the addition of 0.05 per cent lead tetraethyl was similar to that 
previously discussed and is also shown in Fig. 231. 

Later investigations®^ have extended this work to include methane, ethane and 

“ H. Bruckner and M. R. Sefadneberser. Brgnnstoff-Chem., 1935, 16, 290; Chtm, Abs., 1936, M, 
2003; Brit. Chem. Ahs. B, 1935, 935; /. Inti. Pet. Tech.. 1935, 21. 399A. 

*■ K. Bunte and A. Bloch, Gas u. Wasserfach, 1935, 78, 325, 348; Brit. Chem. Abs. B, 193S, 
660; Chem. Abs., 1935, 29. 6731. 

“D. T. A. Townend and M. R. Mandlekar, Proc. Roy. Soc. {London), 1933, A141, 484. A14S, 
168; Ckewi. Abs.. 1933. 27, 5189; 1934, 28. 1191: Brit. Chem. Abs. A, 1933, 1016; 1934, 151. 
D. T. A. Townend, L. L. Cohen and M. R. Mandlekar, Proc. Roy. Soc. (London), 1934, A146, 113; 
Chem. Abs., 1934, 28, 7016; Brit. Chem. Abi. A, 1934, 1179. M. Prettre, Ann. combustibles liqnides, 
1936, 11, 669; Chem. Abs., 1936, 30, 8588; J. Inst. Pet. Tech., 1937, 23, 33A. 

D. T. A. Townend and £. A. C. Chamberlain. Proc. Roy. Soc. (London), 1936, A1S4, 95; 
Chem. Abs.. 1936, 30. 4008; Brit. Chem. Abs. A, 1936, 801. Cf. N. I. Koboeev, Y. S. Kaaarnovtkii 
and L. I. Kashtanov, /. Chem. Ind. (Moscow), 1935, 12, 1030; Chem. Abe., 1936, 30, 1188. Acta 
Physicochim. U.R.S.S.. 1935, 3 , 857; Brit. Chem. Abs. A, 1936, 1209. A. Sokollk and K. Shcbolkfai. 
Acta Phyeitochim. U.R.S.S., 1934, 1, 311; Chem. Abs., 1935, 29. 7141: Brit. Chem. Abe. A. 1933. 
1080. M. Prettre, Compt. rend., 1936, 203, 561, 619; Chetm. Abe., 1936, 30, 7978; 1937, 81, M. 
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oropane. With the higher paraffins the ignition points lay in two well-detoed 
twnwrature ranges, whereas with methane or the intermediate products to which 
it elves rise (on ignition) the values were confined to an upper range even at pres¬ 
sures up to 30 atmospheres. With ctliane-air mixtures a lower temperature-igni¬ 



tion system developed at pressures above 13 atmospheres. The prwence ^ 
cent of acetaldehyde in this medium reduced the pressure limit to below 5 atmos¬ 
pheres. Propane-air mixtures revealed all the ignition characteristic of the 
higher paraffins, ignitions in the lower temperature range being 
tJed by the presence of small amounts of cither propionaldehyde or acetaldehy^ 
The investigators concluded that the results further support the theory that the 
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lower group of ignition points occur when the temperature and pressure conditions 
favor the survival and further oxidation of aldehydes. The higher group of igni¬ 
tion points were believed to result from ignition mainly of the products of thermal 
decomposition. Also it has been suggested that knock in an engine probably fol- 



Fic. 231.—Influence of Pressure on Spontaneous Ignition of Isobutane-Air Mixtures. 
(D. T. A. Townend, L. L. Cohen and M. R. Mandlekar) 


lows a compression ratio promoting ignition in the lower-temperature range. Addi¬ 
tion of antiknock compounds raises the pressure necessary for ignition in this range. 

Neumann and Aivazov^^ advance another hypothesis which proposes that the 

“ M. Neumann and B. Aivazov, Nature, 1935, 135, 655; J. Inst. Pet. Tech., 1935, 21, 200A; 
Chem. Abs., 1935, 29, 4586; Brit. Chem. Abs. A, 1935, 708. B. Aivazov and M. Neumann, Z, 
pkysik. Chem., 1936, B3S, 349; Brit. Chem. Abs. A. 1936, 1344; Chem. Abs., 1937, 31, 14. Aefa 
Pkysicochim. U.R.S.S., 1936, 4, 575; Chem. Abs., 1937, 31, 14. 
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velocity of oxidation of the hydrocarbon should increase rapidly with temperature 
over a wide range of pressure, and should then pass through a maximum into a 
region of negative temperature coefficients. They suggest that on further raising 
the temperature the velocity should again increase. Results obtained on the veloc¬ 
ity of oxidation of pentane and oxygen in quartz vessels at various pressures below 
the ignition limit and temperature of 300-500®C. substantiated this theory and also 
showed two regions of thermal ignition with increasing pressure. 

In the study of the condition of spontaneous ignition in mixtures of pentane and 
oxygen (1 to 8 by volume) at pressures ranging-from 5 to 140 cm. Neumann and 
Estrovich*’*® found sharp breaks in ignition temperature in the region of 60 cm. 
pressure. It was assumed that oxidation proceeds in two ways, that is, at higher 
pressures ignition is due to the oxidation of an aldehyde or an intermediate oxy¬ 
genated product. On the other hand, at low pressures, conditions favor thermal 
decomposition of these bodies to hydrogen, carbon monoxide and methane, which 
require a higher temperature for ignition. These observations appeared to be 
closely connected with the greater probability of knocking upon increase of com¬ 
pression in internal combustion engines. 

Naylor and Wheeler,*^^ from investigations of the ignition of methane-air mix¬ 
ture by a heated surface, propose that the oxidation of methane is a thermal reac¬ 
tion catalyzed by the products of an initial slow and flameless combustion. The 
explanation, they l^elieve, is not necessarily in conflict with that of chain mechanism 
set forth by other experimenters who worked with methane and oxygen at lower 
temperatures. Naylor and Wheeler found that with mixtures containing less than 
10.7 per cent methane two pressure limits of ignition exist. For richer mixtures 
(i.e., more than 10.7 per cent methane) there was only one pressure limit. This 
was explained on the supposition that at low pressures the lag in ignition increases 
because of a change in the type of reaction, that is, from surface to gas phase, and 
also a change in the rate at which different mixtures become non-inflammable as a 
result of pre-flame combustion. 

The influence of pressure on ^the spontaneous ignition temperatures of gasoline- 
air mixtures was investigated by Townend and Cohen.-^*^ They report that in the 
lower temperature zone there are two types of ignition: one, manifest by slow- 
travelling bluish flames (“cool flames’') which result in small but fairly rapid 
pressure development and gaseous products rich in bodies strongly aldehydic in 
character; the second is true ignition manifest by brilliant white light emission 
accompanied by much greater pressures and explosion products practically free 
from intermediate oxygenated bodies. Although true ignition in the lowxr tem¬ 
perature zone is unusual at atmospheric pressure, an increase of pressure soon 
leads to the development of true ignition w^hich follows the cool flame immediately. 
In Fig. 232, (curve 1) the data obtained on a rich (6.5 per cent by volume) gaso¬ 
line-air mixture are presented graphically. Cool flames were observed within the 
diagonally shaded portion. At pressures below 1.15 atmospheres true ignition 
occurred in the higher temperature range above 472°C., but at this pressure it 
was also possible at 342®C.; but not between 342°C. and 472®C. Increase of 

** M. Neumann and V. Estrovich, Sature, 1934. ISS, 105; Chem. Abs., 1934. 28, 1903; Brit. 
Chtm. Abs. A, 1934, 259; J. Inst. Pet. Tech., 1934. 20, 73A. H. F. Coward (Xature, 1934, IS3. 
463; Bnt, Chem. Abs. A, 1934, 493; Chem. Abs., 1934. 28, 6311) re|K>rts that pressure-temperature 
curves for the lag on ignition of {>entane vai>or heated to a given teint>erature and issuing into the 
atmosphere at the same temperature show a break at 60 cm. pressure and are of the same general 
character as those obtained by Neumann and Estrovich. 

«C. A. Naylor and R. V. Wheeler. J.C.S., 1935, 1420; Chem. Abs., 1936, 30. 2003; 7. /nst. Pet. 
Teeh.f 1935. 21, 445A; Brit. Chem. Abs. A, 1935, 1464. See also N. N. Semenov. Physik. Z. S<ns> 
fCtumoH, 1933. 4. 709; Chem. Abs., 1934. 28, 2979, for a discussion of considerations pertaining to 
the theory of the upper pressure limits of ignition. 

** I). T. A. Townend and L. L. Cohen, Chem. and ind., 1934, 267; Chem. Abs., 1934, 28, 3588; 
Bht. Chem, Abs. A, 1934, 603; /, /ml. Pet. Tech.. 1934. 20, 3S7A. 
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pressure to 1.45 atmospheres widened the lower inflammation region to 1)etween 
325® and 360®C. and at the same pressure a second inflammation was initiated at 
290®C. Further rise in pressure widened both ranges so that at 1.6 atmospheres 
ignition occurred between 288® and 308®, between 314® and 364° and finally at all 
temperatures above 416® C. At pressures greater than 1.9 atmospheres inflamma¬ 
tion was possible at all temperatures above 284°C. There are thus two pressure 
minima of true ignition in the lower temperature range, this type of ignition point 
curve being characteristic for higher paraffin hydrocarbons. 



Courtesy Journal of the Society of Chemical Industry 

Fig. 232.—Effect of Pressure on Spontaneous Ignition Temperatures of Gasoline-Air 
Mixtures. (D. T. A. Townend and L. L. Cohen) 


Curve 2 pertains to a mixture of like composition but employing an “ethyr* 
gasoline and curve 3 is the ignition point curve for a weaker (4 per cent by volume) 
standard gasoline-air mixture. Townend and Cohen report that knock in an engine 
is apparently related to a compression rate adequate to allow spontaneous ignition 
in the lower temperature range, which lies within the ordinary working tempera¬ 
tures of gasoline-air engines. The influence of an antiknock was to increase this 
compression rate. 

Coffey and Birchall®® observed that a gasoline-air mixture had two spontaneous 
ignition temperatures (at atmospheric pressure), one “ignition zone" existing from 
320°C. to 335°C., then a zone of non-inflammability from 335°C. to 420°C., and 
finally from 420®C. upward a zone of continuous ignition. With the addition of an 
antiknock substance, such as aniline, in increasing amounts the lower ignition zone 
was narrowed until it finally disappeared. When a pro-knock or kerosene was 
added the lower zone was widened. 


Effect of Water Vapor on Ignition Tempkr.xtures 


Jones and Seaman^® investigated the effect of water vapor on the ignition tem¬ 
perature of methane-air mixtures. The.se experiments were carried out using dry 

•^S. C©ffey and T. Birchall. Chem. and Ind., 1M4, 245; Chem. Abs., 1934, 28. 3878: Brit Client 
Abs. A. 1934 603; /. Inst, Pet. Tech., 1934, 20. 234A. . . o, xttw. ciiriii. 

^G. W. Jones and H. Seaman, Ind. Eng. Chem., 1934. 26. 71; Chem. Abs., 1934, 28 1501* 
/. Inst. Pet. Tech., 1934. 20, 73A; Brit. Chem. Abs. A. 1934, 261. See alto R. O. Kina. J Inst* 
Pet. Tech., 1934, 20, 791; /. Inst. Pet. Tech., 1934. 20, 565A; Chem. Abs., 1934, 28, 7017; B^i. 
Ch4m. Abs. A, 1934, 1074. J. Inst. Pet. Tech., 1935, 21, 838; J. Inst. Pet. Tech., 1935, 81, 446A2 
Chem. Abs., 1936, SO, 289. * 
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gas, also on gases of approximately 20 and 50 per cent relative humidity, and 
others saturated, at room temperature. The results obtained are listed in Table 1%, 

Table 196 .—Ignition Temperatures of Methane-Air Mixtures. 


Water Vapor 

Pressure Ignition Lag on Ignition Temp, of 


Methane, % 

mm. Hg. 

Temp. ®C. 

Seconds 

Test ®C. 

4.3 . 

0 

650 

12 

26.0 

6.2 . 

0 

651 

12 

27.0 

7.9 . 

0 

656 

11 

24.0 

9.2 . 

0 

660 

10 

24.0 

4.5 . 

0 

648 

14 

25.0 

3.9 . 

0 

649 

13 

26 0 

4.8 . 

5.0 

648 

11 

24.5 

6.25 . 

5.0 

651 

14 

24.5 

8.9 . 

5.5 

658 

9 

25.7 

4.8 . 

12.4 

652 

13 

26 0 

6.5 . 

11.2 

654 

12 

24.3 

8.9 . 

10 3 

661 

9.5 

23.0 

4 0 . 

25.0 

661 

11 

26.0 

5.35. 

26.5 

659 

12 

27.0 

7.6 . 

25 0 

661 

11 

26.0 

9 9 . 

22.15 

671 

8 

24.0 

11 6 . 

22.15 

678 

6 

24 0 

9.6 . 

22.15 

668 

9 

24.0 

4.15. 

22.15 

659 

10 

24.0 

4.9 . 

22.15 

658 

13 

24.0 

7.2 . 

22.15 

659 

11 

24.9 

5.7 . 

22.15 

657 

11.5 

24.0 

3.8 . 

22.15 

661 

10 

24 0 


The differences between the ignition temperatures for the dry and saturated 
gases vary somewhat with the composition, reaching a maximum of 11°C. for a 
mixture containing about 4 per cent of methane. The minimum value for a 
saturated gas occurs in mixtures with 5.5 to 6.0 per cent of methane. The dry gas 
has its minimum ignition temperature in mixtures containing 4.5 to 5.0 per cent 
methane. The results obtained for mixtures where the humidity was 20 per cent 
seem to coincide with those for the dry gas, but the values for the 50 per cent 
humid mixtures lie between those of the dry and saturated mixtures, being nearer 
to the dry gas values. The effect of proportions of water vapor less than 20 per 
cent were too slight to be decided by these tests. Studies of the influence of water 
vapor by Bunte and Bloch,on various gas mixtures, revealed that in the case of 
carbon monoxide the ignition temperature was lowered, presumably because of the 
presence of hydrogen and hydroxyl radicals participating in the intermediate oxi¬ 
dation steps. Water vapor, however, raised the ignition temperature of hydrogen. 


Effect of V^arious Inert and Other Admixtures on Ignition Temperatures 


When argon^^ was added to methane-oxygen mixtures (containing 3 and 37 
per cent methane) 3 limits of ignition were found to exist l>etween 635® and 680®C. 
Although the inert gas did not affect the time lag of ignition, the lower and higher 
limits at 650®C. were extended, the lower limit change being in accordance with 
Semenov's law.*® 

K. Bunte and A. Bloch, Gw a. WasTcrfach, 1935, 78, 537; Chem. .46j.. 1935, 29, 6731; Brit. 
Chem. Abs. B, 1935, 933. 

M. B. Neumann and A. 1. Serbinov, Physik. Z. Sowjetunion, 1933, 4, 423; C*em. Abs., 1934, 
at. 1236, 

^ Semcnov’t law !• a chain-mechanism theory developed to account for both alow reactions and 
caploaiona. The probability I of a collision between activated reaction product and one of the re¬ 
actants with sufficient energy to start branching of the stoichiometric chain increases with the tem¬ 
perature. If r is the number of single reactions in the simple chain and no is the specific rate of 
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The ratios of the concentration of argon to nitrogen and helium necessary to 
raise the lower limit of a methane-air mixture to one atmosphere were found by 
Lavrov^^ to be 1.3 and 1.73, resi)ectively. For hydrogen-air mixtures the ratios of 
the concentrations of carbon dioxide, hydrogen chloride and helium to nitrogen 
arc 1.05, 1.06 and 0.26, respectively. 

Tawada^® found that the addition of 0.1 to 0.2 per cent of ozone lowered the 
spontaneous ignition temperature of gasoline in an oxygen-nitrogen mixture and 
at the same time always shortened the lag of ignition. The addition of lubricating 
oils to various gasolines was found to lower the ignition temperatures. Mineral 
oils were found to be more effective*in this respect than castor oil.^® 

Ignition Temperature by Drop Method on Partially Enclosed Plate 

The apparatus used in these, experiments^^ is shown in Fig. 233, the essential 
features being the ignition block with its cup-shaped surface for holding the 


SampicInlct 



Fin. 233. 

Cross Section of Goted 
Chamber for Deter¬ 
mination of Spontane¬ 
ous Ignition Tempera¬ 
tures. (P. J. Wiezevich* 
J. M. Whiteley and 
L. B. Turner) 


Conrieiy Industrial and Bis* 
gincering Chemistry 


material under study, the thermocouple which is inserted in a well below the cup 
and an aperture centered above the cup for admitting the sample. A tube built 
into the apparatus permits compressed air to be blown into the cup thus removing 
all contaminating vapors present before each run. The apparatus is also com¬ 
pletely insulated. The investigators observed that on correlating average boiling- 
point and gravity (A.P.l.) with the values for the ignition temperature of pe¬ 
troleum fractions studied, the temperature falls with increase in the boiling point 
to about 600®F. in the kerosene range, after which a sudden rise to 800®F. for 
spontaneous ignition temperature takes place in the lubricating oil range, as shown 
graphically in Fig. 234. With increased gravity the ignition temperature falls 
sharply to a minimum and then rises .slowly to a maximum. From the.se data the 


rhe endotbermte reaction, the velocity == n^r. When secondary activation is considered, the velocity 
it =: Nsr (1 — t4). When ^ = !.«'=: <x ttnd the reaction it an explosion. Tlie alterations in 
r resulting from admixture of an inert gas and from collisions with the vessel walls are discussed. 
N. Semenov, Z. physik, Chem., 1929, 2B, I6I; Chem. Abs,, 1929, 21, 2870; Brit. Chem. Abs, A* 
1929. S14. 


•• F. A. Lavrov, Physik. Z. Sawjetunion, I93J, 4, 787; Chem. Abs., 1934, 28. 2979. See M. J. 

van der Wal, Bee. trap, chim., 1934, 52, 97; BriS. Chem. Abs. A, 1934. 368. 

«*K. Tawada, J. Sac. Chem. lud., Japan, 1935, 28, 270; Brit. Chem. Abs. B. 1935. 935; Chem. 

Abs., 1935, 29, 6748. 

«*T. Araki and S. Otsu. J. Soc. Chem. lud., Japan, 1933, 26, 589; Chem. Abs., 1934. 28, 886; 
J. Inst. Pei. Teeh., 1934, 20, 74A; Brit. Chem. Abs. B, 1934, 133. 

J. Wieaevich, I. M. Whiteley and L. B. Turner, Ind. Eng. Chem., 1935, 27, 152; Chem. Ahs., 
1935, 29, 2700; Brit. them. Abs. B. 1935, 889: J. Inst. Pei. Tech., 1935, 21. 123A. See O, Krtiher 
and W. Schade, Brenmsioi-Chem., 1934, IS, 404; Chem. Abs., 1935, 29, 1694; Brii. Chem, Abs. A, 
1935, 41, for the auto-igmtion points of a number of hydrocarbons and oxygen compounds. 
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conclusion was reached that the structure of hydrocarbons niay be studied from 
their spontaneous ignition temperatures. It was also reported that for hydro¬ 
carbons having the same number of carbon atoms the spontaneous ignition tempera¬ 
ture decreases in the order: aromatic compounds, alkylated aromatic compounds, 
naphthenes, straight-chain paraffins, branched-chain paraffins and unsaturated 
aliphatic compounds. 



Courtesy Industrial and n.ngineering Chemtstry 

Flo, 234.—Comparison of Boiling Points and Spontaneous Ignition Temi)eratures of 
Petroleum Fractions. (P. J, Wiezevich, J. M. Whiteley and L. B. Turner) 

Combustion of Hyorocarbons Under Co.nstant \’^olume 

.\kita^^ reports that reaction temperatures in the oxidation of hydrocarl)ons vary 
with concentration of the hydrocarbon, the material used in the construction of the 
reaction tube, and other conditions. The mechanism proposed for combustion of 
normal paraffins is : ' o 

C iiHjn+J -^ CnHjn+lOH 

Cn-,H,o 4- HCHO 

o 

HCHO - >■ H,0 + COforCO,) 

This work was extended to include the alcohols and phenols of the l)enzene series 
for which were prop<^sed the following mechanisms. 


O 


(U 

C«H. 

o 

CeHiOH 


C.IUOH -> 
o 

CO, -f H^O 

(2) 

ColIiCH, — 
o 

CfHkCHiOn 


CeH»CH,OH — 
o 

C*H. 4- HCHO 

(.») 

QH4{CH,), -> 
o 

C4H4(CH,0H), 


C*H4(CH,0H), -> 
o 

C.He 4- 2HCHO 

(4) 

C,H.(CH,).CH, -> C,H4(CH,).CH,0H 
0 


C«H*(CH,)„CH,OH —> C*H*(CH,)„.,CH, 4- HCHO 
O 

HCHO H,0 4- CO 4* CO, 

••Y. AktU, /. Fuel Soc. Japan, 1934, IJ, 277; Cktm, Abs., 1934, 2t. 4580; Brit. Chfm. Abs. B, 
1934. 487. 
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This investigator also noted that the temperature at the beginning of the reaction 
of the hydrocarbons coincided with the spontaneous ignition temperatures. 

Influence of Catalysts on Ignition Temperatures 

Zerbe and co-workers^® studied the ignition temperatures of benzene and 
pentane vapors in the presence of palladium and the oxides of cobalt, uranium, 
cadmium, manganese, nickel, magnesium, zinc, tin, lead, chromium, iron, bismuth, 
vanadium, aluminun) and copper. For benzene vapors the ignition temperatures 
were considerably reduced by the presence of the above solids with the exception of 
aluminum oxide, lead oxide (yellow) and cuprous oxide. When pentane vapors 
were substituted for benzene the ignition temperatures were in general raised. In 
the catalytic combustion of methane-air mixtures, using an electrically heated 
platinum wire, it was noted by Davies^® that as the hydrocarbon concentration was 
increased from 1 per cent to 5 per cent the minimum temperature of combustion 
was lowered from 970® to 760®C. The mechanisms of the catalytic combustion of 
carbon monoxide and of hydrogen were found to be different from that of methane. 
Although it was noted that the entire wire was not catalytically active until heated 
to 1300®C., in mixtures (of methane and air) where there was an excess of 
methane the reaction was observed to start below this figure and the temperature 
of the wire increased abruptly. If the wire temperature was then raised elec¬ 
trically it was noticed that the rate of combustion decreased and l)ecame zero at 
sufficiently high temperature, thus destroying the catalytic effect. When oxygen 
replaced air, the temperature of incipient combustion rose and the rate of com¬ 
bustion decreased. Davies thus proposed that the catalytic combustion of methane 
on platinum requires the adsorption of both methane and oxygen. 

IgXITIO.V by CoMPRKSSIO.V METttODS 


The ignition of methane-air mixtures (composition 3-75 [ler cent methane by 
volume) by compression methods was investigated by Wheeler.^' The ignitions were 
carried out in a pressure cylinder which was in turn connected wdth a low-pressure 
chamber by a small aperture. Ignition took place in the pressure cylinder only 
when the aperture connecting with the low-pressure chamlwr, containing a similar 
mixture, was not greater than 2.25 mm. in diameter. Flames shooting into the 
low-pressure chamber did not ignite its contents. Investigations were carrietl out 


in which each hole was covered with a thin copper diaphragm to delay the escape 
of gas until sufficient pressure had lK*cn built up to burst the diaphragnt. Under 
these conditions, (with a hole 4.75 mm. and a diaphragm 0.10 mrn. thick, breaking 
pressure of 110 atmospheres) ignition took place in the low-pressure chamber with 
mixtures whose concentration varie<l from 8 to II per cent in the pressure cylinder, 
Wheeler has also reported that the ignition of mixtures by i)assage of a compression 
wave which heats them only momentarily was not possible. 

Observations have also been made by Dixon and Harwoixl'^- on the ignition 


•C. Ztrbtt F. Eckert and H- Jentzsch, Angrw. Chem,, 19.13, 46, 659: Bnt Ckfm Abi A 1 « 3 J 

Chem. Abi., 1934, 28. 304. * " 

•I. W. Davies, Phil. Mag., 1936, 21, 513; Chem. Abs.. 1936. 10. 3707 Brit Chem Aha A 

), 571. Sec B. W. Bradford, J.C.S., 1934, 1276; Chem. Abs., IV.lS 29 li • Brit Chem Abt A. 

• di^uMion of the catalytic action of tilver on ihr co'mImMion of carbon monoitide. 

► E. Bnner and J. Carceller. Arch. set. phys. not.. 1935. 17. 85; Brit. Chem Abs A. 1915 1466 

J. Plivifro, French P. 777,917, 1935; Chem. Abs., 1935. 29, 4S.S2. * 


R. V. Wheeler. Trans. Inst. Min. F,ng.. 1935. 88 . 447; Brit, (hem Abs B 1915 481- Chem 
. Guard., 1935. 150, 248; Brit. Chem. Abs. B. 193.S 1124; 

»H. B. Dixon and J. Harwood. Safety in Mimes Research Board iCir Brit ^ ot 

; Chem. Abs., 1935, 29. 7078. See a\no A. Pignot, J. IJsines Gas., 1932, "i, 594 


A, 1934, 150. 
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temperatures of varying concentrations of methane by compression methods. With 
7 to 7.5 per cent methane by volume the lowest values were obtained at about 
450®C. at 29 atmospheres. Mixtures from 2 to 75 per cent methane could be 
ignited and were found to propagate flame under higher compression and at the 
temperature produced by the compression. With increased pressures the ignition 
temperatures were observed to fall, e.g., at a pressure of one atmosphere the tem¬ 
perature was 735®C. but at 37 atmospheres it fell to 375®C. 

Ignition by Electrical Discharge 

Experiments^® on the inflammation of mixtures of air with methane, ethane or 
carbon monoxide were carried out in a closed spherical vessel in which ignition 
(from a secondary electrical discharge) took place at the center. This occurred 
more quickly when the mixture remained quiescent whereas the effect of turbulence 
was to recjuire a higher ignition current. Explanation was made on the basis 
that general inflammation of a mixture is dependent on the production of a suffi¬ 
cient volume of flame around the spark-gap. If the heat so generated is dissipated 
by the rapid delivery of a stream of unburned and unheated mixture (which is the 
effect of turbulence) the flame is extinguished. Thus, to compensate for such a 
heat loss, it becomes necessary to use a more intense secondary discharge for 
ignition. 

Gimmelman and Neiman®^ propose that the spark energy of methane-oxygen 
mixtures increases as the pressure is lowered, according to the empirical formula 
of Kontorova.®® It was noted that as a function of the electrode separation, the 
critical energy is constant for large separations while it increases rapidly for 
smaller ones, .Another factor iKdieverl to have influence on the critical energy' is 
the temperature, i.c., the energy value is raised with decreasing temperature, the 
logarithm of the energy lK*ing proportional to the reciprocal of the temperature. 
These explanations and results were tleriverl theoretically on the assumptions of 
a chain mechanism for the ignition process and the creation, by the spark, of active 
centers proportional in number to the energy of the spark. 

Vumoto.®^ working with mixtures of air containing less than 5 per cent 
hydrogen or less than 10 per cent carbon monoxide, found that the igniting p>ower 
of a short spark (i.e., one less than 4 mm.) which shows band spectra is greater 
than that of one exhibiting spark spectra. With long sparks (10 to 12 mm.) the 
igniting power was greatest on the portions of the spark where the heads of the 
nitrogen l>and appear strongly, and especially on the negative side of the spark 
where the heads of the first negative band are superimposed on the enhanced posi¬ 
tive band. Vumoto reports that in a carbon monoxide-oxygen mixture (carbon 
monoxide 7 per cent by volume) if 0,3 per cent nitrogen w^as present the nitrogen 

“R. V Whaler. F»W. 1935. 14 (5). 147; J. Usf. Pet. Ttck, 1935. 21. 253A: BriS Ckrm. Abs. 
B. 1935. 708; Ckem. Aht., 1935. 29, 8333. For data concerning the combuttton of methane, ethylene, 
and Acewicne at from 50 to 1800 \*olt» »ee A, E. Ma)inov»kii and F. A I.avrov. J. Phys. Ckcm. 
(V.S.S.R.), 1931, 2. 530; Chem. Abs.. 1933, 27, 5515. For invcKtifations carried out to ascertain the 
rdationahip between detonation and electrical conductivity in the IkiumI phaae of hydrocarbon ftteU 
•ee C. Saloeanu and I). Gheorfhtu, Bui. soc. romasie 1933, SS, 103; Cktm. .dhjr.. 1934. 28. 3570; 
Bril. Ck^. Abs, A, 1934. 240. 

•• G. A. Gimmelman ai^ M. B. Netman. Compl. rtnd. memd. set. {I’.R.S.S.). 1934. 4. 35; Cktm. 
Abs.. 1935, 29, 1985; Bril. Chrm. Abs. A. 1935. 172. It has been found that under otherwise like 
conditieiaa and with the Mine voltage and current strengths, the effect of either direct or alternating 
current on the ignition of methaneair mixtures by electric s|iarks was the same in principle. For 
further details see N. I. Braahnik, A. E. Ifaltnovskii and K. A. Skrutpnikov. J. Trek. Pkys, 
{U.S.S.R.), 1934, 4, 1485; Ckem. Abs., 1935. 29, 8333. 

»T. A. Kontorova. /. Pkys. Ckrm. (l/S.S.R.). 1933, 4 , 64; Ckem. Abs.. 1933, 27. 3334, finds 
ignition U due to ttm^rature effect as indicated by equation log p/ Vcv* ” (A/ v'"ct^) -h B relating 
preesure, capacity ana voltage. 

^ K. Yumoto, Set, Pratts /nH. Pkys, Ckrm. Rrsr^rek {Toky^), 1933. 21, 246; 1935, 27, 275; 
Brit. Cktm. Abs. A, 1933, 1123; 1935, 1327; Ckrm. Abs., 1933, 27. 564$; 1935. 29, 8333. 
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bands were still bright and coincided with the niaxinmin igniting power of the 
spark. Further investigations showed that the energy of the spark necessary for 
ignition decreased upon the addition of nitrogen up to 5 per cent (volume) after 
which slight increases were noteil. Other observations, from plotting the amperage 
against the percentage of nitrogen, revealed a decided discontinuity between the 
interval 30-35 per cent nitrogen corresponding approximately to the composition of 
two volumes of oxygen to one of nitrogen. Therefore, Yumoto concluded that 
nitrogen is not merely a diluent, but that its action may be due to the formation 
of some compound. 

Investigations carried out by Cohn and Spencer*"'^ on the effect of density and 
temperature on the inflammation of a hydrogenated safety fuel brought out some 
very interesting points. A S-minute interval was allowed between the fuel injec¬ 
tion into the explosion chamber and the spark so that vaporization ttK>k place 
completely. Otherwise for shorter intervals the explosions occurred with liqukl- 
vapor mixtures. For the vapor-air explosions it was noted that an increase in air 
density lengthened the reaction time. On the other hand, for li(|uid-vapor-air 
explosions, an increase in air density from 0.00473 to 0.0095 g./cc. shortened the 
time of reaction. However, as the density was increased to 0.0142 g. cc., the re¬ 
action time again lengthened. The leanest mixture that would explode within a 
period of 5 minutes was, according to Cohn and Spencer, one corresponding to an 
air-fuel ratio of 20.7. For a period of 0.004 second it corresjmnded to one of 25. 
It was concluded that with an air-fuel ratio of 10 the reaction time was a minimum 
while the pressure was a maximum for the delayed explosions. Ai the higher 
densities and temperatures the two types of explosions acted more alike. 

Coal gas-air mixtures have been stiuhcd by SUxine'^'^ who reports that these 
cannot be ignited by electric discharges between the surfaces of good insulators. 
Instead, he recommends using a discharge from an insulating surface to a metallic 
one and also a discharge between two surface.^ of mo<lerately go<xl insulators. This 
type of ignition (by corona discharge) was found to work (|uite satisfactorily. 
Induction-coil discharge between glass electrcxles at 1(K)®C. prcxluced ignition in 
a 15 per cent gas-air mixture. As a result of this and further experiments the 
conclusion was reached that the electrode temperature and the least igniting energy 
are lower the more concentrated the indamnmble mixture. Ignition was possible 
between slate electrodes (4 mm. apart, with or without metal p<iint.s) by means of 
corona di.scharge provided the discharge current was greater than 3()0 micro¬ 
amperes. 


Increase of Pressure During Combustion 


The question of the effect of initial temperature on the rate of pre.ssure rise in 
gaseous explosions is a subject still open to investigation. Studies have l>cen made 
by Pearl and Brown*® using equipment (shown in Fig. 235 and 236) which con¬ 
sisted essentially of four bombs machined from solid blocks of steel. Bomb 2 of 
Fig. 235 had two plate-glass windows with a lens in front of each to focus the 
light emitted by the flame of the burning gas on a rotating drum, thus enabling 
measurements to be made of the time necessary for the flame to fill the bomb and 
also of its duration. Bombs 1 and 3 (the former not shown) differed materially in 
size only. Unlike bomb 2 they had no windows, were heated by gas burners, and 


R. C. Spencer, Satl. Advisory Comm. Aeronaut. Rrpt., No. .S44, 19 fS; Chfm. Abf., 
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ciKilfd by water running over them, and their removable jackets could \ye filled 
with solid carljon dioxide. Bomb 4 was small enough to be immersed in a wide¬ 
mouthed Thermo.s bottle containing liquid air. Another part of the equipment was 
a tw'o-cylinder four-cycle engine, one cylinder of which was operated by a pump, 
the other as a four-cycle gas engine being connected to a large synchronous motor 
operating at 1200 r.p.m. The drum shown in Fig. 235 carrying a sensitive bromide 
paper was held at a constant speed by a synchronous motor. 



Courtny liitlusfrtal and linyiHfCrim/ t hrmiftry 

Fiti. 235.—.'\p|>aratiis .\sNcmbly for Study of (»ascous Kxplosions. (\V. .\. Pearl and 

(». (f. Brown) 

C. K(»tatinK drum L. Header 

H. I.ight M. 0|)cning U»r lherm<H.'<»uple 

!•'. WindowV Rotating drum 

(i. C harging valve P. Oiicniiig for s|>ark plug 

H. Gage g. l^ns 

K. \*alvc t. MaiH>meter 

In ctmducting the tc>ls, the iKunb.s were first thoroughly purged by running 
nitrogen thrtmgh them at al>ove lOO'^C. Some of the gases studied were: acetylene, 
benienc, butane, carbon disulphide, ethylene, hydrogen, methane and propane. The 
initial weight or density of the charge was kept constant for each series of runs. 
Pearl and Brow^n ohscrvetl a critical initial temperature from which the rate of 
pressure rise w^as higher than from other initial tcnq>eraturcs. An e.xcess of 
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oxygen above that theoretically needed for complete combustion, excess fuel or 
the presence of an inert gas (nitrogen or carbon dioxide) raised this critical initial 
temperature. When no diluent was present with the mixture theoretically required, 
the rate of rise in pressure increased uniformly as the initial temperature was 
lowered and no critical ignition temperature could be reached for such charges. 
On the other hand, in the presence of 64.7 per cent (volume) nitrogen, 13.9 per cent 
excess oxygen raised the critical temperature 43®C. This temperature point would 
have been raised 166®C. had the excess oxygen been replaced by nitrogen. 

These investigators also found that when the heat capacities of the products of 
combustion had low temperature coefficients the explosive mixtures had high 
critical initial temperatures. The order of decreasing temperature coefficients 
was: carbon dioxide, carbon monoxide, nitrogen, oxygen, water and hydrogen; so 
that as the predominating products of the combustion varied from carbon dioxide 



Courtesy Industrial and Engineering Chemistry 

Fic. 236.—Diagram of Bombs Employed in Study of fiaseous Explosions. (W. A. 

Pearl and f>. G. Brown) 


to hydrogen the critical initial temperature of the e.xplosive mixture rose. For 
fuels having high carbon to hydrogen ratios, this value was sttmewhat lower, de¬ 
creasing as the ratio above increased. Another feature noted was that the critical 
initial temperature values at constant initial pressures were lower than at constant 
initial density for theoretical or nearly theoretical mixtures conUining little diluent 
nitrogen. On the other hand, for those mixtures possessing as much or more 
diluent nitrogen than is in air, the critical initial tentperature was higher at con- 
Slant initial pressure. 

Wellard,•« after working with fuel-air mixtures comprising ethylene amylene 
and ethyl alcohol under pressures of 1, 2, and 4 atmospheres and varying rates of 
heating, reports with those substances having ignition temperatures above 300*C., 
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an increase in the rate of heating causes an increase in the pressure rise due to the 
Ignition. For example, with a speed of heating of 25® }>er minute and a mixture 
containing 38 per cent amylene, the pressure increased with temperature uniformly 
except when the latter was al)out 311®C. Wellard proposed that an initial pressure 
of at least 2 atmospheres and a heating rate of at least 9® per minute seem to be 
necessary for the spontaneous ignition of amylene-air mixtures. P'urther observa¬ 
tions carried out on gasoline and hexane with ignition temperatures below 300®C. 
showed a decrease in pressure rise (due to ignition) with increase in the rate of 
heating, and above a critical rate no longer showed an ignition temperature. Meas¬ 
urements of the pressure rise or “shock" caused by the ignition (spontaneous or by 
spark), showed that it increased with temperature and was greatest at that of 
spontaneous ignition. 

Investigations were carried out by Mondain-Monval and Wellard®^ on the 
influence of temperature in the explosion of mixtures of air and hexane vapors. 
These mixtures were heated in a steel bomb under a pressure of 5 kilograms, and, 
at a given temperature, fired with a spark. The resultant pressure rise was measured 
by ascertaining the distance a steel point on the end of a small cylindrical piston 
was driven into a block of lead. Tlie explosion forces were then plotted against 
the various firing temperatures. In this manner the graphical data showeii that 
below 18()®C. the explosion pressure was independent of temperature, but above 
this the explosion pressure increased considerably as the spontaneous ignition tem¬ 
perature of 232®(‘. was approached. This was believed to be the result of forma¬ 
tion of alkyl peroxides. When Ixmzene was substituted for hexane quiet combustioQ 
took place over the above temperature range, the explosion pressures In-mg inde¬ 
pendent of firing temperature. 


pROr.M..\TIO.\ 

A theory of flame propagation, intended to supply a knowledge of the structure 
of the flame front during slow inflammation, has been proposed by Lewis and von 
Elbe.^- The assumption is made that the highly energized atoms or radicals 
formcxl in the flame front play a more important part than heat conductivity in 
making the unburned gas reactive. It is thought that a small number of these 
energized atoms diffuse into the unburned phase and initiate chemical reaction. 
The sum of the thernial and chemical energy per unit of gas in all layers from the 
burned to the unburned phase is assumed to be constant. 

The propagation of flame in fire damp explosions has l)een studied by Burgess** 
who reported that from observations of the explosion of methane-air mixtures in 
lul>es having branch memlxrrs at right-angles to the main tube the total distance of 
projection of the flame de(>ends on the amount of release afforded to the pressure of 
the explosion. He assunteil that by the addition of one or more side tubes ahead of 
the flame it is possible to increase its distance of projection. On the other hand, 
if a side tube joined the main tube in the region of the explosive mixture, instead 
of just beyond it, the distance of projection was less. The nuiximum total distance 
of projection reported by Burgess was approximately 7.25 tin>es the original length 
of the explosive mixture. 

« P. MoiKUiti Monva) and R. WdUrtl, Anm, (omthusfihles 193S. 10, 278; J. Imit. Pet. 

I93S, St, 3S3A; BmiL tmeomr, imd. fioll., I93S, 114, Sa2; 193<», 30, 2737; 

Ctmfd, ttmd,. I93S, 300, 232; Cktm, Abt., 193$, SO, 1973; Bril. Ckem. Abs. A. 1935. 307. 

•B, Uwit and G. voo Elbe. J. Ckem. Pkytict. 1934 I, 537; Brit. Ckrm. Abs. A, 1934. 1179; 
Ckam> Abs., 1934, 30, 7015. for a diacutkion oC tW orwlcmt o( irnition and dame propafation aee 
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Beseaerk Bmei, Paper 03, 1914; 0nl. CVm. Aba. M, 1934, 307. 
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Flame observations in an engine have Ix^en reported by Marvin.®^ A side-valve 
L-head single-cylinder engine was employed, equipped with a special head con¬ 
taining 30 windows and apparatus consisting of mirrors, lenses and a stroboscope 
fitted with a phase-changing device, enabling one to look down vertically through 
each window without altering the eye position. Thus it was possible alternatively 
to substitute a camera at the eye piece and take photographs of the various settings 
using the stroboscope as a high-speed shutter for the camera with each scries of 
exposures taking 30 seconds. Progress of the flame front at any degree of crank 
angle was observed from the position of the windows illuminated. The photographs 
showed that the flame progresses in patterns roughly concentric about the point or 
points of ignition. “Reaction velocity" was defined as the rate at which the flame 
front progresses into the unbumed gases. The “gas velocity" merely expresses 
gas motion and involves no burning. Reaction velocity has been found to vary 
greatly with different fuels, approaching a maximum near the equivalent mixture 
for any given fuel. This value may be reduced by the addition of inert gases. 
Marvin proposes that the flame velocities are a maximum at roughly the middle of 
inflammation relative to crank angle and at a minimum at the beginning and end. 

Stationary Flame and Its Utilization 


It has been found by Kurokawa®^ that to maintain a steady flame at the orifice 
of a burner the ignitible gas and air (mingled by diffusion) must flow upwani 
at a rate just balancing that at which the fljiine i.s propagated downward. If it is 
assumed that combustion takes place at the conical boutulary surface between the 
flame and a mixture containing the theoretical amount of air for complete com¬ 
bustion, and that neither thermal decomposition, nor partial ignition, (Kcurs in the 
flame, the following relationship then exists, where v is the velocity of ignition 

_ a -f 

-f 7* 

under the theoretical air mixture, Q the quantity of gas issuing from the orifice, a 
the theoretical air volume of gas, L the length of the flame, and y the radius of 
the orifice. When the supply pressure of gas is h, the specific gravity s, and the 
orifice constant K, we have the expression lor Q given Udow. 


Therefore, 


Q • Kwr^y/liJ] 


L *• (1 -f- a)y\/h/v\^s 


when y is much less than L. This relationship Kurokawa found to hold experi¬ 
mentally within certain limits. Velocity of propagation of flame has also been 
determined by Corsinglia®® and found inversely proportional to the square root 
of the specific gravity. Moreover, since the velocity v ma> be considered as that 
of the gas and air mixture produced by diffusion and ga> flow from an orifice, 
the same relation may be derived from kinetic theory. For this reason Kurokawa 
reports the product v\/s is con.stant. The relationship was thus expressed in a 
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straight-line equation, // = ^ -f BL, in which A and B are constants. From 
the experimental work in which A and B were determined, it was noted that 
gases rich in hydrocarbons give comparatively satisfactory results, although gases 
containing a large proportion of inert diluent or hydrogen do not. 

Investigations have also been carried out by Malinovskii and Klass*^ on the 
effect of temperature on the interruption of gas explosion by an electric field. 
These collaborators found that the minimum potential required to extinguish a 
nearly stationary flame between condenser plates was lower at all temperatures 
for a mixture consisting of 25 and 75 per cent of acetylene and air, respectively, 
than for a similar mixture where proportions were 20-80 per cent. Although the 
temperature ccx'fficient was positive in both cases it was reported to be greater for 
the 20-80 per cent mixture, the flame of which was not quenched by any potential 
up to 15(X) volts at temi>eratures greater than 120°C'. 

TKMPKKATrRE AND LATENT EnERGY IN P'lAME GaSES 


rhe general assumption that temperatures reached as a result of the combustion 
of gases are c(|ual to those calculated from the heat of combustion of the fuel and 
the specific heats of the proclucts of combustion, making allowance for heat lost 
by radiation is reported to be in errorFrom temperature measurements made 
by means of platinum thermometry during the long period of constant pressure 
burning (the "pre-pressure period’*), it was found that the flame gases are in an 
abnormal condition and do not consist of merely heated carbon dioxide, steam, 
nitrogen or <3ther gases. When this abnormal condition prevails, associated with 
it is a latent energy of large anvmnt. and it is this factor which prevents the full 
development of the calculated temperatures in the inflamed gases, according to 
Davitl. \x atmospheric pressure the latent energy is reported to he seldom less 
than 15 jxr cent of combustion. 

Another scries of exj)eriments was carried out in which the light emitted by 
inflamed gases contained in a closetl vessel was recorded on a moving photographic 
film. A simultaneous pressure record was made and from this the mean tempera¬ 
ture of the inflamed gases could be deduce<i. Marvin found that light was emitted 
not only during the explosion pericKl, but for some time afterwards. This duration 
of ‘*after-glo\^’* increased with the density. He therefore concluded that gases, 
after inflammation, are in an abnormal condition and associated with this condition 
is latent energy, accounting tor the accompanying luminosity. 


Measurement ok Flame Temperatures by the Spectral Line-Reversal 

System 


It has been reported by Watts and Lloyd-Evans®'* that such studies have l>een 
made in the following manner. Two quartz windows were fitted into the com- 

A, K. M«linov«kti and f, A. KUm. Brr, f ’Er«in. tcUs, Borsch. Inst, phxsik. Chc^m., 19.U. J. 

107; Chrm. Aht., 1935. W. 274.3; Brit. Chrm Ahs.. B. 1935. 979. For a »tud> of the electrical 

condiKtietty of the (lame in an internal ccwnhuation ensine *ee l>. Abuirov and A Sokolik, J. Lxff/. 
TkrprH. Phys (V.S .K.ft.), 19.13. J, 438; Chrm. Ahs., 1914. 21, So30. 

•WV T. David. JSmirt»^rr. 19.14, 157, 558; /. Imsf. Pet Tech.. 1934. 20, 405A; Chrm. Ahs . 1934, 
28. 6002; Phil. Ma^.. 19.16 (7). 21. 280; Brit. Chrm. Ahs. A, 1936. 432. Proc. S. WaUs Inst. Eng., 
1936. 51. 375; Chrm. Ahs.. 1936. 50. *>617; Brit Chrm. Abs B. !936. 258, For a study of 8ame 
temperaturca in faaoline rtifinei aee Enginrrrmg, 1934, 157, 623; /. Inst. Prt. Trrh.. 1934. 20, 446A. 
,See al»o W. T. David and A. S. Leah. Phii. Mrg., 1936 (7), 22, 513; Brit. Chrm. Abs. A, 1936, 
1343. 

• S. S. Watt* and B. J* Lloyd Evan*. Proc Phrsimt Soc.. 1934, 46. 444; Brit. Chrm. Abs. B. 

1934. 564; Emtrinrrrimg, 1934, 157. .162; J. Inst Prt. Trrh.. 1934. 20. 303A; Enginrrrmg. 1935, 

Ilf. 48; Chrm. Abs.. 1935. 29. 2720. For a di»cu»*ion of Mttdiea made of the dame temperatures 
in mrthaiic air miature* *€e W. T, David »nd .1. Jordan. Phil. Mrg . 1934. It. 228; Chrm. Abs., 1934, 
28, 7133; Brit. Cktm. Ahs. A« I9K 1071. 
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bustion chamber of an engine. Then light from an electric arc was passed through 
suitable lenses and a pair of adjustable neutral wedges so as to vary its intensity. 
This light then emerged as a parallel beam which passed through the engine cylin¬ 
der and emerged through a further lens which focused the beam onto the slit of a 
spectroscope. Between this latter lens and the spectroscope was inserted a strobo¬ 
scope disc running at half-engine speed. In this way the light passed to the slit of 
the spectroscope once in each working cycle of the engine. The wedges previously 
mentioned were adjusted so that reversal of the sodium line (obtained by introduc¬ 
ing a metallic salt in the fuel, e.g., a 1 per cent solution of sodium ethylate in 
alcohol which was added in the proportion of 15 cc. per gallon) occurred while 
the engine was running. The engine was then stopped and the spectroscope re¬ 
placed by a monochromatic pyrometer of the disappearing filament type. Readings 
were obtained on the pyrometer by removing the quartz window and focusing the 
lens nearest the spectroscope when engine conditions became steady. In this 
manner it w^as found possible to observe temperatures over 1200°C. which could 
repeated to within 15°C. 

Another method for measuring engine flame temperatures has l>een suggested 
by Rassweiler and Withrow.The conditions differed slightly from those pre- 
viouslv discussed. Temperatures were measured, not at one point in the combus' 
tion chamber, but at three; near the point of ignition, near the center of the 
combustion space, and in the portion of the chamber where the last (»f the charge 
was burned and knocking took place if at all. These flame temjK‘rature measure¬ 


ments were taken under both non-knocking and knocking conditions instead of as 
heretofore under only non-knocking. The mcth(Kl of measuring the temperature 
was the sodium-lioe reversal. The L-head engine combustion chamlH*r had two 
windows, placed opposite each other so that light could pass directly from an out¬ 
side light source through the combustion chamber and the flames and Ire focused 
on the slit of a spectroscope. The source of light use<l was a (ieneral Electric 
projection lamp with a wide strap filament. The tcmjK-rature was controlled by 
varying the current through the lamp. Thus from a calibration curve the tcmirera- 
ture corresponding to current could be read. A ^trolxiscopic shutter enabled ob¬ 
servations in the combustion chamber to be limited to any desires! jMrrtion of the 
engine cycle. The essential operating conditions for the engine were: jacket tem¬ 
perature held at 212®F., engine speed 80() r.p.rn., sjxark advance 15®. fuel-air ratio 
12 to 1, and compression ratio 4.4 to 1. Fhe fuels used consisted of a 32 (xrtane 
number gasoline for the knocking runs and a 75 octane numlxT for the non- 
detonating tests. Powdered .scxlium carbonate was introduced in the engine to 
obtain a bright yellow sodium emission line as contrasted with a Imckground of 
the continuous tungsten filament spectrum. As the temperature of the filament 
was raised it was noted that the intensity of the sodium emission decreased When 
the line disappeared, the temperature of the flame and filament were the same thus 
giving the flame temperature from the current-tenH)erature curve 

It was found that under non-knocking conditions, after inflammation was com- 
plete, at about 35 past top dead center, a temperature gradient existed in the 
chamber from the firing end to the locality of final inflammation. For a condition 

atXe^yrs TtSr^- 

a maximum of 5000»F. absolute as the pressure increased.' 'Aris^aT oMead 
^ter, the temperature rose sharply but fell off rapi.llv as the ,,ressurc dweaS^ 
The temperature for the center of the chamber rose siuhlenlv with The ^s^fe 

I5». at. .ooA; c*,.. AS... W...S. 
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until about 15° past top dead center. Temperature measurements could not be 
made at the knocking: end until the knock was completed, at which point the tem¬ 
perature was already dropping. Under knocking conditions the temperatures at 
the firing end and the center did not appear to e<|ualize, but those of the center 
and the knocking end approached each other quite closely for 20° after the knock. 
The temperatures reached a maximum several degrees earlier when the engine 
was knocking than when it was not. At all three positions the maxima were 



CoHTtfMy (tfncral Motors i otf'. 

CoMftirsy imdnstrtai and finffinrertng Chemtstry 

Fic. 2J7.—UuartX'Cuvcrcd CumbuMion Chamber tor Pht>t<»grapln of Kngine Flames, 
((j, ,\f Kasswcilcr and L. W ithniw) 

higher in kn<K:king lhan in smooth running. During mo>t (»l the expansion stroke 
the rale of cending was faster after knocking lhan when no kiUKking had taken 
place, float loss to the walls was conclude<l to l>e greater. }H)ssihly l>ecause of 
more black-hcxly radiation and because of the turbulence of the gases in knocking. 

FlAMK VkI.OCITIKS in MiXTIRES of INFL.^MMABL^: GasKS 

For pentane-oxygen mixtures igniuxl by an electric spark, (nisev and Neiman’' 
rc|Mirt that for a gi\en initial pressure and tem|H»raluro the mean \el«H:ity was pro- 

n X. N tluiMfv aiwt M. H, Nriman. rrnti. j.i, (t* S S ). 2, }77, 

ylht. A, tout; i tirm. .4/m, It, f*75«. 


/?#!/ {'item. 
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portional to the composition^- Using the mixture mentioned above under 7 atmos¬ 
pheres pressure and 17S®C. results sliowed two maxima in the speed of propagation. 

The effect of moist gases on flame speeds was studied by Voronkov and 
Sokolik*^* who used moist carbon monoxide-oxygen mixtures containing 20-92.5 per 
cent carbon monoxide. The experiments were carried out with pressures ranging 
from 200 to 400 mm. At 4(X) mm. there were sharp maxima for compositions corre- 



Courtesy General Motors Corp. 

Fig. 238.—Flame Pictures of a Single Knginc FxploMon. ((i. M. Kas!>v^citcr and 

L Withrow) 


s|)onding to 2CO -h Oj and 4CO + and a sliarp inininium for the gas mixture 
represented by 3CO -f O,- On the other hand, at 2fK) mm. only the sharp maxi¬ 
mum was noted when the ratio of gases was that indicated hy 4C O 4- In the 
explosion of equimolccular mixtures of ethylene and oxygen Iwth undrieii and in¬ 
tensively dried with phosphorus pentoxide, the flame speeds are rc|K)rted to he 
faster in the dried gases.^^ 

Further investigations of the velocity of flame motion liave been made by Rass- 

^Stt alfo F. Schuster, Gas n. Waaerfach, 1934, 77, 805; Bril. Chem. Abi B 1935 53' Ckem 
Abt„ 1935. 29. 1967. ^ 


»V. Voronkov and A. Sokotik, Nature, 1936, 1S7, 533; Chem. Abe 1916 SO 1754 

W. A. Bone and J. Bell, Broc. Roy. .Soc. (London). 1934. AI44. 2S7 n,em ^h, 1914 

4580; Brit. Ckem. Aba. A, 1934, 603. For a method of mea^iurinff the «kiierd‘ of rYi»U>«iun 

thereby determining the detonation limits of v;irii>u« gan mixtures. %et J. Breton 4utM ntinhiutfi 
loiA If Ah, luiA «A , t » . «*eion. roNiO«4ft 


Hquidee, 1936, 11. 487; Chew. Aba., 1936. 30, 6565; /. I„,t. Pel. 7nh\, 


28 . 

and 

eambmsUhtti 

1936. 22. 468A. 















oxin.mox and detonation loii 

wciler and Withrowwho employed a specially designed single-cylinder L-head 
engine possessing as its important feature the combustion chamber shown in Fig. 
237, and a special motion picture camera constructed so as to l>e able to use con¬ 
tinuous him. Image motion was synchronized by means of 30 lenses carried in a 
disk mounted on the engine crankshaft and pictures were obtained which presented 
an unobstructed view' of the entire combustion chamber. This camera photographed 
30 pictures of a single explosion at rates up to five thousand pictures per second. 
The pressure-time curve of this explosion was also recorded and is presented in 
Fig. 239. These flame pictures (Fig. 238) show the ignition spark, the spread of 
flame through the combustion chamber, gas nK>%*ements behind the flame front. 


I-ir.. 239. 

Pressure Record of Explo¬ 
sion PhotoRraphed in Fig. 
2.18. (G. M. Kassweiler 

and L. Withrow) 


Courtesy Ihdustrtal and Enffimer- 
iM«/ Ckemtstry 

< onrtesy General Motors Carp. 



and an increase in luminosity of the burned ^ascs near the N});irk plug as the 
explosion process proceeds and the pressure rises. 

Explosive Behavior of Knocking and Non-knocking Fuels. Inves¬ 
tigations of this nature were carrietl out by Thompson ami Wheeler*** who made 
photographic records of the flame movements and jnessure development of various 
hydrcK'arbon-air mixtures. For pentane-air mixtures knock occurre<l only when 
fH*ntane was in excess, so that it was supp(>sc<l tin* source of the euergy of the 
shock wave resjK>nsible for this phen<»menon resides in |»arily i)urning gases Ik'- 
hind the flame front, riiey n<'te<{ tltat a measure of the atiti-kmKk value of a 
fuel could Ive ohtaine<l either fr»»m the lowest initial pressure with which a mix¬ 
ture containing nearly tlie theoretical <|uantity of fuel for complete combustion 
can prmiuce a kinnking explosii)n. or. alternatively, with a constant initial pressure, 
from the concentrati»m of a fuel re^iuircMl to prmiuce an e\pb>sion the flame of 
which is striated. Thompson ami Wheeler further comparcil the explosive charac¬ 
teristics of pentane, n-hexane. benzene, cyclohe.xane. ii-heptane. and eth\l alcohol 
w'ith those of commercial fuels. 

These investigators also report that the character of a kntKking explosion is 
completely changed if nitrogen of the air is replaceil by either argon or helium, 
all other conditions remaining the same. For example, a 3.7 jK’r cent pentane-air 

C», M. Raiswribr »iul t.. Wilhrow, tnd. linit. Chem.. 2i. f Hut Chem, B, 

Ckem. Ahs,, IV.tft. 10, 5774; J. lust. Het. Teeh., 22. AeWA Sr« 4iU> tJ M. 

•nd K. W*ithfow, AnSomot*y'e i:n^., 19.t4, 24, 2*1. A*5; J. Inst, Het, Tech., m.U. 20, 524A. <»o;rA 
For an analynti of lh« of "mniKti rimning" in enirinrs scr Mintrr. J. S(\ 

Antomoirtr Hna , 19.15. W, / Inst. Het, leeh., n, .>o|A; Chem Abs , 29. .U.CC 

K. Thowpwn ind R. V. Whetbr, /. Inst. Pet Tech , 1915. 21, 9.0; Hrj Chew, Ah. B. 

I9U*. lA.t; Ckem. Ahs . 19.16. 30. .1212; ,/ Inst. Pet Tech. 22. 
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mixture of an initial pressure of 3 atmospheres and 70®C., gave a strong knock 
on exploding. On the other hand, detonation of a 3.7 per cent pentane-oxygcn- 
argon mixture under the same conditions of temperature and pressure gave a quiet 
explosion despite the fact that dame speed in the former mixture was twice that 
in the latter. Continuous illumination occurred behind the flame front in the 
pentane-oxygen-argon mixture with regular pressure development. Thus it was 
concluded that during the later stages of flame propagation in a knockless pentane- 
oxygen-argon explosion there must be less residual energy than in the knocking 
pentane-oxygen-nitrogen explosion. It was supposed that nitrogen plays an active 
part in a knocking explosion, perhaps as an absorber of energy or a producer of 
oxides. 


Mechanism of Combustion 

Many investigations have been undertaken on the combustion mechanism as it 
takes place in the internal combustion engine, principally to determine the cause 
of knock or detonation. By photographic means, Withrow and Boyd^^ made 
simultaneous flame and pressure studies of individual explosions in a gasoline 
engine. The essential feature in the apparatus employed was a s|>ecial cylinder 
head fitted with a quartz window so that a camera could he mounted above the 
window to record pictures of the flames inside the cylinder. Flame and pressure 
records were synchronized by electrical means. From the records so obtained the 
following conclusions were made: starting at the point of a sfiark, a flame, or a 
narrow combustion zone, moves progressively through the charge. Oxidation is 
apparently complete within this narrow zone hut the prcxlucts of combustion to 
the rear of the flame front continue to emit light for a tin)e. In a non-knocking 
explosion the flame moves at a relatively constant velocity to the end of the com¬ 
bustion space. However, in a knocking explosion the rale of inflammation of the 
latter portion of the charge is very much higher than normal, so high in fact, 
that at the instant of knock the flame apf^ears simultaneously throughout the un- 
bumed portion of the charge.^* This phenomenon is accompanied by a very rapid 
rise in cylinder pressure, the magnitude of which is related to the intensity of 
the knock. 

Subsequent spectroscopic studies^® revealed that most of the light visible in 
the afterglow', i.e., points through w'hich the flame front had already f)assed, came 
from the same molecular carriers a.s the light given off during the reaction l>etween 
carbon monoxide and oxygen. This indicated that the hydrcKarlx^ns are burned 
in the flame front, furnishing confirmatory evidence for the conclu.sion that in a 
knocking explosion the .sudden pressure rise is due to rapid burning of the last 
portion of the fuel charge with little or no contribution from the gases through 
which the flame has already passed. The visible light from the flame front under 
non*knocking conditions, and also under knocking conditions prior to knock, was 

«L. Whbrow and T. A. Boyd, Ind, Eng. Chrrn,, 19JI. 23^ 5.19; Chem. Abt.. I9.n. 25. 3475: 
Bfit. Ckrm. Abs. B. 1931. 618. A nrrviooi method of tnvcatigation. unin«f a quick acting water pooled 
Minplinf valve attached to the cylinder for removing gates at any desired time for inspection, proved 
to he inadequate for differentiating tome of the characteristics of knocking and non knocking eapto* 
•ions. See W. G. Lovell, J. D. Coleman and T. A. Boyd, /nd. F.np. Chem . 1927. 19. 373; L. With¬ 
row, W. G. Lovell and T. A. Boyd, ibid., 1930. 22. 945; Chem Abs , 1927. 21. 1698; 1930, 14. 
S144; Bfit. Cktm. Abg. B. 1927. 322; 1931. 376. See also M. Brutrkut. Compt. rend., 1934. 199. 
833; Ann. comb. liijnideM. 1935. 10. 141; Chem. Abs., 1935, 29, 317; Brit. Chem, Abr. B. 1935, 133; 
1936, 728. Carleton Ellis, "The Chemistry of Petroleum Derivatives. The Cliemical Catalog Co . 
New York. •1934. ^ 

«See al-o. K. Schnauffer. Z. Vet. dent. Ing.. 1931 75. 455; Chem. Abg.. 1931, 25, 3155; D. P, /., 
Jghrbnck. 1931, 375; /. tngi. Pet. Tech., 1931, 17, 525A. M, Prettre. I4me Conge, chim. ind. Poeis. 
1934; Chem. Abe., 1935, 29. 6396. 

^L. Withrow and G. M. Raaaweiler. !nd. Eno. Chem.. 1931. 21. 769; Chem. Abg., 1931. If, 
4381: BrU. Chem. Abs. B. 1931, 829. See alto, S.A.B. Jonrnai, 1936, If, 297; Chem. Abs., 1936. 
li, 7317. 
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found to come largely from CH and C 2 radicals, but when knock began, absorp> 
tion bands from those radicals appeared only feebly in the flame front. Since OH 
radicals were also detected in the explosion mixtures**® one suggested explanation 
for the decreased intensity of CH and C 2 bands was that reactions may have been 
taking place with these OH radicals in a knocking explosion. 

C, -f OH —CO -f CH 
CH -f OH CO + H, 

It was advanced that the presence of OH radicals may be the result of the thermal 
dissociation of water. 

Further work**' indicated that chemical changes occur in the air-fuel mixtures 
ahead of the flame fronts and that these changes are different in knocking than 
in non-knocking explosions. The conclusion was made that the observed weaken¬ 
ing of the CH and C 2 bands in the knocking zone is the result of the disappearance 
of a large portion of the original hydrocarbons before arrival of the flames, with 
the formation of compounds which do not give CH and Co radicals when they 
inflame. Reactions in the knocking zone just prior to inflammation were assumed 
to be, in part at least, oxidation processes.**^ A reason for the assumption was the 
detection of formaldehyde as a reaction product in this zone under knocking con¬ 
ditions and its absence from zemes ahead of the flame front in non-knocking explo¬ 
sions.Since formaldehyde did not produce knock when introduced into the 
engine with the intake air, it ap[)eared that the compound is not alone responsible 
for knock. However, the general relationship between the appearance of this 
aldehyde and the subsequent occurrence of knock indicated that the compound 
is associated with a reaction sectuence which leads to spontaneous ignition in the 
non-inflame<i gases ahead of the flame front, which ignition was assumed to be 
the cause of knwk. 

By varying engine conditions so that the knock intensity was increased from 
zero upwards, formaldehyde appeared under conditions just below the threshold 
of kncKk and increased in concentration to a slight extent after passing conditions 
of incipient knock, but the concentration soon reached a maximum w’hich was 
barely altered by more severe knocking. With variables adjusted slightly below 
the threshold, preflamc reactions appeared to take place also, but their progress 
was so slow that spoiPaneous inflammation did not occur before the flames reached 
the end of the comhu<ition chamber. 

It was show'n that the addition of tetraethyl lead eliminated knocking by retard¬ 
ing the burning of the last part of the fuel charge to a rate which is normal for 
non-knocking explosions. At the same time the concentration of formaldehyde 
in the knocking zone was not reduced. However, the use of tetraethyl lead in the 
fuel to remove knock did restore the intensities of the CH and C 2 bands as detected 
spectroscopically in the burning gases in the knocking zone. Both atomic lead 
and lead monoxide were found in the flame fronts and there was strong evidence 
to assume that the lead monoxide was being reduced in the non-inflamed portion 
of the fuel charge. Thus, it appearetl that this monoxide was acting as an oxidiz¬ 
ing agent at the same time that the metallic lead was effecting anti-knock action.*^ 

•G. M. RiMweiler L. Withrow, tnd. Eng, Ckrm,, 1932. 14. 528; Chem, Abs,. 1932. 26. 
3656; Brit. Ckem. Abs. B. 1932, 585. 

W’ithrow «nd G. M. Rawweiler. /md. Eng. Ckem,, 1933. 28. 923; Ckrm. Abs., 1933. 27. 4659; 
Brit. Ck^, Abs. B. 1933, 994. 

■•G. M. RaMWfllcr and I.. Withrow. Ind. Eng. Ckem,, 1933. 2S, 1359; L. Withrow and G. M. 
RiMweiler. ibid., 1934, 24, 1256; Cktm. Abs. 1934. 2t. 886; 1935. 29. 1235; Brit. Ckfm, Abs. B. 
1934. 133; 1935, 581; J. Inst. Pet. Tech., 1935. 21, 46A. 

•• Siit alio A. Eterton and L. M. Pidfeon. Pra<*. Boy. Soc., 1933, AI42, 26; Chem. Abs., 1934. 
It. 44; Brit. Chem. Abs. A. 1933. 1227. 

ML. Withrow and G. M. Raaawaiicr, Imd. Eng. Chem, 1935. 27. 872; Chem. Abs., 1935. If. 
6748; Brii. Chem. Abs. 1. 1935. 888; /. Imsi. Pei. Tetk., 193S. 81. 404A. 
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Several workers have assumed that detonation in an engine is a direct result 
of peroxide formation during combustion. For example, Dumanois*® noted that, 
in the direct oxidation of saturated hydrocarbons by air, alkyl peroxides are formed 
between 200® and 300®C. Also, in operating an engine at 270®C. on a hexane-air 
mixture under detonating conditions, peroxides and aldehydes were found in the 
exhaust gases after the ignition had been cut off and the engine kept running with 
an auxiliary motor. Slight explosions heard after switching off the engine were 
assumed to be the result of exothermic spontaneous decomposition of peroxides 
formed during compression. Since it was observed that peroxides begin to form 
at about 120-130® C. and are decomposed below 300® C., the proposal was made that 
detonation could be eliminated by operating the engine with a sufficiently high 
fuel-mixing temperature and great enough speed to pass over the peroxide- 
forming stage.^ 

In experiments conducted by .Serruys,'^^ detonation occurred in a one-cylinder 
engine w'hcn the air was preheated to 250®C. With a temperature of 310®C. a 
severe knock resulted. In view of the fact that peroxides decompose below 300®C.. 
it was concluded that they were not the sole cause of detonation but when present 
favored its occurrence. The suggestion w'as made that during combustion the 
temperature and pressure of the unburned gases increase irregularly so tluit at 
some point the inflammation limit is reached prematurely, causing a sudden in¬ 
crease in heat evolution and pressure, which, if sufficiently large, will start an 
explosive wave which results in kruKking.^ Dumanois^® assumed that, in knock¬ 
ing explosions occurring above tem|)eratures at which peroxides do not form, the 
detonation is the result of spontaneous ignition of the charge.®^ 

In a critical review of various theories of detonation. Darche®* gave the follow- 
iiig opinions: Detonation results neither from simullaneoiiN Cf)ml)U‘%tion of the un¬ 
burned gases in the latter portion of the charge nor from the propagation of an 
explosive wave. Although peroxides can prcxluce an accelerating effect at the 
l>eginning of combustion they probably no longer exist when detonation takes 
place and are therefore not the determining cause of this phenomenon. 1'he action 
of antiknock compounds in small amounts is to retard combustion rather than to 
act on peroxides. Detonation in engines is characterized by a very rapid, but not 
explosive, combustion of fresh gases with a concurrent acceleration of combustion 
of the carbon monoxide existing just behind the flame front so’that the phenomenon 
of knocking is not localized but involves a general acceleration of combustion. 
Darche considered that an imjwrtant factor in eliminating detonation is to alter 
the design of the motor so that an automatic regulation of combustion can be 
effected to vary with operating conditions. 

Dumanoif, Cornet, rfnd., I9.U. 197. W; Chem. Aht.. 19,n. 27. S95^: Hfit Chem. Ah$. B, 
19J3. 850. P. Dttmanoift. P. Mondam Monval ami B. Ann. camhmt. htfuidtt, 1931, 6, 

559; /. Inst. Fel. Tick.. 1931. 17. 524A; Compt. rend . 1931. 192. 115H; CUem. Ah$ , 1931. IS, 4391. 

•• P. Dumanois. Ann. cambitst. liquides, 1934. 9, 143; J. hut. Frt. Tech., 1934, 20, 300A. S«c 
also R. Wellard, Ann. combust, tiqmides, 193<». 11, 275; J. lust. f*cl. Tech., 1936. 22. 394A; Brii. 
Chem. Abs. B. 1936, 1029; Chem. Abs.. 1936, 30. 5015. 

•»M. Serruys. Compt. rend.. 1933, 197, 1592; 1934. 199. 1574; 199. 810. 1184; Chem. Abs., 1934. 
IS. 2171; 1935, 19. 327, 915: But. Chem. Abs. B. 1934. 4.18; 1935. 133 Auu combuMt tlouides. 
1934, 9. 331; 1935, 10. 142; Chem. Abs., 1934, IS. 6291; J. Inst. Fet. Tech. 1934. 20. 446A; 1935, 
21. 201A. 

••For an eaplanation ol detonation in the Die^iel enRine. see .M Srrruyii. Compt. rend.. 1935, 
200, 1376; Chem. Ahs.. 1935. 29. 4564. 

•• P. iHimanot*. Compt. rend., 1934. 198, 50; Atut. combust, iiquides. 1934. 9. 333; Chem. Abs., 
1934, 28. 2171: Brit. Chem. Ahs. B. 19.14. 438; J. hut Pet. Tech.. 1914, 20. 446A. See al*o C 
Dtttraiaae and R. Crhatix. Compt. rend., 1933. 197, *»72; Chem. Abs.. 1934. 28, 302. 

** Ca*'boffiaceoas deposits in ciiftne cylinders may have a l>enefWial induence on iletcmation as a 
result of the high temperatures maintainetl on their siirfaee* heeatise of f*oor thermal coriductirity. 
See G. Rohertt, Gar?, chim. ital., 1933, 63, 872; Chem. Abs., 1934, 28, 5646; Brit. Chem. Abs. B, 
19.14, .109. 

A. Darche. Mem. compt. rend. soc. it%g. civits France. 1933, 86. 969; Chem. Abs.. 1934, 88. 
3558; Brtl. Chem. Abs. B, 1934, 354. 
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Studies of the combustion process in an engine by means of a sampling valve 
employed to remove gases at any stage in the engine cycle®*-^ showed that in the 
combustion occurring in the knocking zone prior to the passage of the flame, alde¬ 
hydes and substances l>ehaving as peroxides were formed. The quantity of the lat¬ 
ter increased with greater knock intensity and decreased when tetraethyl lead was 
added to the fuel. Incorporation of aldehydes with the fuel did not affect the knock 
tendency nor the amount of peroxides formed. The latter were subsequently found 
to be largely nitrogen peroxide with small percentages of organic peroxides. The 
main source responsible for the formation of nitrogen peroxide was believed to 
he the hot active surface of the exhaust valve of the engine rather than the flame 
itself. Knocking was attributed to the disruptive explosion of intermediate oxida¬ 
tion products by branched-chain reactions.*^^ 

Ubbelolule,**^ in formulating a mechanism for the combustion of paraffin hydro¬ 
carbons, assume<I that the chain carriers must be of a nature similar to those in¬ 
volved in the combustion of aldehydes and ethers. Engine knocking was thought 
to lx* related to reactions of |>araffins of more than 3 or 4 carl>on atoms during com¬ 
bustion in the low-temperature region <250-320®C.). The chain reaction for alde- 
liydes involves two carriers which are considered of great importance in the com- 
iMistion of hy<lrocarbons. 

R(:(-0) - 4 - iu >- RC(*0)r)o — 

RC{.())(M) 4 RC(-())H -y RC(-0)OOH 4 RC{«0; — 

In the combustion of fiaraffins, each hydrocarl>on nxilecule first undergoes partial 
dehytirogenation. as for example by the action of the aldehyde |>eroxide radical. 

RC(»()i(K> 4 RCH, - RC{«0)r)0H 4 RCH, 

RCH, 4 tb >- RC'HtOt 
RCH,(>, 4 RCH, RCH,(X)H 4 RCH. 

Other [K)ssihilities in this chain reaction are that the alkyl hydro|x?roxide can re¬ 
arrange Xu an aldeh\de and water. 

RCH/K)!! >- RCHO 4 HrO 
or decomposition may take place. 

RCH,mu -y RCH,o— 4 -on 

.Mso, when tlie higher paraflinN are involved, formation of oxygen ring compounds 
nuy occur: 

H,C CH, 

CH,(CH,)4rK)H - y CH, C CH, 4 H,() 

H O 

In the oxidation of «-hcptane with air*^""^ the initial stage of reaction was found 
to begin at 252®C. and to reach a maximum at 370®C\ This initial stage was 
found to consist chiefly in the formation and decompoNition of peroxides, in- 

•• A. F. t.. Smith and A. R 1'tdM‘tohde. Phtl. Trattjt, Koy. 19J5, 2J4, 

4JJ; Chrm. Ahi., I9.LS, *9, tt.'OS, Rni ikrm. Abs B. \9.\b. T; J Imsi Prt. Tfck,, 193$, 21. 403A. 

■•A. R. J. NV. I)rtnkw«trr and A. Eir^Oon. Pror. Ko\ .S'oe. (l.ond«m4 1935, AISl* 

103; Chrm. Abt., 1936. 30, 2SS9; Brit Ckrm. Abs B, 193ft, 3Sft. A. F 4 tcrton and A. R, VhbtAMt, 

S§iurt^ 193$, 133. 997; A R. Thhelohde and A, Eitrrt<m. ihtd, 67; Lktm^ Abs., 1936, 30. 2350. 

3649; Bril. Ckem. Abi. A. 1935. 9.«7; I9.t6. 356. i. /mjh. /Vf feck,. 1935. 21. 253A. S«« also M. 
Prccout, Ret\ prirtAifere, 1936. W16. liHS. 

••A. R. UbbeloM^, Pr«w. Boy. Aor. XLomdom^, 1935. AlSl, 354; Orm. Abs., 1936. 30, 2167; 
Bril. Ck*m. Abs. A. 1936, 294 /. EUktrockrm.. 1936. 42. 46«; tArm Abs.. 1936. 30. 6920. 

K. I. Ivanov and V. K. Savinova. J. AppErd Ckrm. {I' S.S R 1, 1935. t, 64; CArm. Abs.. 
1935. 29. 6725; Brit. Ckem. Abs. A. I93S. 937 
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eluding hydrogen peroxide and compounds of the type HOCH 2 O 2 R. At 110- 
115®C. the peroxides yielded ketones, aldehydes, alcohols, acids and carbon mon¬ 
oxide and dioxide. Gasolines containing appreciable percentages of aromatic 
hydrocarbons are said to have a smaller tendency to form peroxides than have 
pure hydrocarbons during combustion. Also, it is reported that the addition of 
from 0.2 to 2 per cent of aromatic hydroxy or amino compounds will inhibit or pre¬ 
vent peroxide formation in a gasoline during oxidation.®^ Ethanol, methanol and 
benzene have been found to exert a simitar effect.®^ 

Boerlage and Van Dyck^^ consider that detonation is the result of excessive 
compression during combustion. In an air-fuel mixture burning without detonation 
the flame progresses smoothly, but in a knocking combustion the last portion of the 
mixture, or “end gas.” is compressed as a result of the advancing flame until a 
simultaneous explosive ignition occurs. Thh same type of reaction would occur if 
the original mixture were >ufliciently compressed. Suggestions made for avoiding 
detonation were to cool the “end gas’‘ or to increase the speed of travel of the com¬ 
pressing flame (e.g., by turbulence ) so that the (juantity of “end gas” exphxiing is 
negligible, owing to the fact that the chemical reactions leading to spontaneous 
ignition require time. It was believed that an important factor in hydrocarbon 
combustion is deconq)osition before reaction with oxygen. 

Rice^ also considered that there is probably a preliminary decomposition of 
hydrocarbons into smaller units, chiefly olefins and paraffins, partly from the ther¬ 
mal effect and partly from attack of molecular fragments on the original hydro¬ 
carbons. Since in thermal disruption one molecule is suddenly replaced by several 
smaller molecules, an extensive decomposition would have a two-fold result: (1) 
The pressure increase would lie e<|uivalent to raising the engine compression 5 to 
25 f>er cent. {2) The rate of o.xidation of the fuel would be greatly increased be¬ 
cause of the larger number of fuel molecules [hit unit volume. Thus, the knocking 
tendency would be exjHJcted to lx* greater with an increasing number of moles of 
decomposition products per mole of original hydr<x'arbon. In this case an efficient 
antiknock com|>ound would be one which would decrease the number of moles t)f 
decomposition product. 

A.NTI KNOCK Ok KnOC K-SllTKKSSI.N(; C’o.MPOlNDS 

Although many of the substances which fall under this classification have re¬ 
ceived previous mention,they are further discussed here Ixcause of their steadily 
increasing importance. The influence of the chemical nature of the fuel on the anti¬ 
detonating power of the latter (expressed as (xtane numlxr) was determine<i by 
Roberti^®^ for a large number of the following: saturated hydrocarbons, olefins, 
aromatic hydrocarbons, naphthenes and others. These investigations discloserl that 
the resistance to detonation in the open-chain hydrocarbons decreasefl w ith increa.se 

•• C CanHea and N. CristoduJo, ChtmU et indmstrie, I9J4, 31 (April Sprctal So ). .^74; them 
Abs., 1934. Zt. 5972; Brit. Chrm. Abs. B. 19.14. 662 

^ G. Robert!, Goae. chim. ttal., 1934, 64, 564; Chrm. Abs.. 19.15. 29. 1615; Bnt. Chtm Ahs B. 

1934, 1092. 

«• G. D. Boerlage and W. J. I), van Dyck. Proc. Imst. AutomobUe Eng , 1934. 26. .166; J !ntt 
Prt. Tech., 1935, 21. 40; Ckem. Abt.. 1934, 26, 6290; 1935, 29. 3502; Bnt ( hem Aht B. 1914! 
.109; 1935, 342. C. D. J^rtage and A. ). van Peak!. Ckrm. Weekbtad.. 1934. Jl. 700; them Ahs 

1935, 29. 3502. 

•►F. O. Rice. /mj. Ckem., 1934, 26, 259; Chem. Abi., 1934, tg. 6990; Bnt. Chem Abs B 

1934. 486; /. /mei. Pei. Tech., 19.14, 20, 235A. 

••Carleton Ellia, ‘*Tlie DiemUtry of Pctrolenm Derivativei,'' The Chemical Catalog Campany, 
Inc.. New \ark, 1934. 

‘•‘G. Reberti, Bntrgi iermica, 1935, 3 (3). 60; Ckem. Abt., 1935, 29, 7627. For a diKuaiion of the 
importance of the compoaition of upper-cylinder lubrtcanU and antiknock agenia for internal-comlHia- 
ikm engines tee C. Becher Jr., Seitentieder Zig.f 1934, 61, 584; Chem. Abt.. 1934, If, 7494. The 
Iota in antiknock propertiea of gaaoiine upon aetd treatment it dtKu«»ed by (\ Wirih II! E R 
lUabofer and G. B. Murphy. OU Cat J., 1933, 32 (8), 13; Ckem. Abt.. 1931. 27, 5526. 
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in the number of carbon atoms, but increased in the presence of side chains and 
with compactness of the molecule. Double bonds were also found to aid the anti¬ 
detonating power, their influence being greater, the nearer the double bond was to 
the center of the molecule. Although cyclization increased the octane number, the 
addition of small quantities of such compounds as lead tetraethyl or iron carbonyl 
increased considerably the ability of the hydrocarbons as anti-detonants. 

The effect of the addition of 10 to 20 per cent of benzene, toluene, or either 
methyl, ethyl, propyl, butyl, isobutyl or isoamyl alcohol to gasoline was studied 
by Aubert and Duchene.^®* They reported that detonation was retarded by these 
substances up to 145®C. From 148® to 154®C. benzene and toluene seemed to have 
little effect, although the alcohols remained still active. Of the pure hydrocarbons 
with which Aubert and Duchene worked, hexane gave auto-ignition, 3-methylpen- 
tane and isohexane detonated to some extent, and 2,3-dimethylbutane was found 
to be inert. Further studies revealed that cyclohexene and cyclohexadiene showed 
auto-ignition whereas 1-hexene and cyclohexane were resistant to detonation. The 
injection of ethyl or methyl alcohol with fuel acts as a regulator and completely 
suppresses knocking, according to Aubert. Clerget and Duchene^®® who proposed 
this for the combustion of heavy oils. They also suggested that benzyl alcohol, 
benzoic and oenanthylic aldehyde may be substituted for the alcohols previously 
mentioned. 

The use of isopentane*®^ and isopropyl ether*®^ in amounts constituting 30 per 
cent l)y weight of the non-knocking fuel has been described. Another fuel*®® is 
that obtained by cracking methane and its gaseous homologues. In one instance 
the prrxluct thus secured contained 8 volumes of propane plus butene. 32 volumes of 
ethylene. 11.6 volumes of hydrogen, 11 volumes of ethane plus propane and 1.2 
volumes of nitrogen. 

Some of the more interesting aromatic compounds suggested are: those of the 
iKfnzene series which have been converted to nitrogen bases by heating under 
pressure and at elevated temperatures in the presence of ammonia gas,*®^ alkylated 
compounds formed by treating gasoline with olefins in the presence of preformed 
acid sludge derive<l from the treatment of hydrocarbon material with sulphuric 
aci(i.nw esters of a dibasic acid such as butyl oxalate or butyl phthalate or other 
mono or diakyl oxalate or phthalate.*®® benzene or acetone solutions of nitro com¬ 
pounds of aniline,**® eg,, tetranitromethylaniline or hexanitrodiphenylaniine and 
terpenes (e.g., pinene, terpineol. or camphor). Tetralin peroxide*** has l>een used 

M. Auhrrt ■nd R. I)uch<n<p, Campt. rend, ^me cotigt. cUaui^ge tmd.. Chaleur ft ind., 1934, 
IS (169), 1416; them Abs., 19M, 2$, firtt ( hrm. Abs. B. 19.15. 614. 

*••11. Aubert. P. Clertel «nd R. Duchene. Cbimif rt imdmstrif. 1935. S3. 811; CAcm. Abji., 1935, 

29, 5256; Bnt. CMrm. Ant B. 1935. 6l4. For the umt o( ilcohol an antiknock material .see E. 

Efido. /. Far/ So,., Japan, 1934. 13, 992; Ckrm. Abx., 1934. 2t. 7505; /. /mtt. Pet. Tfck., 1934, 20. 
567A 

F. B, Neptune, II. M. Trimble and Tt C. Alden. Sal. Petreiram S'rtrs. 1936, 20 (19) 25, 28, 
30; Chem Abx., 1936, 30. M77; Inst. Pet. Tfch.. 1936. 22. 353A; Od Cas ./. 1936. 34 (49), 
26; Ckrm Abs , 1936. 30. 5401 

*••11. E Buc, r. .S. P. 2,046 243, June 30. 1936. to Standard Oil l>evelopment Co.; Ckrm. Abs.. 

1936. 30. 5768. British P 445.50.1. 1936; J. /mst Pet. Ttck., 1936. 22. 312A; Ckrm. Abs , 1936, 

SO, 6925. 

»«» P. Feiler. Oerman P. 602.584. 1934 to I. ('.. Farbenind. A. C, ; Chrm. Abs.. 1935. 29. 920. 

»•* G. ivftnff »nd R. K. Schaad. T. S. P. 1.994.243. March 12, 1935 to rni\*er»al Dil PrcKiucis Co.; 
Chrm. Abs. 1935. 29. 3150. Bnl Chrm. Abs. B, 1936. 265. 

'••V. N. Ipatieff, U. S. P, 2.001,910. May 21, 1935 to l*ni\‘er»al Oil Products C^o.; Ckrm. Abs., 
1935. 29. 4573; Bnt Ckrm Abs B. 19.to. 486. 

‘"•G. F. Ruddier. V. S. P. 1,980.097, Nov. 6. 1934; Ckrm. Abs . 1935. 29. 334; Bnt. Ckrm. Abs. 
M, 1935. 892. 

*»*Y. Ceda. Japaneiie P. 1 13.623, 1935; Chrm Abs.. 1936. 30. 3622. See al«» Dutch P. 59.105. 

1931 to Fuel ISeveWment Corp.; J. Inst. Prt. Trrk., 1935. 21. 99A. J. F. P. de la Rtboiaiere. 

W S. P. 1.982,420. Nov. 27. 1934; CArm. Abs.. 1935. 29, 595. R. F. Pevere, I*. S. P. 2.021.088. 
Nov, 12. 1935 to Tesa* Co.; Brit Ckrm. Abs. B, 1936, 778; CArm Abs.. 1936, 30, 6(Hx. 

«»*r. R. Moaer. V. S. P 2,011.297, Aua. 13, 1935 to Shell Development Co.; Chrm. Abs., 1935. 

29 . 6736; Britlth P. 421.928. 1935, to Bataafache Petroleiim Maatachappij; Chrm. Abs., 1935, 
29 . 4572; Brit. Chrm. Abs. B. 1935, 21b. 
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also, especially in Diesel fuels. Pyzel^'^ suggests a motor fuel for compression ig¬ 
nition engines to which has been added a mineral oil insoluble in liquid sulphur 
dioxide and of which an appreciable portion boils below 400® C. 

Many organo-metallic compounds have been investigated as anti-detonants. 
Some of those which have been reported are: lithium'or thallium alkyls or aryls, 
e.g., primary butyl lithium, organic ditellurides"^ such as diphenylene ditelluride, 
selenium compounds, for example, phenyl diselenocyanate"^ and also organic de¬ 
rivatives of metallocyanic acids, exemplified by the tetraisopropyl ester of hydro- 
ferrocyanic acid."® The use of the copper, nickel, and cobalt"^ compounds of 
salicylalallylamine, salicylalmethylamine, /J-naphtholallylaniine, protocatcchualethyl- 
ainine and the condensation products of allylaniine and acetylacetone have also been 
considered as antiknock agents. Employment of various lead alkyls has been pro¬ 
posed by V'oorhees."** 

Other substances which have been recommended are polymerized nickel car- 
lK)nyl,"® and iron carl>onyl.'^ To this latter compound are usually added com¬ 
pounds containing oxygen or nitrogen, as for example, toluidinc or quinone,'*' 
soluble organic compounds of the benzene series, isobutyl alcohol, aldehydes or 
ketones'*-'- and monomethylaniline or dimethylaniline.'-'^ Danner''-*^ suggests in¬ 
corporation of a small proportion of a metallic nitrosocarlxjnyl, e.g., cobalt nitroso- 
carbonyl, to the hydrocarbon fuel oil to reduce kncKking. A mixture of the chlorides 
of uranium and vanadium dissolved in acetone has also been proposed. 

Another organo-metallic compound u'ho>e im|)ortance is widely recognized is 
tetraethyl lead. The effectiveness of this substance in increasing the critical com¬ 
pression ratio of individual hydrocarbons has been studied by Campl)ell. Signaigo, 


D. Pyiel. Canadian P. 346,Oii, 19.U. to Shell Development ('o : them .4h$ . IV.iv 29, i.l.SO 
‘«R. de .M. Taveau. S. P. 1.991.127. Fet». 12. 19.?.< to Texa^ ( o ; Hrtt Chfm .ihi. B. 19.1*. 
97; Chrm. Abs.. 193.^. 29. 2349. S. F. Birch. 7. t*. -V . 1934. 1132; } Inst /Vf f ech , 1934. 20, 
523A: Chrm Abs. 1934. 28. 6421 

“•E. F. Pexere. V. S. P 1.991.333. Feh. 12. 1933. to Texax ( o ; lint Chrm Abs. B. 1936. 87; 
Ckem. Abs., 1935. 29, 2349; ( aria«lian F*. 347. 5HH. 1935 to Texaco Drvrlopment t'orp ; Lhrm. Abt,. 
1935, 29. 3150. 

*•* L. Bosenstein ami W. J. Fliind. V. S. P. 1.920,766. Auk 1. 193 1 to Shell Development Co.; 
Brit. Chem. Abs. B, 1934, 311 ; Chrm. Abs.. 1933. 27. 4918. For u»e of xmall proportion* of cjrana- 
raidc. cyanic acid, cyanoanilide. dicyarwl.iimide. urea or hydraime xee K V. S. P. 1.95H.744. 

May 15, 1934; Chrm Abs.. 1914. 28. 4591; Bnt. Chrm Abs B. 1935. 261. 

L. Ro*enxtein. S. P. 1.948,449, Feb, 20. 1934 to .Shell I>evcIopment f o.; Chrm. Abs., 1934, 
2«. 2891. 

French P. 742.957. 1933. to N. \'. de Bataaftche F*etroleum .Maatxchaupi;; Chrm. Abs., 1933. 
27. 3812. German P. 582.718. 1933; them. Abs.. 1934. 28. M9t> See alM» Dutch P 10.^03. 1931; 

Chrm. Abs.. 1933. 27. 5961. (lerman P. 594.357. 19.14; Chem Abs , 1934. 28, 4591. N. .Max. 1’. S. P 

2.023.142 and 2.023.372. Dec. 3. 1935. to .Shell Development Co.; Chrm Abs. 1936. 10. 8,30. 1552. 
Canadian P. 336.194. 1936; Chem. Abs.. 1936. 30. 2747 

V. Voorhee*. t*. S. P. 1,974.167, Sept. 18. 1934 to Standard Oil Co. of Indiana; Brit Chrm. 
Abs. B. 1935, 713; Chrm. Abs.. 1934, 28, 6997 See alxo F. W. .Sullivan Jr and V. Voorherx. 
U. S. P. 1,938.546. Dec. 5. 1931 to Standard Oil (V of Indiana; Chrm Abs. 1934. 28. 1182; 
Brit. Chem. Abs. B. 1914, 9|8. F. W. .Sullivan. Jr. am! F F. Diwoky. I’. S. P. 1.938.547. Dee. 

5. 1933 to Standard Oil Co. of Indiana; Chem. Abs. 1934. 28. 1182; Brit them. Abs B. 1934, 918. 

The ti,*e of a bydrocarlirm derivative of a metal contaminK dimethyl group xiich a* lea*l. thallium 
Of nickel compound* or dimethyldiamyl lead ha* Fteen recommemlrd by (J. Alleman. T. S. P. 1.940,4.19, 

Dec. 19. 1933 to Son Oil Co.; Chrm. Abs. 1934. 28, 1321; Bnt Chem. Abs. B. 19.14, 919. For 

wae of vaporized metal* *uch a* lead to inhibit detonation xee F.. Rector. C. S. P. 1,989.113, Jaii. 
29, 1935 to Rector Ga*i6er Co,; Chrm. Ahs., |v.l5. 29, 1978. 

»»H. C;. Weh*ler. T. S. P. 2.002.805. May 38. CMS one half to J. W'. G. Wennett; Chrm. Abs., 

1935. 29, 4932. 

**M. J. I^hy. Refiner. 1935, 14, 82; Brit. Chrm. Ahs. B. 1935. 10.11; / !nst. Pet. Tech.. 193$. 
21. 178A; Chem. Abs.. 1935, 29. 2721. 

Gan*. German P. 508,917, 1933 to I. fi. Farlienind. A. G.; Chrm. Ahs.. 19.34, 28. 1181. 
**W. Wilke, E. Kua* and G. Retter, German P. 518,232. 1933, to I. (1. Farbenind, A G ■ Chem 
Abs., 19J4. 28, 1181. 


••M. Mtidfer Cunra«li and W, W'ilke, S. P. 1.940.096, Dec. 19. 1933. to I. G Farbenind A G • 
*** •**" I’-t’. lo I F.rbcnlnd, A. O.; 

Abi., 1931. 2S. 1070. 


“•A. PMra*. U. S. P. I.WJ.JZO. Scot, 
a, 19)5, 759. 


II, I9M; Chtm. /*»/,, I9J4. }•. 6997; Brfl. Chtm. ASt. 
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Lovell and Boyd.'^® Paraffins, olefins, naphthenes, aromatics and unsaturated cyclic 
hydrocarbons were investifjated and critical compression ratios were plotted against 
increases in compression for an addition of 1 cc. of tetraethyl lead per gallon. This 
is shown graphically in Fig. 240, In this instance the minus sign indicates that 
addition of the lead compound caused an increase in knock intensity or decrease in 
compression ratio for border-line or incipient knock. In using Fig. 240, one must 



INCREASE IN COMPRESSION RATIO 

FOR !CC tetraethyllead PER 
gallon 


Courtt'sy ludHttriol and Ci'fmistry 

Fic. 240.—Comparison of Critical Coniprcsvinn Ratios oi H\drocarbons with lncrea«.c in 
Compression Ratio on Addition of Tetrarth>l I.ead. ( J M. CaniplKdl, F. K. 
SignaiKo, \V. (i. LoncU and T. A. lhi\d) 


remcml)er that the lines passing through the jK>ints of dilTerent classifications ilo not 
necessarily represent functions nor <lo they have any absolute significance. There 
is also indicate<l an area representative of an approximate hKaiion of commercial 
gasolines. Since this area is relatively Muall, values of 0.1 to 0.3 ratio i>cr cc. might 
be contrasted with values ten times as great for certain aromatic, paraffin, ami 
naphthene hvdnK'arlHins. The line drawn roughly through the fxaratfin and naph¬ 
thene hydr(Karl)ons may indicate that lead is progressively more effective in those 
materials of higher antiknock value. However, in the case of such com|K>unds as 
alpha-olefins, diolefins and acetylene homologues, the line through their classi- 
fictition is note<l to he nearly vertical. In other words, the cfYectiveness of lead 

**J. .M. r«fn^>cU. F. K. Signaiffo. VV. I.<ivrU And T. A. Boyd, Jtsd. F.ua. Ch^m.. 27, 

593; Chrm, 1935. 29. 4560; Jtr,t Chrm B. 193.C 6)4; ) Just, fVt. Tr<h , lY.tS. 21. 

254A. For the u»e of letr»eth>l lemi in aircraft furU w F. K. Bank*. J Hov .firtswanf. 

1934, It. .309; Brit Chrm. .4^r. B, 19.16. J. hut t\i Ircii., |9.t4. 20, 46SA; Chrm, Abs., 

1935, It, 6412. The effeet of metallic (lead) dope the caiUmiration of oil in the comhustion 
ikpace of an encine i» diacuAned by R. O. Km*. Fn^iurrun^. 19.t3. 156, 1S3; O^rm. Abs.. I9.t.t, 27. 
5526; Bril. Cbrm. Abs. B, 1933. 94S. For pellet method of addin* tetraethyl lead to motor fneU see 
P. Poctuchkt, IJ. S. P. 2.016,570, Oct. 22, 1935; Brif, Cbrm. Abs. B, 1936, 630; C'hriii, Abs., 1936. 
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shows little variation irrespective of the critical compression ratios of the hydro¬ 
carbons under consideration. A line showing the location of certain unsaturated 
cyclic compounds such as cyclopentadiene derivatives and as well, certain aromatics 
with unsaturated side chains, indicates a progressive lowering of the effectiveness 
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Fic. 241. 

Influence of Structure of 
Aliphatic Unsaturated 
Hydrocarbons on Effec¬ 
tiveness of Tetraethyl 
Uad. (J. M. Campbell. 
F. K. Signaigo, W. G. 
Lovell and T. A. Boyd) 


f ourthly fndustrial and F.nginftf' 
inij Chtmitiry 


of lead in them with increase in the critical compression ratios of the compounds. 
In a few' rare instances lead has a ‘ negative’' effect, that is. tetraethyl lead acts 
as a knock inducer and the critical compression ratio is lowered by the addition of 
the lead compound. 


Fk;. 242. 

Effect of Position of Unsaturated Linkage on Result of 
Adding Tetraethyl l^ad to Hydrocarbons. (J. M. Cam[>- 
bell, F. K. Signaigo. W. (i. Lovell and T. A. B<iyd) 


Courtery Industrial and Enginrefing Chemistry 



5 POSITION OF UNSAT* 
UPATCD LINKACe 


Results of further investigations of the relationship of structure and lead effec¬ 
tiveness are also shown graphically in Fig. 241 giving data obuined on the ali¬ 
phatic double- and triple-bonded compounds. For convenience, the effectiveness of 
lead (as measured by the increase in the critical compression ratio) has been plotted 
against the number of carbon atoms in the molecule. The compounds in which 
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lead is more effective appear to be those which have a double bond removed from 
the end of the molecule. In Fig. 242 the effectiveness of lead in the compound has 


Fig. 243. 

Influence of Side Chains of Benzene 
Ring on Kffectiveness of Tetraethyl 
Lead. (J. M. Campbell, F. K. 
Signaigo, \V. G. 1-oveIl and T. A. 
Boyd) 


Courtesy JndustriaJ and F.nginccrxng 
Chemistry 



NUMBER OF CARBON ATOMS IN SIDE 
CHAIN 


been plotted against the position of the unsaturated linkage for the pentencs and 
some heptenes and hept>nes. Although the data were incomplete they do indicate 



I-n;. 244. 

Kffcct of Double Bonds in Cyxlic Compounds 
as Regards Addition of Tetraethyl Lead. 
(1. M. Campbell, F. K, Signaigo, \V. G. 
Lovell and T. A. Boyd) 


ionrtesy Industrial and linijiMecring Chemistry 


that as the double bond moveil t«)ward the center of the molecule the effectiveness 
of lead in the compound increased. Fig. 243. for Ixcnzcnc rings with hydrocarbon 
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side chains^ shows that for the saturated side chain the lead is most elTeclive al¬ 
though with unsaturation of the side chain there is a decrease in the lead re- 
spondency. Tliose compounds which contained a triple bond in what might be 
called a “conjugated” position to the benzene ring exhibited a negative lead effect, 
and the hydrocarbon 1-phenyl-1,3-butadiene appeared unaffected by lead. In Fig. 
244 these latter relationships are presented, thus showing the effect of the successive 
introduction of double bonds into some cyclic compounds. In the series cyclo¬ 
hexane, cyclohexene and cyclohexadiene, the effect of the lead becomes progres¬ 
sively less and eventually negative. Similar relationships were observed in the 
series cyclopentane, cyclopentenc and cyclopentadiene. Other investigations were 
also carried out with ethylbenzene and phenylethylene. Tetraethyl lead affected the 
critical compression ratios of a few hydrocarbons greatest at low concentrations as 
shown in Fig. 245. 



Fir.. 245. 

Comparison of Tetraethyl l^ad 
Concentration and Critical Com¬ 
pression Ratio for Various Hydro¬ 
carbons. (j. M. Camphell. F. K. 
Signaigr), \V G. Lovell and T. A. 
lioyd) 


( oMrtrsy fndHStria! and Engineering 
( ftrmirtrv 


The thermal «lecompo>iti<)n of tetraethyl lead in Ijen/ene solution, both in the 
absence and pre.sencc of ethylene and bydroKen. has U-en studied by Cramer.He 
found that although two hours were retjuireil tf) complete the reaction at 240-275®C.. 
the presence of methane gas was not detected: the paraffin fraction consisted of 
ethane with small amounts of butane. The licjuid reaction prmlucts (in addition 
to benzene) were light colored oils and were Iwlieved to Ik- derived from the tetra¬ 
ethyl lead and added ethylene. Cramer noterl with few exceptions close agreement 
between the determined and calculated values for the liquid reaction products. He 
further conclutled that these reactions are largely independent of wide variation 
in pressures, as well as relatively small temi>erature differences. It was also ob- 
servetl that practically the same amounts of unrcacled etbviene were obtained from 
widely varying prf)iK>rtions of tetraethyl le.id and ethylene. .\ttem|>ts to dccom- 


K L. ( rumer. ).AXS . 56. liM; CVum. Ah% 

20, 407A; Brit, Chrm. Aht. 
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pose any quantity of tetraethyl lead in the absence of a solvent gave very incon¬ 
sistent results. 


MKASl'kKMKNT OK Kno( K RaTINc; 

Although a detailed discussion of the test engines, reference fuels and proce¬ 
dures Used for the deternnnation of knock rating, or anti-detonating value, for 
various fuels and fuel mixtures is lRv<»nd the sco|K‘ of tiiis book, nevertheless be¬ 
cause of the vast amount of wtirk which has been tUme fui the standardization of 



( oHftrfy hiiluitfial Imimi'crmo i icmisfry 

I'u.. 24/i — Six’tional View l-.n^ine Cylinder Head for C. F R. Motor McthiHl <n 
KiUH'k RaiiiiK MeaNVirenient. (L C*. Lichly and K, J. /iurys) 


procerlures and n|uipment. some mention of these is not out of place. The ques¬ 
tion*-*** of standardization of test methiHis ami eriuipment receive<1 little considera¬ 
tion until I*>2R when (in the Inited Stales) the Co-opi‘rative Fuel Research Com- 
mitti*e undertfMik the development of a uniform test methcxi. This work has !>een 
carricfl out in conjunction with interested groups in England, Cfermany. France and 
Holland.*^** Horning*-^** points out that the popularity of the Co-o{)erative Fuel 

*» (', H Barton, <’. M. Sprakr and K Sfan«.<irld, /V.v Pctroh'ttm Coitor., l,ouiioit IQIJI 

2. nC Chem 2t, 4HH0 

An acctmnt o( thr attivinr* of thr rommiitcr and ihr dcvetopmrnt of a method for determininK 
the cMCiane numtHT of motor fnrU ha» l*rrn Ri>cn li> T A Boyd ami (' B \>aJ. Prtn ll’or/d /V- 
trotrnm (»*#ipr , /.mtJoH. to.tl. 2. ItV; t fn-m Jhs , 2i, 4SS0; Hut C^rm Jhs B 

74.1; J /«if. Pft. Trek., \^\4, 20. 'OlA 

***M. I. Iloininv. f Sm . htta . 26, 4.tr». See alw> (' Bonmer. .4h¥ «omhurf 

16.14, f. 19; f. h^tt Prt I iwh.. |6H. 20. hU.\ for a de^cripiion **f the < . K. K, rnctrvr 
and mrihort of tr«ttna. 
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Research (C.F.R.) engine may be attributed to its universality, ruggedness and 
relatively low cost. 

Reference Standards Used in the Measurement of Motor Knock. 

The relative tendencies to knock in an engine have been measured by Lovell and 
CO- workers''*^ for naphthene hydrocarbon-gasoline mixtures. The results were ex¬ 
pressed in terms of the aniline equivalentwhich was defined as the number of 
centigram-moles of aniline that must be added to a reference fuel to make 1000 cc. 
of a fuel equivalent in knocking tendency to a molal solution of the hydrocarbon 
in the reference gasoline, provided the hydrocarbon knocked less than the reference 
fuel. When the hydrocarbon knocked more than the reference fuel the aniline 
equivalent was the number of centigram-moles of aniline added to a 1-molal solution 
of the hydrocarbon in the reference gasoline to make a fuel that was equivalent in 
knocking tendency to the reference gasoline. Further investigations*^* were made 
on hydrocarbons of the aromatic series alone and in admixture with gasoline. The 
measurements of the tendency of the^e substances to kiux'k was carried out in a 
single-cylinder, variable-compression engine et|uipped with an evaporative cooling 
system and fitted with a bouncing-pin indicator. The results expressed in aniline 
equivalents, some of which are listed in 'Fable 1^7, are for mixtures of the hydro¬ 
carbon w'ith gasoline. 

Table 197 .—Effect of Structure on Resistance to Knocking 


Hydrocarbon 

Aniline 

Equivalent 

Hy<lr(K"arlM»n 

Aniline 

Equivalent 

Cvclopentadiene. 

Dicyciopentadiene . 

34 

Phenylethylene 

20 

65 

EthyUxmzene. 

19 

Dimethylfulvene . . . 

61 

3-Phenyl propyne . 

8 

Methylphenylfulvene . . . 

36 

l,2-Methylethyll>enzcne 

15 

1,3-Cyclohexadiene . 

... 39 

F\seu<lfx:umcne 

20 

1,4-Cyclohexadiene. 

29 

Tctrahydronaphlhalene 

19 


Other experiments**^ were made using a wider variety of pure hydrocarbons. 
Comparisons were then made on the basis of the compression ratio for border-line 
or incipient knock in a single-cylinder variable-compression engine. 'Fhis compres¬ 
sion or “critical compression ratio,“ is defined as that at which knock becomes just 
audible in a quiet room when the engine is running at full load, engine sj>eed fjOO 
r.p.m., jacket water boiling, no external heat applied to mixture, mixture ratio for 
maximum power and spark timing for maximum power. 'Fhe results so obtained, 
some of which are reported in i'able F>8. will of course vary in some instances 
with changes in the conditions under which the engine is run. 

The data appeared to indicate that for the aliphatics there is an increasing tend¬ 
ency to knock with increasing length of the carbon chain as illustrated by Fig. 247, 
methane showing the least tendency. Saturated cyclic hydrocarbons exhibit even 
greater tendency to knocking than do the corresponding aromatic hydrtKrarlHms, 
though less than for paraffins. Cyclohexane derivatives for the most part arc com¬ 
parable with many commercial gasolines in detonation qualities. Although two 
and three double Iwnds within the ring exert a strong antiknock effect, a solitar> 
double bond produces comparatively little effect. Cyclojientene was noted to knoci 


>«W. G. Iu>Tell, J. M. Camphell tnd T. A. Boyd. Ind. Bng. Chtm, 19JJ. 25. 1107; Chem, Abs. 
I9J3. 27. 5955. 

*•* W, C. Lovell, J, M Camj^ll end T. A. Boyd, ind F.no. ihrm , 1951, 21, 2h, See «!«> (‘arle 
Um Ellif, **Thc Oietnolry of Felroleitm Derivalivr*.” The ( hemical Co.. Inc.. New York 

K34. 


*»W. C. Lovell. J. M. Camphell. F. K. Sienatso and T. A. Boyd. tmd. ting. Chtm.. 19,14, 26 

475; Ckein. Abt., 1954, 21, 4110; Brit. Chem. Abs. B. 1914. <>U; / /nst. Pel. Tech I9J4. 20. J57A 

>^W. G. Lovell. J. M. Campbell and T. A. Boyd. tnd. Hng. Chem . 19J4. 26, 1105: Chem. Abe, 

19J4, 26. 7505; Brit. C'hrm. Abs. B, 1935, 8»7; J. tmst Pet, Itch., 19.14, 20. 564A. 
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Table 198 .—Effect of Structure on Resistance to Knocking in Terms of A niline Equivalents and 

*4 • _ . # ^_* n - j ^ 


Critical Compression Ratios 

Aniline 

Critical 

Hydrocarlxin 

Equivalent 

Compression Ratio 

Is^entane. 

3-Ethvlpentane. 

. 9 

. 4 

5-7 

3 9 

2,4-Dimethyl pentane 

. 8 

5 0 

2,2,3-Trimethylpentane . 

. 17 

12 0 

3,4-Diethylhexane . 

. 0 

3 9 

1-Pentene. 

. 10 

5.8 

2,4-Hexadiene ... 

. 29 

6 6 

3-Heptene . . . 

. 12 

4.9 

Cyclof>entane 

. 14 

10.8 

Ethylcyclopenlane . 

. 1 

3.9 

Dipentene 

23 

5.9 

Cyclohexane 

. 7 

4.5 

Isopropylbenzene 

22 

119 

Mesilylene . 

31 

14 8 

Trimethylphenylallene 

36 

8.3 


more than cyclopentane althouj^h this was an exceptional case. An increase in the 
lenj^th of the si{le chain was observed to increase -the tendency for knock in both 
the aromatics and naphthenes althoujirh branching of the side chain produced the 
opjiosite effect. 



Courifsy Industrial anj Fnfftnffrinp Ckrmisiry 

Fir,. 247.—Critical Compression Ratios of Paraffin Hydrocarbons. (\V. G. Lovell, 
J. M. Camiihcll and T. A. Boyd) 


Another methiKl of measuring: kiKKk rating is that of comparing the engine 
performance of the fuel with that of various mixtures of iscxKlane (2.2,4»trimeth\ 1- 
pentane) and r»-heptane. The octane numlKT td a fuel is defined as the percentage 
of iscKKtane (the antiknock agent) in an isooctane-heptane blend which gives a 
kmKk tendency t'ttual to that of the fuel tested.*-'*^ 

For the purpose of expressing the kn<Kk ratings of pure hydrocarl>ons in terms. 

»»F. If. Gurwr. R. Wilkiimon «na A W Na^h. J SX'.I . SI. 2«^5T. 
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of octane numbers, Gamer'*® and associates employed the term '‘blending octane 
number” as an index of the behavior of a hydrocarbon in altering the octane num¬ 
ber of a reference fuel. Calculations were based on the assumption that a straight- 
line mixture relationship holds for blends of hydrocarbons and a reference fuel in 
concentrations up to about 25 per cent. Thus, a blend containing 15 per cent 
added pure hydrocarbon would be given a rating of 15 per cent of the octane 
number of the hydrocarbon plus 85 per cent of the value of the reference fuel. 
Although “blending octane numbers” are not exactly the same as actual octane 
niimfiers they give an indication of the effectiveness of a hydrocarbon as an anti- 



Courttsy Indujtricl and Enginerring Chemistry 

Fic. 248.—Comparison of Critical Compression Ratios ot L nsatiiraics vsith the Ct>rre‘ 
sponding Paraffin Hydrocarbons. ( \V. (j Lovell. J. .\L CaniplH'll an<l T. A. ih>yd) 


knock. For paraffins ami naphthenes the two types of ratings were found to be 
approximately the same, but the blendmg (Ktane numlxTs of aromatics were lower 
and those of olefins were higher than the actual octane numl>ers. 

Neptune and Trimble.investigating lower-lK>jling hydrocarl)ons, found that 
the octane numbers of the 4-carbon olefins are lower than their blending octane 
numbers. VV'lien blended with gasoline in equal prf>porlion there is a greater differ¬ 
ence between iso- and M-pentane than Ixtween iso- and n-l>utane. However, with 
incorporation of «- or i.sobutane to give finished prrxlucts of the same va|>or pres¬ 
sure. the same antikmKk effectiveness was noted. .Substitution of w- and isoj>cnlane 
for the corresjxinding butanes indicated that isopentane was the most effective anti- 
detonant. Neptune and Trimble l>elicve small proportions of 4-carbon hydr<Karbons 
present in motor fuels, have been responsible in some instances for improved anti¬ 
knock properties. For l-heptene'*** the kmKk rating was determine<l in a 20 per 

F. H. Garner, E- B. F.van«. V. If. Sprake arwl U K. J. rrtte World fetrolrum Conge., 

IjfndoUt 193.1, 170; Beil, Chem. Ahs. B. 1934, 743. For » of in fern** 

df octane numnem" for a numhrr of fcatolint^ on the jai»afir«r markrt %er T Siiwa J. Fnrl 

Soc Japan, 1935, 14, 75; Bril. Chrm. Ahs. B, 193.5, KM7. 

F. B. Neptune and II. M. TrimWr. OH t.as J., 1914. 33, No 51. 44, 4M; Chem ihg 19.14. 
2i. 5646; /. tnsf. Pet. Tech.. 19.14. 20, 4«6A. 

*»A. R. Bowen, A. W. Na%h and F. II. Garner, Nature, |J2, 410; ihem Ahg., I9.1.I. 




OXIDATION AND DETONATION 


1027 


cTiit (vi)l.) and the blending octane number found to be 79.5. When the 

value of this compound was compared with that of representative 7-carbon atom 
hydrocarbons of other series, it was noted that the introduction of a double bond 
into the heptane molecule in the a-position increased the blending octane number. 

A triple l>ond in the same position further increased the blending octane number 
but not to so great an extent. 

Becker and Kass*'*^ report that although the most direct method of determining 
octane numbers is by comparison of samples with blends of isooctane and normal 
heptane, the cost of the latter prohibits their use in routine testing. As a sub¬ 
stitute for these hydrocarlKms, they suggest standard reference fuels having octane 
numl>ers of 44 and 76 as determined with a C.F.R. engine. The latter fuels are 
made from straight-run naphthas which are applicable for use in multicylindcr 
engines. 

A procedure for rating aviation fuels is that designated as the ‘‘Allowable Boost 
Ratio” method.'^^^ This is defined as the ratio of the boost pressure'^®* for the 
sample at incipient knock to the boost pressure for the standard (pure isooctane) at 
incipient knock. The reported advantages of this method are: the test conditions 
more closely approximate those of the supercharged aero engine, the scale has no 
upper limit, and the incipient knock is closer to practice than the heavy knock 
neede<l ii^ the C.F.R. test. 

In view of certain defects of the octane scale for rating motor fuels, Evans, 
I)(Klds and Ciarner'^^ worked out a pressure scale based on the compression just 
umler that at which knocking took place. This scale does not involve the i>e- 
culiarities of behavior of fuels consequent upon their varying temperature suscepti¬ 
bilities. btit at the same time it is easily correlated with the octane-heptane scale 
on any particular engine. The difficulties encountered in determining octane num- 
fiers from S5 to KK) by the (M'.R. motor metho<l are avoided. .-Mso the engine used 
in the latter operati(»n is unsatisfactory for rKrtane numl)ers above 85. The proce¬ 
dure. then, is to note incipient ktuKk by ear or preferably by microphone or tem- 
|K*raturr plug ; and to determine the pressure. From the latter value the octane 
number can be read off the calibration pressure-octane number curve previously 
e^tablislied for the particular engine. Other methfxls that have been suggested are: 
an electromagnetic device for determining pressure variations which may be u^e<I 
to study kiUK'k in motors*^- and comparison of the utilizable powers of two gaso- 
lines. In the latter case, fuels are valued by their “synthetic indexes” which may 
be definetl as the ratio oi the maximum power prcxlucetl by the gasoline to that 
prtxlucerl by a stanflar<l fuel in a '>tan<lard motor under definite conditions of tem- 
|)crature an<l compression, both fuels Ixung fed at the knock limit and giving the 
same jRTCetitage of carbon mono.xide in the exhaust. 

Rn .vTio.v BrrwKKN (O.vm 11 n lox .wn .Xntik.noc k Wm.i k ok Hvnkm arhons 

It has Irh-u sliown by Hofmann. Berlin and Schmidt'^^ that c>clohexene and 
butadiene lose in antiknock properties upon being dinierize<l to dicyclohexene and 

A K. Hrckrr amt U. rrtrt>lrmm l I'i.l.l. 2. I Imst 

Pft leth . iv u 20. :i;a 

I) IkiTfl.ittr, I. A ivicnrr .tiuI I I,. AinraU Vntf, 7, J imt ;Vf 

22. 14SA; t h,m Aht . 19m,. SO. lj»«. 

Thf 4|>|*iirtt f*i ihr iiifakr an 

’♦I K. B, Kv.nin, K. M. .»nt| K II. ^ /mf. /*, / I'*.5 v 21. HHH>. Cium Abs 

1»J6. SO. .1991; Hrit ( hrm Ah* B, H.l; / /Vf 7Wh 22 >4A 

‘♦•'r Tr l.mi, Ci*mrt. 19.M, 199. 9J7; Chrm Ahf . |9.U. 29. ^87 

M. S^rrtiyu. Comf-t. rrpiH.. 19.1S. 201, 81^; Bnl. Chrm Ahjt B, PJ.U,, |U. iWrm iht 191o 
SO, 601 

K, Mnfm«nn. K. Berlin ami A, \V. Schmitli. Brrn**stotf i'hcm., lO.t.V |4. \2ti: Ckrm Abi 
27. 5955: BHt Cktm Ahs. B. 19.I.I. 900. 
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dibutadiene. The octane ratings for cyclohexene and butadiene were 70-71 and 
83-84. respectively, but after dimerization became 53-54 and 60-61, respectively. 
Further experiments carried out by Schmidt^^® also substantiate the work of Lovell, 
Campbell and Boyd (q.v.). Several of the paraffins, unsaturated hydrocarbons, 
naphthenes and aromatics were studied as well as the following alcohols: ethyl 
w-propyl, M-butyl, isopropyl, isobutyl and isoamyl, and cyclohcxanol and methyl- 
cyclohexanol. The results showe<l that paraffins as a class give the lowest and 
aromatics the highest octane numbers, while methyl groups in a branched chain 
and hydroxyl and amino radicals all raise the octane nunil)er. The 5-membered 
ring naphthenes gave higher (Ktane numbers than the corresponding 6-membercd 
compounds. It was also noted that the octane numbers of unsiiturates ‘decreased 
during storage except in the case of the aromatics with unsaturated side chains. 
With the monohydric alcohols the octane numl)er became less with increasing 
molecular weight. 

Knock ratings of saturated and unsaturated hydr(K*arbons as determined by the 
C.F.R. Motor Methwl have been reported by Egloff.*^*' Some of the values are 
listed in Table 199. 


Table 109.— Octane Ratings of Hydrocarbons. 


HydrtKarlxm 

Formula 

Octane No. 

Paraffins 

Methane. 

CH. 

l25(Est.) 

Ethane. 

C,H. 

125(Rst.) 

Propane . 

r.H, 

n5(Est.) 

Butane. . 

C.H,. 

91 

Isobutane 


99 

Pentane. 

C.H., 

64 

2,2-EHmethylpropane 


H3 

2-Methylbulane 


90 

Hexane. 

C.H,. 

59 

2,3-Diniethylbutane 

CH,CH(CH,)CHiCH,)CH, 

95 

Heptane. 

CtHu 

0 

Octane. 

C.H,. 

0 

2,2,4~Trimet hy Ipen tanc 

CH,C(CH,),CH,CH(CH,)CH, 

100 

Nonane. 

CtH,o 

-2H 

Isodecane. 

C.oHa 

93 

Isododecane. 

ChHh 

100 

Olefins 

1-Butene. 

C.H. 

80 

2-Butene. 

C.H, 

83 

Isobutene . 

C.H. 

87 

Isobutene dimer. 

C*Hu 

84 

Isobutene trimer . . 

C||H|< 

87 

Ifloamylene dimer. 

CjoHfo 

75 

Cycloparaffns 

Methylcyclopentane . 

C.H„ 

82 

Cyclohexane. 

C,H„ 

77 

Aromatics 

Benzene. . . 

C.H, 

97 

Toluene. 

C,H. 

100+ 


A. W. Scbmtdt. Proc. H'orid PetroUum Congt. Londoft, 2, IKl; 

1914, 20. JOIA; Brit. Chem. Abi. B. 1934. 915. 

EcM. Oii Gms. 1936 , 15 ( 22 ). 58 ; Chem. Abt„ 193 (^. 20 . 8 $ 88 . 


tuMt. Pet. Teek., 
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rRocKnuKK Used for Knock-Raiing Dktkrmjnaiions 


A complete detailed description of these procedures will not be found here as 
this is beyond the scope of the book as previously mentioned, but an enumeration 
of methods will be made. The bouncing:-pin method for the determination of knock 
rating: has l>een widely used.^^”* Another procedure, described by Dumanois,^^^ 
depends upon ascertaining: the extra heat imparted to the cooling: water when det¬ 
onation occurs. The inlet and outlet cooling-water temperatures are measured for 
reference-fuel blends knocking respectively more and less than the fuel under test. 
The rating of the fuel under investigation is obtained by interpolation. Dumanois 
found that an increase of 10 per cent benzol in the reference fuel caused a decrease 
of 0.25®C. between inlet and outlet water temperatures. 

MacCoull and Stanton'propose an electrical acoustic method for the measure¬ 
ment of engine knock. Oscillograms were taken of the knock disturbance, and 
measurements were made of the energy in various frequency bands. The C.F.R. 
standard engine develoj>ed a pronounced peak in knock energy at frequencies be¬ 
tween about 6.(KK) and 7,0(X) cycles per second, wliile the L-head design of this same 
engine hafl a |>eak between 3.fK)() and 4.(XK) cycles per second. 

MacC’oulP^'* reports that but little difference could be detected between the 
bouncing-pin and a throttle-audibility method,when used in fuel matching, and 
therefore concluded no ajjpreciable advantage exists for one methcKl over the other 
in regard to accurac). Some of the results are shown in Table 200. 


T.^hlk 200, Benzol Equmilents hy Bouminf^-Pin and ThroUlf-Audibility Methods on tht 
Srries-.Vi h'Jhyl Oasnhne Corporaiion Engine. 


Tetraethyl Lead 

Benzol Ec^uivalent. 

Per Cent 

Otnleni t < . per (ial. 

Bouncing-Pin 

Throttle-Audibility 

1 

13 

16 

2 

. 30 

31 

.3 

. 38 

38 

4 

44 

46 


TOks Akkk(Ti.\c, Knock-R.xting Df.tkrmination 


It has lH*en pointed out by Hubner and Murphy'*' that some automobile engines 
rate fuels higher in octane value than the Research (CM'.R.) Methcnl while others 
rate the s«'ime fucN lower. ,\fter an examination of various lyj>cs of engine design, 
it was shown that the inclined valve-in-head design with a central sparking plug 
gave the highest performance an<i best agreement with lalx^ratory tests under cool 
running cemditions sucli as those of the ( .F.R. metluKl.''*- 


( arletcm "Thr ( hminktry of IVlrt'lrtim Drnxalivrs." TKe ('hcnucal CatAlog Coc, Inc.. 

New York. 1934. Scr al’M* 11 K ( /Voc. U'or/rf 2, Bnt. 

Chrm. ,4hi. B. 104*». for mrthoU of ik|»ecilymg amt measuring knock raiing» of aviation fucU 

The devrlmmicnl «»f tr^tmn nieth<»U (or kn><k tattriK in japan with a di^ciia^ion (>f the prr^nt 

of the mrthruU han l>cen irpoitrd h> T Suwa. Fmri Sec , Japon. 12, 1358; Ckem 

.4hjr . 1934. 2S. J tnst Prf I Cth 1914. 20. For a review of methods of measuring 

antiknock characteri'»tica of liquid fucU %ce alMk Roherti. Kurfca set., 1934. 5, 405. Brit. Ckem. .4hs. 
B. I93h. 13.1 

P. Dumanoi*. /V«»r H'orld /Vffo/cafw C , 193.1. 2, 20n; Inst. /Vf Trek., 1934. 20, 
237A. See ilw> A. W, Schmidt. h /. 1933. 36, 493, c .4bs . 1934. 2S, 1515. 

N. Macf'ouii and fi, T. Stanton. S .4 h Jenrfuit, 193f>. 36. 70 
*<*N. MacC oull. S 4 r.. Jetirnai. 1931. 26. 4f>7. 

t’ainii Ixoth ('.F.R, and Serie* 30 Kth>l (laaoline Corn engincfc. 

\V. It Huhner and <«. H. Murphy, Ptoc MVr/d retfeicum Cen^jr., I.onden. 1933. 2. 154; 
J. tmsi. Pet Trek.. 1934. 20. 75A 

1** For a diacuatton of correlation of Reaearch ,Metho«f rattnf«, A.S.T.M. rating and actual road 
Itati tec ('. D. Veal, S.A.h. jnarna/, 1935, 36, 165, 
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Schmidt and Seeber studying the effect ot various factors on detonation in a 
single cylinder engine with variable compression found that the octane number 
increased with richness of the gasoline-air mixture, but decreased wit!» advanced 
ignition (over a range of 5° to 20°) as the air-intake and jacket temperatures rose. 

The effect of temperature on knock-rating was studied by Pelctier'^'* who noteil 
that increase of cooling liquid temperature in the test engines used resulted in an 
increase in knock intensity at otherwise equal conditions. In studying the knock¬ 
rating of various aviation fuels, Pye‘^® observed that cylinder and gas tem|>eratures 
are the most important variables in the operating conditions. Bonnier and 
Moynot^^ working with a C.F.R. motor showed that when knock was audible the 
temperature of the exhaust gases increased with the antiknock value of the fuel, 
the rate of increase being related directly to compression ratio. When there was 
no knock this temperature was approximately constant, but decreased with increased 
compression. Other investigations*^^ by these workers further confirm their con¬ 
clusions. Under non-detonating conditions, the exhaust tem|)erature remaine<l 
practically constant at a given compression ratio and mixture strength. The tem¬ 
perature they found normally fell with weakening of the mixture. 

Brown and MarshalP^^ report that for maximum fuel cthcicncy an engine >hould 
be run at a temperature just below tlic dew point of the fuel. 1‘ndo and I'uruya*'’* 
observed that when the inlet mixture temperature was high (150T'.). an "ethyl¬ 
ized’* fuel was better than one blended with benzol or ethyl alcohol. I he anti¬ 
knock property of standard fuels decrease<l as the temjRratm e ro^e; the higher 
the octane number of the fuel the greater was the effect of temperature. Jacket 
and cylinder-head tem[)eratures**^‘* were found to affect the relative knock rating, 
while humidity and air temtH‘rature*‘** affected the octane numbers of secondary 
detonation stainlards. Other factors which ha\e been studied are: intluence of car¬ 
buretor setting and sjxirk timing,**’*- ami the effect of sound intensity**** 

Relationships between the kmK'king power of liglit fuels and their physical 
properties have been investigated to some extent. For example, a correlation has 
been found between the CKtanc nunilH*r and the specific paraclior of certain fueN.***^ 

In the equation: p — l^dXiY*, /» ™ sfiecific paraclior, d ^ iWxWwy and a "~ 
surface tension. Tlie paraclior of a hy<lrocarl>on is dependent upon its chemical 
constitution and is decreased by the presence of side chains, double bonds and ring 
structures. For hydrocarbons of the same In^iling point a decrease in paraclu»r 
was noted in the se<|uence: parathn. unsaturaterl compounds, nafihthenes and aro¬ 
matics. The octane numbers of hydrocarlKuis were h)un<l to In? inversely proi>or- 
tional to the parachor over the boiling point range *X)-1.>0^(\ h'rom a study of 
various benzines, these investigators alsc> report that appro\iinate determinations 
of the octane numlxTs can be made from relatmiiNhips n\ ith j)hysical constants 


•■•A. W. Schmidt and F. Sreher, Proc. Woflti Petrolcnm (*oii(;r . t omion 19,H 2. UiO /Ini. 
Ckem, Ahs, B. 1934. 91.S. 

L. A. Peletier, Proc. World Petroleum Conor , l.ondon, 1933, 2. 1^1 / fnsl Pet Tcfh 
19J4. ZO. 75A; Brit Ckrm Abs. B. 1934. 1046. 

*^0, R. Pye, proc. World Petroleum Congr., London. 19.U. 2, 1.S6: Brit Chrm 4h» B 

1934, 1046; J. Inst. Pet. Tech.. 1934, 20, 235A • . . 

*""r. Bonnier and H. .Vfoyiiot. Comft. rend. 1931. 197. 13Mfl; Bnt Chem Aht. B. 1934. 354 
C. Bonnier and H Moynot. Ann. combust, hqmides. 1934. 9, 4H1: J Init Pel Tech 1914 
20. SOSA; Chem. Abs.. 19.14. 2S. 6291. r /n . . . . 

C. Ci. Brown and C. A. .Marshall. Sat. Pet. Sens, 1914. 26 (20), 29- /. /«*l. Pel. Tech 

A Ad A •*•‘•4.4 


‘“•E. Eodo and H. Fiiruya, J. Fuel Soc. Japan, J935. 14, 35; Brit Chem Aht. B, 1935. 6|4. 
Edgar, .S.A.E. Journal, 1931. 26. 452. 

o S‘ ®*’*^^* White and (I. Rodgerx. SAP Journal, 1931. 26. 44S. See aI*o 


H. F. Unit, (hi. Cat J.. 1934. 32 (40). 20. 43; J. Jntt. Pet. Tech., 1934 20 2I6A 
«J. M. W. c;. Uvcll ,nd T. A. Borrt. AH It il i# 

F. HufT J R. Sabina ami j. B. Hill. S.A.F. Journal. 19.i|. 26 4f.4 
Hcinie and M. Harder, Anpew. Chem., 1935. 46, 3.15, 776; Chem. Aht 


BfU. Cktws, Abi. B, 1935, 660. See Chaiiter 50. 
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other than the parachor. Marder^®® points out that the anti-detonating qualities 
are inve/^ely related to the density (^ 20 ) of the fuels.^®®* Fuels with high densi¬ 
ties were more affected by changes in test conditions (in a given motor) than those 
of low density. Marder proposes that the parachor and density (^ 20 ) niay be used 
to correlate differences in octane numbers arising from different conditions of test. 

Thk Kfffxt of Tetraethyl ^.ead on Knock Ratings 

Hebl, Kendel and (barton*®® brought out the fact that, in addition to its anti- 
kiRKk value, every gasoline has a property which may be defined as its “lead 
susceptibility” and which determines the amount of increase in antiknock value for 
any given concentration of tetraethyl lead. A special chart w^as devised, called an 
“Kthyl Blending C hart,” into \vhich were embodied the factors which determine the 
octane numlxT of an ethylized gasoline in their proper relation. It w^as found that 
hy use of this chart,shown in Fig. 249. the reliability of estimate<i octane num- 
l>ers of ethylized gas(»lines could be considerably improved, and also the lead 
susceptibility of the base gasoline could l>e conveniently determined. The five fac¬ 
tors which determine the octane numlxT of any ethylized gasoline are: 

1. 'I'he effectisene‘'S of isooctane at different concentrations in raising the anti¬ 
knock value of i^rxK'tane-heptane mixtures, i.e.. the relative “dimensions” of octane 
numbers in different parts of the scale. 

2. The effectiveness of tetraethyl lead at different concentrations. This com¬ 
pound is more effective in vmall concentrations and. as more is added to a gaso¬ 
line. its effect gradually diniini<hes. 

3. rhe octane number of tin* base gasoline before tt traethyl lead is added. 

4. rhe “lea<l susceptibility” <)f the gasoline. 

'fhe mimlHT of cubic centimeters of tetraethyl lead added |>er gallon of gaso¬ 
line, called the “lead retjuiremenl” of the fuel. 

In n^ing the chart shown in Fig. 249 the lead susceptibility of any of the 
gasolines plotted can be determined by extending a line from the star on the left- 
hand side of the chart through to the lead susceptibility scale on the right-hand 
side so that the line is parallel to the line already plotted for the gasoline in ques¬ 
tion. It was believe<l that liie leatl susceptibility of a gasoline is not de[)cndent on 
the hydrocarbons alone but may i>e markeilly affected by impurities e.g., disulphides 
and other sulphur c(Mni>ounds. The reduction of lead susceptibility has l>cen studie<l 
by Schtilze ami Buell.who reinirt that the disulphides, except carbon disulphide, 
have the most harmful, the thiiK^hers less and thiocyclic compounds the ler.st harm¬ 
ful. effect on lea<l response, ( omparisons Ivetween some aliphatic sulphides and 
U-tween s<Mne aliphatic ilisulphides show that the reiluction of octane numlx'r is 
greater with honuilogues of higher molecular weight and with branched chain 
isomers, (‘orisiderable lowering of m'tane mimln'r was also noted when aromatic 
disulphides were present and the concentraton of tetraethyl lead low. 

•«M. Manlrr. (V/ m KoUU. lO.t.S, II. ^2^; Bnt ihrm. Abt, B. R.l; J. Imsf. f\t. Ttch , 

19.t6, 22, I45A. SfT also T. Suwa. !mf>. Fnfl RctcarcU Irntt. Jafsin, 19.15. 20: Chrm. Ahjt., 193.'. 
29. 5X41. 

r»r of artiMtv at 15*('. ha# Imtch alv>, M. Marder. Or/ m. Koblr, I9.t6. 12, 10X1, 

1087; /. /ill/. r,t Yrrh.. ivt7. 22. t>7A 

‘••L. K. T. B. Rrndrl and F. K. ('.arion. /wd. Fufi, Chrm , 193,L 25. 187; Ckrm. Abs„ 

19,13. 27. 1493; finf Chrm Ahs. B, 1933, 

‘•’The chart pictuinl m Fir. 24*> wa# furnished hv I.. E. Hrhl (private ctimmunication). 
It differ# frtwm the one u#e<l hy HeM. Rcndel and tiarton </<»r. r»/.) in that it i-v based on data 
obtained by the A.S.T..M. mrthiMl l>t.s7-3f»T rather than by the C.F.R. method. 

A. Schulie and A K BueM. Xa/. /V#. .Vrtri. 1935, 27 (41 ). 25; Oii, G'aj 1935, 24 
(it), 22; Chrm. Ahs . 1935, 29, 8306. See also Chapter 19. 
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Investigations by Tongberg*^® and co-workers on the susceptibility of several 
gasolines (or fractions of these) to tetraethyl lead and aniline revealed that octane 
number and lead suspectibility are not dependent alone on the boiling range of the 
fuel. Fractions of the same boiling range (prepared from various gasolines) had 



Courtesy Shell Petroleum Corf> 

Fig. 249.—Kthyl Blending Chart for Several Ciasolmcs. ( 1. I'. Hchl, T. H Kcndcl 

and F. L Carton) 

(Data obtained with C.F.K. engine using A S/I .\! meth^Kl I)357-.V) I ) 

1. Stabilized natural gasoline 

2. Cracked gasr^line 

3. Cracked gasoline (50 per cent) 4- VVest Texa> straiglit rutj gasolinr (50 |K:r cent) 

4. West Texas straight-run gasolitie 

5. Mid-Continent straight-run gasoline 


considerably different octane numbers and lca<! susceplibilitio. ^hi^ was attributed 
to different types of hydrfKarlK)n?» ami sulphur Cf>m|>ounds being present which 
boil in the same ranges. It is the opinion of Tongberg ami eo-workers tltat the 
effect of hydrrKarbon structure in these fractions slumhl not be overbMikcfl. The 
addition of aniline up to 7 (volume) fier cent gave a practically linear increase in 
octane numl)er inr straight-run gasfdines. whereas tetraetitvl lead gave only small 

••r. O. Ttmglirric. *>. K. .M. Foy »n«l M K Km^kr. htJ Inn (hem. WJ#., If. 

792; /. tust. Pet, Tech., 19.16. 22, J55A; Chem. Abs., |0, 6177. Ser W T Ztrtrnhdtn. 

Oii, Gut /.. 1924, 13 (.12). 5! for » of a ciirvr fh«f may l»r n%e^\ to <lrirrmim llir 

Amount of lead that mu^t t>e added to give a deaired fwtanr nitml^rr to a tra^oinir 
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increases in octane numl>cr when over 2 to 3 cc. per gallon were used. In crackefl 
gasoline, aniline gave a greater increase in octane nunil)er for the first 2 per cent 
than it did for the second 2 per cent, but from 2 to 7 per cent the increase in octane 
number was again linear. This property of aniline suggested the possibility that it 
might supplement the action of tetraethyl lead by acting independently. Certain 
cracked gasolines were easily brought up to 80 octane number or higher by the 
use of aniline and tetraethyl lead together, whereas the use of tetraethyl lead alone 
failed to accomplish this result. 

Reports from other investigators'^® revealed that the reason for all the effects 
being smaller for cracked than for straight-run gasoline is inherent in the hydro¬ 
carbon constituents of the gasoline and not due to sulphur compounds or other 
impurities. Brown and Singer'^’ found that cracked gasolines were superior to 
leaded gasolines of the same octane number. 

Kffkct of Type of Gasoline on Knock Rating 

Tongberg and co-workerssuggest that the three possible ways of obtaining 
a motor fuel of higher antiknock value from Pennsylvania gasoline are as follows: 
the fractions of high antiknock value could be segregated, the fractions of high anti¬ 
knock value and high blending value could be blended with fractions of only mod¬ 
erate antiknock value to give greater volume of fuel, and the fractions of best octane 
number could be blended with those most responsive to tetraethyl lead. 

Trimble'^** in comparing the antiknock characteristics of vapor-recovery and 
natural gasoline blends, found that the (Ktane ratings for the former were higher 
than those of e(|uivalent natural gasoline blends regardless of the method of test. 
However, natural gasoline was found to l)e appreciably more lead responsive than 
vapc^r recovery gasoline. It was also observe<l*^^ that the antiknock properties of 
certain gasolines crmld l»e increased by cracking the latter at a temperature of 
450‘’('. and at a pressure from 40 to 110 atmospheres. 

The separation of knock inducing constituents from motor fuels has been carried 
out by Voorhees.***^ This method involves distilling the motor fuel into narrow 
lH)iling fractions which are refrigerated to give lujuid and solid constituents, the 
latter being rejected. 

Detonation in thf Diesel Ty!*e Eni.inf 

Investigations on the ignition quality of Diesel fuels showed that it was ad¬ 
vantageous to base all ignition data on reference fuels, for which on theoretical 
considerations, cetene, C'jflH.no, and mesitylene. ''^re suggested, since the 

formet substance will ignite rea<lily in a Diesel engine while the latter does not.'^® 
The routine rating of fuels is made by measuring the difference in delay of ig¬ 
nition at two pressures. 15 and 30 atmospheres, and e.\pressing the result in 

R. Koh«ya«hi. M Ftirituu and S Ka)imo(o. J, Soc. Ckem. !nd. 19,X5. 58. t*54; Pnt. 

Chem. .ihj. B. I9,U>. 179. i'hrm ,1hi . 50. 27.17 

*’•<*. Bmwn and .S. C. .Smgrr. Pet. .\ewf, I9J4. 26 21; Oti i7aj: J . 19.W. 55 

(10). 80. Bnt. Chem Ahs. B. 19.15. 212; Chem. Abs , 19.U. 28. 6990. 

r O TnnittKrg, I>, M. R. Frnakc. Imd. finfl, Chem.. 19.16. 28. 201; Chem. Abt.. 

1956. SO. 27.16; Bnl Chem Abe B. 1956. ,107 

H. N. Trimble. I3th Amm Comv. Xai. Cas<cdtme Ajsoe.. 1955, 32; Oi/ Caj J , 1953. 

II (52). 58, 60; } Imst Pet Tech . 1954. 20, 512 A; Chem Ahx.. 1953. 27. 46o0 

*** A. L. Feigin and V. A Butkov. S'efi. KhoM.. 1933. 25 ( 10). 45; Bnt. Chem Ahs B. 1954. 

867: Chem Ab*., 1954. 28. 3571. See al»o N. Willtams, OU Gas 19.14, 55 (9), 11. J. Inst. Pet 
Tech.. 1954. 20. 6llA; them. Abs, 19.14. 28, 6990. 

»»» V. Vemrhee^, V. S P 1.951.780, March 20, 1954. to Standard Oil Vo. oi Ind ; Chem. Abs.. 
1954. 28, .1579; J Intt Pet. Teeh . 1954. 20, 576A. 

I). Boerlaee a?»d ). J. Broe/e. /. Soe. Amtomotitx Fnff . 1952. 51 (1). 285. See al«o 

T. B. Iletiel and P. H. Schweitier, rNd., 1956. 38, 206; Chem. Ahs.. 1956. 50. 5774. 
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terms of reference fuels so as to give each fuel a '‘cetene number,” this being the 
percentage of cetene in the standard fuel blend which matches the sample tested.^^®* 
Ignition in this type of engine is said to depend principally upon the chemical struc¬ 
ture of the fuel, and the air temperature and pressure, whereas combustion is de¬ 
pendent on correct mixture strength and turbulence. Knock is caused by delay 
during ignition and is the effect of a too rapid change in pressure rise. In a 
weakly constructed engine a too-rapid pressure rise will cause what is known 
as rough running.*’^ 


Bi-KNUfu Motor Fuki.s 


From time to time various blends of gasoline with other materials, e.g., ethanol, 
methanol, benzene, or ketones, as well as the use of other licpiid or even gaseous 
fuels have been proposed to replace gasoline in the spark-ignited internal combustion 
engine. Also a few such blends have been suggested for the Diesel tyjx' of engine. 
Reasons for this development arc various, the princijml ones being of an economic 
nature, as for example, fear of a gasoline shortage, tlie substantially higher cost of 
this fuel in non-petroleum producing countries, and tlie utilization of fuel sources 
within individual nations to make them less dependent on out>ide sources. A more 
important but apparently less contributing factor in developing fuel blends has 
been the desire to improve fuels from various standpoints.'^^ 

Alcohol Blends. Much attention has lx?en devoted to the employment of 
alcohols, particularly ethanol, in gasoline blends. In many of the Kurof>ean coun¬ 
tries laws have been passed requiring the use of alcohol-gasoline blends as motor 
fuels mainly as a proposal to benefit agricultural interests.'^® Mixtures containing 
up to 25 or 30 per cent alcohol have been advocated in order to consume the sur¬ 
plus.'®® Also, in the United States some effort has been made to utilize fuels of 
this type.'®' The assumptions on which this proposal was ntade are summarized 
by Egloff and Morrell'®^ as follows: (a) alcohol-gasoline is a suf)erior motor fuel, 
(b) it is more economical than gasoline, (c) there is an impemling shortage of 
crude oil*®® which wouhl Ik* conserved by use of alcohol, (d) European ex|H*rience 
upholds the practicability of the plan, and (e) use of such blencis will solve the 
economic problems of agriculture to some extent. Many investigators, including 
FCgloff and Morrell, point out that some of these assumptions are erroneous. 

“Cetane number” ha'^ alM> been u»ed to determine the ignition quality of l)ieM»l furU. Thit it 
defined (A. L. Fonter. Afat. Pei. Nev.'s, lV.t6, 2t Mi. ivt the numerical value of ihr r*efcmiage of 
cetane in a blerul with methylnaphth.ilene which %how« the same ignition qiulitv a* that of a given 
fuel tested. See alto P. H, Schweitrer and T. B Hetael, 0»/ O'ox J , 34 (tr>i, 36; /. tnsi. 

Pet. Tech.. 1936. 22. 161A; Chem. Ahs. IV.16. 30. 27.19 F. If. Carnrr. J. Inti Pci Tech, 19Jt6. 
22. 503. 460A; Chem. Abs . 19.16, 30. 7117 

t’T'See also C. f). Boeriage and j. I. Broe/e. Proc H'arlH Petroleum Conor., I omlon. 193.1, 2. 
271; Brit, Chem. Abs. B. 1934, 1046. K. Stansheld. J Jnst Pet. Tech . 19M. 20. 41H, Chem Afts , 
1934, 2t, 4581; Br,t. Chem. Abs. B, 1914. 949 

•t* For an extended divciisxion of v.vnou'i t>pe« of mf»ior fueU »re A. W' S.^•h and f) A Howes, 
**Tbe Principles of Motor Fuel Preparation and Application,” f'hapman and Hall, I.td., I.oindon. 
1914. Also, Carleton Ellis aw! J. V. Meigx. *'<iaM>hne and tMhrr Motor KurU.” I) Van Noatrand 
Co.. New York, 1921. K. If. I^rslie. ’‘Motor Fuel*.” The Chemical ( at.ilog Co., Inc . New York, 
1922. H. Moore, ‘T.iqukI Fuel*,” The Technical Pfe»«. I,!#! . I.ondoti. 1935. 

•’•See E. B. Evana. J Inst. Pet. Tech. 1934. 20, .192; Chem. Ahs. 1914. 28. 4581 I Hoynel. 
Boi. Inform. Petroteras (Buenos Aires). 1935. 12, 129; J. Jnst. Pet. Tech.. 1936. 22, 151 A. A. 
Corbett, Petroleum Ttmes. 1933, 30. 459; Chem Ahs.. 19.14. 28. 283. (’, Y. Hopkin*. («ia, ('hem. 

Met., 1934, 18, 2; Chem. Ahs,. 1934, 28. 2155. See also Chemical Indutlries, 1936. 39. 409; L. A. 
Hclwtch. Ind. Ena. Chem., Sews Ed., 1936. 14 (20). 413; Chem. Ahs., 1936. 30. 616.1. 

••• P. Dinnanoit. Imd. chim. beige.. 1934 (2), 5. 17.1; Chem ,ihs.. 19.14, 28, 4201. N. Parrieano, 
Ciorn. chim. ind. applicata, 1931, 13, 457; Chem, Ahs.. 1932. 26. 1413. K. R. Dietrich. Attaem. 
Oet m. Pett Ztg., 1936, 33, 76; Chem. Abs.. 1936. 30. 3615 

••» 55<e, lor example. F. P. Garvan. ‘'Proceeding* of Second DrarlKirn Omference of Agriculture, 
IndustrT and Science." The Chemical Fmjndation. Inc. 1936, p. 85 W Vf. Btifftim. thid.. 108. 
F. F. fcishlin^ ibid. 121. B. T. Brooks, ibid. 125. F. A. Eldean. ibid. 131. 

“•C. Egloir and J. C. Morrell, Ind. Eng. Chem., 19.16, 28. 1080; Chem. Abs.. 1936, 30. 8572; 
Brit. Chem, Abs. B. 1936. 1076. 

“•See, in this tnsUnce, B. T. Brooks, Ind. Eng. Chem, 1936. 28. 1477. G. Egloff and J. C. 
Morrell, ibid, 1478. 
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One* of the primary objections to blends of ethanol or methanol with gasoline 
is that the alcohol tends to separate in the presence of small percentages of water, 
although, when anhydrous, ethanol is miscible with gasoline over a wide tempera¬ 
ture range.However, the water tolerance of ethanol-gasoline mixtures may be 
increased by the addition of a liquid or solid blending agent. Among these pro¬ 
posed are benzene and toluene,'*'^ hexahydronaphthalene,^*® acetone, ethyl ether, 
fi-butyl alcohol, isoamyl alcohoP^^ and isopropyl alcohol.'®* Blenders suggested 
by Bereslavsky*®'** include menthol, geraniol, citronellol, steam-distilled pine oil, 
terpineol, fenchyl alcohol and borneol, used in the proportions: 5 per cent blender, 
85 per cent gasoline, and 10 per cent anhydrous alcohol. 

In the case of methanol, there is more difficulty in blending with gasoline unless 
aromatic hydrocarbons are present. Howes,"*® and Gordon,'®' report extensive 
studies on the solubility behavior of methanol and the use of blending agents. The 
solubility of this alcohol in paraffins is rather low whereas in aromatics it is quite 
high. Hence one of the blending agents suggested is benzol. However, it is stated 
that the higher aliphatic alcohols are more efficient in this respect. According 
to Shepherd*®-' the addition of 10 to 15 per cent acetone greatly increases the mis¬ 
cibility of nunhanol and gasoline. 

Some of the advantages and disadvaniage*^ of ethanol-gasoline blends motor 
fuels are pointed out by Egloff and Morrell.'®^ Ethanol has a high octane rating 
and increases the antiknock properties of gasoline to which it is added.'®'* Thu.*', 
10 per cent of ethanol raised the octane rating of a 63 octane gasoline to 72 and 
of a 61 octane rating to 70. At the .‘i.ime time there is an over-all increase in fuel 
consumption of 5 per cent for every 10 per cent of alcohol added. Even with im¬ 
provements in engine design to obtain the highest useful compression ratio it was 
pf)inted out that because of the lower calorific value of alcohol'®® there would still 
he an over-all increase in fuel ermsumption of 2 per cent with a 10 per cent blend, 
and of 3.8 f)er cent with 20 jkt cent of alcohol.'®'^ 

Since ethanol has a higher ignition temperature and a higher latent heat of 

*•* () ('. HrntKrm.^n an*! I) /«</ / lii; 25. -‘‘23 Srr alvo J HcrhricH, 

Ann (omhml. htjuidrs. I'-'H. g. HI'. Chem Jhs . 28. 1 Sm \\ R Oini.^Tulv. T. W 

Pood and \V. R. I).iv»rs /njt. Prt Itch. 19.U. 20. JOS. 913; Chem. Ahs , n^34. 2B, 4^62; i?nf 
C^u**** Ahr B, 19Tl»r work aU<» incliulr« data on tilhrr al)|»hatic alcohi*l< 

(*. BridKcm.in. InH hno Chem Vrrrr I\1 . 1933. 11. 139; Chem Ahf . 1933. 27. 30x7 
**** T Afaki and M. NakaU.’^ta«hi, .3 Cor. Chem. Ind Jafun. 19.14, 37. 6S.^B; Br\t Chem. A^s. 
B. 1913. J93. Chem Ahi . 29. *>•);. 

K K(*o. N.i» ('hrn Chtm, S teng Tung ( h»i and Shut ( hctig. Ind Center dhtmvi, 

1934. 3. 112. Chem Ahi . V)\u, 30, 2725. K. (' Kon. InJ Research (China), 1936. 5. Wd . 

( hem Ahs , 1936. 30. 7K1C 

H Baylrjr atnl C V. Hnpkint. Can J Reteareh. 1934, 11, Chem Ahs 29. 

401, f?rif Chem Ahi B. 19;^ sf. .Xccoiding to \he>-t \»orkrr^. li half rthanol *u a 

Mrnd replaced hy >%oj>toj*anol the ciuical ^aict content at - 20*r i-' inCTravr»l 1»\ cc'ot. 

K«r a *ludy ui rnginr |>crl»>rmancr and tncl ct>n*^Mmjitii>n *<i nr ethanol .and iM'ipropanol IdeivK 

M. S Kiihring. ("on f Research. 19*4. II. 4.»i9, (’hem. A*^s . 193', 29. 3'T: Hnt i hem. Ahs 
B, 19.3 >. ftn. f Inst r, t TeJ 19 34. 20, 62 3 A 

3** K, Brrr%U%'k> BnH'h B 444 02<'. I9.3f*; Clem .4Sr , I93i,. 30. 6.^*7, Hr:t. (^hem. Ahs, 
B. I93n. 3S4: ' Ins/ I\t FeC. l'^3o, 22. 2^<«A 

»•»!). A Howr«. J. Inst Pet J a h I93t. 19. t,n 

K (inrdon. Prac World Petr. Conn* . J omlon, 1933. 2. 7.SS; v hem. Ah.< . 1934. 28, 3H66, 
Bril Chem Ahs B. 19 34. THS 

.*Nrr T. Hanimrrjch. Or/ n Kolile, 1936, 12, 641; K, R Dietrich and W . I.ohrrrrgel. thtd. 

455: ./ fnst. Pet Tech , I93n. 22. 4(nA. Chem Ahs. lO.tn 30. 53^72 

»»»F. M. F Shepherd. .1 Inst Pet. Tech., 1934. 20. 294; Chem. Ahs., 1934, 28. 4862; Brit 

(hem Ah* B. 1934. 3 3i. 

»*<(;. KglofT and T (' Monel!. Ind fna. Chem. 193o. 28. 1080; Chem Ahs. 19.36. 30. »^72'. 
./. Inst Pet Tech. \9\u. 22, SOnA. See al*«» 1 C Moirell. Aar lua 19 33. u, 220; C'/ir»n. Ahs, 
19.34. 28. 87S A. I. Kwfer. \at Pet AV«i. 19.36. 28 <173. >0. T i' VlufUer, Chem. WeekNad. 
19.3.3. 30. ‘^7<3; Chem Ahs. 193 3, 27. ^^2' 

*»^See al’MV A. I,. Trotloio. Phthrtine Aar. 19tS, 24. 3^2. 19 3(, 24. 8 39; Chem Ahs. 19.36. 
30. 2«.3. <91.4 t t; Het4n.lr. Snoa, V.n 1934 IS. 2o2; Chem 46c 19 34. 28. 48M t*. M«»hr. 

(hi w Rohle. 1936 12. 713; H,,r (hem Ahs B. 1936 9i.r. them. Ahs. I93r*. 30. 8^71 

.See f (' l.irhis atul K t Ziuiv' Ind / na Chew . 1936. 28. 13394 ; / lust Pet. Teeh., 
19.31,. 22. SOSA; (hem Ahs 1936, 3w. >*72; Brit Chem Ahs. B, l‘* 36. 1073- 

See al%n S. Saon. ./ Rnel \W taf^in, 1933. 14. 133. (hew Ahs. 1933x. 30. 6S31 ; F. fust Pet 

Teeh, 19.36. 22. IS4A. Bnt (hem Ahs B. 19.36. 178. 
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vaporization titan gasoline, Egloff and Morrell state that cold starting will be more 
difficult,^®** Warm starting would also be interfered with because of the greater 
volatility of the blends at higher temperatures.*®® This is indicated in the distil¬ 
lation curves for mixtures of gasoline with various |)erccntages of ethanol. See 
Fig. 250. Another difficulty pointed out for these blends is the effect on vapor 
lock tendencies. Vapor lock occurs in a fuel system when too much vapor fuel is 



Courtesy Industrial and hniftneertng themistry 

Fir#. 250.— Effect of Ethyl .Alcuhol <>n (iasoltue Di^ldlatio^ Curve. (G. and 

J C Mt)rrell) 


present in proportion to li<|uid fuel so that the engine receives an insufficient supply 
of the latter.^ It was found tluit for the tem|)erature range lO.s'^ to 135®F. addi¬ 
tion of 5 per cent ethanol doubled the ratio of vapor volume to liquid volume as 
compared with that for gasoline alone. In Table 201 the relationship of alcohol 


Table 201.— Effect of Alcohol on Vapor Lock Tendency in Gasoltne-Ethanol Blends. 


Composition of Fuel 

Temp, of 
Vapor Lock 

Com})<>sitiun of Fuel 

Temp, of 
VarKir L<xk 

^ c Alcohol 

% Gasoline 

‘*F. 

* 1 Alcohol 

* t (iasoline 


0 

100 

118 

.S 

9S 

Ill 

1 

99 

113 

10 

W 

112 

2 

98 

no 

20 

80 

114 

3 

97 

110 

30 

70 

116 

4 

96 

111 

40 

00 

118 


l)ercentage to the temperature at which vapor hxk occurs is presented. From this 
it is seen that I-IO per cent blends of alcohol result in appreciable lowering of 
vapor-lock temperature. However, Bridgeman*"®* states that this tendency can be 
overcome if the gasoline used for blending has a lower va{>or pressure than that 
of the gasoline with which the blend is to lx comparefl. Also, it is asserted tliat 


^ th« othrr hand it ha« been mated that the Ha^^h of a ita«#»line raiwi from 

— to —30*C. on addition of 20 |»er cent elhan«d ami that ^tartina m cold %%eather can Itr 

aided hjr preheating the air aupplied to the engine. .See c; Rcdierti. hneraica termiea 1934 J. 
211; ChimU el industne, 1934. J3, 352; Chem. Ahs . IV35. 29. ll.l.l 

‘•See, however. O. Wawrxinoik, Automohiheeh. /. 1933. 39, 4f»4. 49(i. Ckem Ahs. 1934. 
2tL 1501, who statea that the tyi»e of fuel ha^ but little iiiHuence on the •tarting charHcterimtca 
of an engine. 

••For data on the total and partial vai»*>r pre%«urr« m niixturr« fd rthamd with \.«rtouii ea^M# 
line hvdrocarbont ace. Y. Nagai and N. Nhii. Proc Imp Aiad iTakyo). 193$, II, 23, J Soe Ckem 
tnd. Jap4sn, 1935, It. Suppl. binding. Kb; Chrm. Ahs.. 1935. 29. 3491, 3H05 Alto K Uhii J No, 
(Arm. fnd. Jopan, 193S. 39. Suppf bimling. 659, 705, Chem Ahs, 1936, 30, 2725. 3199; am! 
Ckem. Abe. B, 1936, 356. 

•*0. C. Brtdgeman. Ind. lino. Chem.. 1936, 2t. 1102; Chrm. .ihs. I93ii 30. H57’ J Imti 
Teth.. 1936. 22, 507A; Brit. Chem Abs. B. 1936. 1076 . ew. . .. larr r«i. 
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freedom from vapor lock can be obtained by proper design of fuel lines to handle 
alcoliol blends. 

Other disadvantages reported are that there is likely to be corrosion of con¬ 
tainers and fuel systems unless the blends are kept absolutely water-free,and 
that under conditions where the alcohol undergoes only partial combustion, organic 
acids arc formed which will cause corrosion of cylinders and exhaust manifolds, 
especially if condensation of moisture occurs in the presence of combustion prod¬ 
ucts. Such conditions would \)C promoted by low temperatures and intermittent 
operation of the engine.^’®^ Also it was pointed out that ethanol-gasoline blends 
cause overheating (of motors) which, however, has one advantage in that carbon 
formation decreases. On the other hand, lubrication is likely to be impaired be¬ 
cause of an increased tendency to burn the lubricating oil him from the cylinder 
walls. One suggested method for overcoming this is to add lubricating oil to the 
fuel. Another is to incorporate 0.5 per cent of oleic acid in the lubricating oil.^®^ 

In summarizing the reports of various investigations of alcohol-gasoline blends, 
Christensen^®^ concludes that properly prepared fuels of this type containing up to 
25 per cent alcohol may be used interchangeably wdth gasoline of equal antiknock 
rating. .Mso he considered that the slight difference in fuel consumption was not 
of great importance and stated that the various reports of abnormal corrosion by 
alcohol fuels have l>ecn traced to use of corrosive denaturants. Winter operation 
was said to l>e particularly pleasing because of the elimination <by alcohol) of ice- 
formation in the fuel system. 

Bridgeman,^^’ in analyzing the differences between alcohol blends and gaso- 
lif/t itself, stated that for a fair comparison of performance a common basis must 
be established since the pro^)crties of fuels vary with the conditions of testing. If 
no adjustment is made in carburetor or spark settings when comparing the two 
ty[)es of fuel some cars will show more fuel consumption and some less with a 10 
per cent alcohol blend than with gasoline alone for the same power output. This 
IS attributed to the fact that the blends require a smaller air-to-fuel ratio than 
gasoline for maximum power'**®^ and that on the average, carburetor settings are 
distributed c(tually on each side of the 12:1 ratio for gasoline. With 20 and 40 
t)er cent blends, however, the tendency would be for higher fuel consumption. On 
the other hand, if the spark and carburetor settings are varied to suit the individual 
fuel, there w ill l>c an increase of 3 to 4 per cent in fuel consumption with a 10 per 
cent bletid and alwjut double this amount with a 20 per cent blend. .Also, if advan¬ 
tage is taken of the higher compression ratio, a properly designed engine will give 
iKTtter power and acceleration with an alcohol blend than with gasoline alone. 
However, it was also stated that no matter what gain in performance can be ob- 


••Sw K. R. Dietrich. Chrm. Zip. 1934, 5«. 519; /iMf. Pet. Tech., 1934. 20, 468A K. R 

Dietrich ind W. l»hrengel. Oct «. Koh^, i936. 12, 91; /. /erf. Pet. Tech., 1936. 22, 1S4A M 
LooU, Chirwie ei im^twilne, 1929, Peb Special So., 312; Chem. Abs. 1929 , 2S, 3/89. 

*»The compoeitioci ol exhautt g«*ex from ganolme alcohol mixture* dincusxed by J Formaiiek. 
Amtomobiitech Z., 1934. 17, 234; Chem. Abs . 193S. 29. 909. See »l*o J. Formenek and J. Dvorak. 
Chtm. Obtor, 1933, t, 107. 129; Chem. Abs.. 1933. 27, 5170 

H Miller. Affr. Eng.. 1933. 14. 274; Chem. .4hi.. 1934. 2t. 3555. 

•« 1 M t>fi»ten*m, Imd. Emg. Chem., 1936, 8t. 1089; Chem. Abs., 1936, 10. 8572; Brit. Chem. 

Abi B 1936 1076; /. tnjf. Pel Tech , 19.16. 22. 506A. See elto T. Suiv*. J. Fmet Soc. Japan. 

1935 14. 129 ). Inst. Pet. Tech., 19.16, 22. 154A; Pnt. Chem. Abs B. 1936, 178. R. B. Gray; 

Aat* Ena., 1933, 14. 185; 1934, 15, 106; Chem. Abs . 1934. It, 2495, 5956. WV Gay. M irctfiixm 
£i*ar.. 1935, 40, 3, 18; Chem. Abs., 1936, 10, 4297. 

See *1*0 A. Swan, Aircraft Enffineerimff. 1936. 8 (831. 3; /. Inst. Pet. Tech., 1936. 22, 

llOA. A. A. Griffith »nd W. Helmore. Britiah P 414.410, 1934; Chem. Abs.. 1935. 29. 595. 

•"O, C Bridgeman, /nW. Enp. Chem., 1936. 2t. 1102; Chem. Abs , 1936, 10. 8572; Brit. Chem. 

Abs. B, 1936. 1076; J. Inst. Pet. Tech , 1936, 12. 507A. 

I. T. Brown and L. M. GhrUtennen. Inst E.ng. Chem.. 19.16. 2t, 650; Chem Abs.. 1936. 
10 5401‘ J Inst. Pet. Tech., 1936, 2t, 354A; Brit. Chem. Abs. B. 1936, 775. 
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lained by better eng:ine design with alcohol blends, still better performance per 
gallon will Ik' secnre<l with gasoline of higher octane nuinlKT in the same cngine.-^'^ 
Benzene Blends. In some instances alcohol blends contain ctmsiderablc |K'r- 
centages of benzene or commercial benzol. Proponents of this type of fuel state 
that it is superior in many respects to a simple alcohol-gasoline blend or to a 
benzol-gasoline blend.^'^ Representative proportions are gasoline 50-65 per cent, 
benzene 20-40 per cent and alcohol 10-20 per cent.^'^ It has been pointed out that 
l)ecause of the high melting point of benzene (5.5°C.) the proportions of com¬ 
ponents in this type of blend are limited somewhat by the temperatures at which 
the fuel is to be used.-*^ The water tolerance of such fuels is said to increase with 
the percentage of alcohol*-^'^^ but as in the case of the alcohcd-gasoline mixtures 
blending agents are found to be helpful. For example, the presence of 0.9 per cent 
of pyridine oleate is said to permit the tolerance of 0.5 part of water in a mixture 
of 18 parts methanol, 18 parts benzene and 54 parts of gasoline.An investiga¬ 
tion of various homogenizers for a blend of 40 per cent alcohol, 40 per cent gasoline 
and 20 per cent benzene has been made by (irossman.-'-’* «-Naphthol was fouml 
to be most effective with j8-naphthol and ethyl ether somewhat less so. Other 
substances tried were benzene, naphthalene and a middle oil from gas coal tar. The 
effect of the agents is shown in Table 202. 


T\blf 202 — Homogenizing a f^ents for Mixed Fuels. 
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Other Blends. Mixtures of benzene, or more usually of crude benzol, con¬ 
taining benzene and some of its homologues, with gasoline arc employed to some 
extent as motor fuels.^*® Other organic li<juid.s suggestefi for admixture with 
gasoline to improve its characteristics from various standpoints include ethyl ether. 


*• Polymer Kaaottne i% one source of such fuel. .See KiclofT. hid. fiiio. ihrm. 2§. 

1461; Ckrm. Abs., 19J7. Jl. IlHV. See atiio ( haptrr It 

**^See, e.g., J. Formanek, them. Oinor, 1914. 9. 1. i7; Amtomahiittch 7, |9JS. 19. 40V; 
Cktm. Abs., IVJ4, 2t, 4861; 1936, 10. 3201. (’. Conrad, Brenmioff Ckrm., 1934. IS, IHI; Brtt. 
Cktm, Abi. B, 1934, 662. K. R, Dietrich. Aulomobilttek. 7, I9.M. J6, 5|9; Chem. Abt., 1934, 
28, 1165. 

*** R. FriUweiler and K. R. Dietrich, Proc. H’t^rid Petrolmm Congr , /.oiu/un. 1933. 2, 7M; 
Chem. Abi., 1934, 28, 3866. J. Verdier, Chimie ft IV.U, |l, (April Speei^l Sa >, 3*4; 

Ckfm, Abi., 1934, 28, 5625; Brit. Chem. Abi. B, 1914, 662. P. Dtimanoiii. finl/ ggsoc. Muirr. dut., 
1932, Sf, 329; Cbem. Abi., 1933, 27, 5170. 

*** For freezing point deteriiiination« of varimi*! gasoline. Itenrene and «lrr»hol wivture^ »ee I.. f*. 
.Sahrott and M. Renaudie, Chimir ft mduttrir, 1934, 32, 21; J. ua:.. 19.14, 58. 122. 148, 

208; Ckem. Abi., 1914, 28. 5956, 6549. 

H. A. Jf. Pielerf and H. Knoiiman*. Chtm. Weekhtad, 19.13, 30. 328; ( hem Abi, |9,M, 
27. 3380. 

ClHifrette, French P. 755,445. 1933; Cbfm. Abs.. 1934. 28, 1509. 

F. Croasman, Prsemyil Cbfm. 1935, 19, 245; Cbfm. Abt.. 1936, 10. 5389 
«*Sce W. H. Coleman, Proc. World Pftroleum Congr., London. 19.13. 2, 751; Ptitolenm World 
(Ltndon). UJJ. JO. 270; C*m. /Ifc,.. J9J4. 20, J«A5. I.. T. .M.iiwm. r S. i‘. A|>nl 

17. IW4; Ckrm. Ahs . I9.U, 2S. M74; Bril Ckrm. Abt. t. I9U. 216 
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acctone*^^ and ethyl peroxide.^^® It is reported that isopropyl ether is as good as 
isooctane for blending with gasoline to improve octane rating A 74-octane 
gasoline was raised to 100 octane value by blending with 40 per cent isopropyl 
ether and 3 cc. of lead tetraethyl per gallon. 

Livraghi*®® produced a fuel, said to have high antiknock value, by mixing 40 to 
60 per cent by weight of methanol or ethanol with 60 to 40 per cent of light oils 
or crude benzol from coal or oil shale, adding 2 per cent of naphthalene and sub¬ 
jecting the mixture to thermal cracking at 350-500®C. Other fuels containing al¬ 
cohol include alcohol, ether and kerosene,^' alcohol, benzene and 10 per cent 
wateralcohol (94 per cent), water (5 per cent), gasoline (0.5 per cent) and 
aniline (0.5 per cent),^^*^ and alcohol (6) nitrobenzene (3) amyl acetate (1) and 
a petroleum fraction (10 parts).*^^ A mixture of 90 per cent alcohol and 10 per 
cent acetone saturated with acetylene has also been recommended.A fuel said 
to contain triethylmethane and trimethylmethane may be made by passing a mix¬ 
ture of vapors of acetyl chloride and ethanol at 2(X)-250®C. over an iron-nickel 
cataly^it.^'*® 

Annaratone--^ proposed as a motor fuel 59 per cent of ethanol and heptane, 15 
per cent of toluene, amyl alcohol and />-xylene and 25 per cent of niethylcyclo- 
hexanol. decahydronaphthalene and tetrahydronaphthalene. 

.\mong various solid materials which have been suggested for improving motor 
fuels (by incorporation of small percentages in the fuel) are included biphenyl, 
naphthalene^**^ camphor^^ft nienthol. />-dichlorol>enzene*^ alkylarylketones and poly- 
nitro compounds, e.g.. 2,4.6,trinitro-l-methyl-3-frr-butylbenzene.*®^ Also, it ha^i 
been propo<ied to add to motor fuel refined liquid decomposition products obtained 
from tin* <li>tillati()n of rubber.^^* .According to Greenstreet,^^^ kerosene and Diesel 
fuels are made more coinpietely combustible by incorporating an oxidizing agent, 
e.g., a nitrate or peroxide, together with a stabilizing agent such as an amido 
compound. 

Of interest in the consideration of motor fuels are the various proposals to 
utilize gaseous materials either carried as such in compressed or dissolved forrn^'*^ 

F,. fi K Mfvrr, Bnlish P. .169.711, lO.H and 411.904. 19.M. to Britiol Svtuiicatc, l-td.; 
Chfm Abs.. I9J.1. 27. 19.1 .v 29, S79; Bnt. Cbrm Abs. B. 19.t4. 749; J. Insl. Pet Terr., 

19.14. 20. 459A. Srr al»o Chem. Ape (London). 1924. 10. 156. 

*’• R. A. C'oustal and H, Sjnndlrr. Frrnch P 775.851. Chrm. Abs.. 19'5. 29. 3141 

H. F Biic and K. K Aldnn. S..4 I: Jonmal, 39, .3.1.1. .157T; Chem Abs.. 19i^. 30. 

7R2«; .Vdf Pet Sens. 19.16. 28 (25). 25; Chem. Abs. 19.16. 30. 6177. H. E. Buc. U. S. P 

2.046.24,1. June JO, 1936, to .'st.indar<l (lil Ilevelopmrni C\>.. Chem. Abs, 19.1o, 30, 5/68. See also 
('haptrr 1 ^ 

E l.ivraRhi. V S P. 2.0.17.47,8. April 14. 19.16; i hem Abs. 1936. 30. 4001; J Inst. Pet. 
Teeh . 19.16. 22. 266A British P 41.1.410. 19.14 to .s-oc. anun carhur.inti Italia: Bnt. Chrm Ab^ 
B. 19.15. 9 17. French P 7.55.767. 191.1 ami 781.936. 19,15. Chrm. Abs.. 19.14. 28. 2177; 1935. 29. 

705J Italian P. 307..168 and 309.24.1; Mre S. Doldi. Ctofm. ehfm. ind af^L^uytta. 19.1J, 15, 593; 

Chrm Ab.f , 19.14. 28. 2871; Bnt Chem Abs B. 19.14. J08; J. Inst. Pet. Tech.. 1934. 20. 340A. 

R. Avice. .t . 1914, 36, .147; Chem .4hjr . 1914, 28. 697.1 See also F. Sj'austa, 

Petralrum /. 19,14, 30 (50). J; Brtt (hem Abs B. 19.15. i.i.l; Chem Abs. 1935. 29. 4229. 

Fnr a cotnpariiMnn of kerosene and alcohol as frieU see A. B. Calamlwy and N. L, Cuevas. 

PkiUf^fyne .igrieulturisi . 19.15, 24. 549; H'orld Prtrolenm. IVJ6. 7. 210. 

A. P. A. (‘oreth rn (“oredn. French P. 760.32.1. 19.14; (hem. Abs. 19.14. 28. 3562 


*• A. I. Teodoro and I P. Maniis.ao. Phiiif>f>ine Ant.. 1934. 22. 720; Chrm Abs., 19.14, 28. 4201 
Y. Shimomurt, Z. Takajii and F. Tawara. Ja;vanrse P 101.954. 19.1.1; (Aeiw. Abs.. I9.U. 
28. 5968. 

"•J. Araur, At^a^n nnn- centra/ Lenador, 1933. 50, 179; Chrm /r«fr . 191.1. 2, 642; Chem. Abs , 
1934, 28. 5955, 

••French P. 753.890. 191,1 to Fabrication frtncaise de prod, de lait; (hem. .4bi.. 1934, 28. 1168. 

•»D. Aniuralone. Orman P 587.775. 19.11; ( linn. Abs.. 19.14. 28. 1842. 

•■A. Kortlng, Auatrian P. 1.18.202, 1934; Chem. Abs. 1934, 28, 6553 

••S. Bettini. French P. 764.157. 1934; Chrm. Abs 19,14. 28. 5639 M. B. Mitchell and 

L. Bentley. BritUh P. 417.946. 1933; Bnt Chem. Abs B. 19 15. 11 
■*M. Grmn. AutirUn P 143.882. 1935; Chrm Abs . 1936. SO. 2747. 

•»M. Boltmenn, (ierman P. 596.535 and 596.5.16. 19.14 to I. G. Farbenind. A O: Chem. Abs, 
1934. 18. 5215. 


••A. P. Sirejola. French P 750.375. 1933; Chem Abs.. 1914. 
■»C. J. Greenatreei. V. S. P. 1,800.997. April 14, 1931; 
Chdm. Abt. B. 1932. 11. 

■•C. 11. Waher. Pw. WVWd Petrtdenm Congr,, Lemdon. 


28. 882 
Chem. Abs.. 

1933. 2, 764. 


1931, 25. 


3466 ; 


Bnt. 
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or generated in an apparatus attached to the vehicle.^^® Thus, a mixture 20 to 30 
per cent ethane and ethylene, 30 to 40 per cent propene and butene and 30 per cent 
propane, butane and pentane separated from coke-oven or cracking gases is sug- 
gested.^''*® Hydrogen, used either alone-^^ or in conjunction with liquid hydro¬ 
carbon fuels, has also been proposed.-^® Acetylene dissolved in furfural and acetone 
is advocated by Classen.-^® 

A proposal has been made to utilize such materials as hydrorubl)er, isobutene 
polymers, polystyrene and aldol polymers of isobutyraldehyde and diacetone alcohol 
as sources of motor fuel.-^*^ The niaterials are depolymerized with the aid of phos¬ 
phoric acid or soda lime (as needed) and the products fed to the engine. 

*** r Ru»sel. Proc. H'orlJ Prtroieum Contfr., Louiton. 2, 7tt9. 

••French P. 775.799. 1935, to Ruhrchemie. A.-(i ; C'hcm. . 1935. 29, 3141. 

•^ R. A. Evans and VV. H. Camjibell, J. imst. Fncl. 1934, 6, 277; Chcm. Abs., 1934. 28, 740.5, 
H. C. Gerri.Nh and H. H. Foster. \at. Advisory Comm, for Ai'ronauttis Report, 535, 1935; 
Meek, Enifinrerinij. 1935, 57. 794; Automotive /udustnes, l93b. 74. 1S4. 

*•;. M. H. K. Classen. German P. 616.oSl. 1935; Chem Abs. 1935. 29. H294. 

••British P. 408.124. 1934 to I (i. Farl»enind A.C . them Abs., 1934. 28. 59o8. 



Chapter 45 

Miscellaneous Oxidation Reactions. Alcohols, 
Denatu rants and Other Products 

In a number of the preceding chapter.s the oxidation of individual hydrocarbons 
or of certain petroleum fractions has been considered. The products of such reac¬ 
tions are principally ketones, alcohols, esters, aldehydes and various types of ali¬ 
phatic and aromatic acids and anhydrides. The effect of autoxidation on certain 
distillates, particularly gasoline and transformer or lubricating oils, has been 
pointed out. In this chapter are included the production of other compounds, such 
as alcohols, by oxidation, and the utilization of these petroleum fractions in the 
preparation of many differing kinds of materials, e.g., denaturants, insecticides, 
solvents, synthetic resins and waxes, and emulsifying agents. The aliphatic car¬ 
boxylic acids such as formic acid have been suggested for use in preparation of 
pickling inhibitors. The organic acid is reacted with sulphurized cinchona bark 
alkaloid, such as sulphurized quinoidine, and used with dilute sulphuric acid in 
cleaning metals.* Oxidation processes such as that of dehydrogenation are con¬ 
sidered. It has l>een proposed, for instance, that a catalyst capable of dehyrlrogen- 
ating cyclohexane to benzene- be made by soaking active carlx)n in ammonium 
molylKlate, lead nitrate and phosphoric acid and heating (at 3(K)®C.) in a 
current of sulphur or selenium hydride. The addition reactions involving carbon 
monoxide constitute another type of oxidation. One instance of this type is the 
reaction for preparing aliphatic acids by reacting vaporized alcohols and carbon 
monoxide over a catalyst such as chromic acid on silica gel.* 

Mild or limitc<l oxidation is sometimes employed in rehning prtKesses, jiar- 
ticularly when readily jx)lymcrized or resinified constituents are to he removed. 
In some instances sulphur compounds present as impurities may he preferentially 
oxidized to sulphur dioxide, sulphur and oxides of carbon and thus \ye removeil. 
A brief review of such methotls is includeii. 

Oxygen as a Polymerization Catalyst 

The conditions for polymerizing olefins in the absence of a catalyst indicate 
that a definite pressure-temperature relationship exists, according to Wiezevich 
and Whitelcy.^ Thus, a pressure of about 2050 pounds per square inch is needled 
to initiate the pedymerization of ethylene in a steel bomb at 345''C. If the tem¬ 
perature is lowered to 335®C., a pressure of 2760 pounds per s<]uare inch is re- 
quireti. These conditions they report, are about the minimum for polymerization 
in the absence of a catalyst, whereas, in order to obtain better rates of reaction, 
higher pressures or temperatures are .needed. The investigators state that for 

»R. K. L*wrrnc^, V S. P. 2.0.n.S9S. Frh. 25. 1936. to GramUi Chfmical Co ■ (hem \9.\h. 

10, 21611. 

* Cterman P. 578,567. 193.1. to 1. G. Farlarnind. A. ti.; Chem .ibs , 19.14. 28. 77o 

• G. B. Cari>cnter, raiuwliao P. 349.270, to Canadian Induflrie^ Ltd.; Chem. Jhs . 29. 4027. 

*P. I Wietevieh and J. M. Whitrley. C. S. P. 1.981,819, Nov. 20. 1934. to Standard Oil IV^ 

wlofMwent (V; Chem. Abs . 19,15. 29, 474; Bnl. Chem. Abs. B. 1935. 881, 
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optimum conditions, the polymerization of ethylene without a catalyst should be 
conducted at 430®C. under 2760 pounds per square inch pressure. Higher pressures 
or temperatures are required in the polymerization of heavier olehns under like 
conditions. 

However, the polymerization of such olefins proceeds at much lower tempera¬ 
tures and pressures if a small amount of oxygen is added. The amount of oxygen 
used may vary wdthin quite wide limits, but the amount employed is generally less 
than that required to react with the olefins, or to dehydrogenate the unsaturates. 
The addition of oxygen, they find, is needed only to start the polymerization 
reaction, which, once started, prcxreeds rapidly and smoothly at the same relatively 
mild conditions of temperature and pressure without addition of further oxygen. 
The optimum conditions of temperature and pressure at which the oxygen should 
be added depend to some extent on the type of apparatus, the method of treatment, 
and the olefins used. The exact conditions are best determined by experiment. 
However, they find that it is generally most satisfactory to add the oxygen to the 
olefins preheated to a temperature of 200® to 40()®C., though other temperatures 
may be used. The initial pressure to be used (between 10 and 200 atmospheres) 
depends on the temperature employed. During the reaction, due to polymerization, 
the pressure may decrease even to atmospheric. According to Wiczcvich and 
Whiteley, with higher molecular weight olefins pressures higher than those needed 
in the polymerization of ethylene are needed to obtain equivalent yields of liquid 
products. For example, under the conditions of temperature suitable for polymeriz¬ 
ation of ethylene at 60 atmospheres pressure, 80 atmospheres are needed for pro- 
pene and 95 atmospheres for butene. The amount of oxygen added also de¬ 
pends on the operating conditions, large additions tending toward the prorluction 
of carbon, although the effect of the oxygen disappears entirely at very low con¬ 
centrations. Ratios of 0.01 to 0.4 mole of oxygen per mole of olefin are the outside 
limits, beyond which the operation is unsatisfactory. Ratios l^etween 0.03 and 0.2 
are most satisfactory. The mole ratio of oxygen rcc|uired goes in inverse ratio to 
the molecular weight of the olefin treated. Thus, for ethylene greater mole ratios of 
oxygen are required than are needed for propene, butene and heavier un.saturatcs. 

The reaction may be conducted in the presence of contact n)aterials such as 
broken fire brick, silica, alumina or metal wool, which may or may not possess 
catalytic power per sc in this type of reaction. The degree of polymerization may 
be controlled (at given operating conditions) by increase or decrease in contact 
time. The decrease of pressure observed during the pf>lymcrization in l)atch 
operation may be used as a rough index of the extent to which the process lias 
prfxeeded. Long contact (H to 10 hours) is desirable for more complete reaction, 
yields of 95 per cent (based on the reacting olefins) being obtained in this way. 
.Shorter contact tends toward the prtxiuction of lighter liquiil prtxlucls in smaller 
yields/* 

Fafxjr^ has reported tliat natural gas can l)e treated with air sufficient fmly for 
liartial combustion to produce gasoline and fuel gas. The mixture is maintained 
at a temperature of 500® to 980®C. in a reaction zone by the heat of combustion 
of the small part oxidized. It is said that no carlxm black is formcil, but that 
heavier gasoline hydrocarbons can then l>c extracted from the residual gas. Oxida¬ 
tion polymerization has been proposed as a methml of removing polymerizable 
i/*atcrial from fuel oils. It has been suggested that tins may accomplished by 
subjecting the oil vapors to a refluxing action in a dephlegmator tower, while an 

* For a more complete dtACottion of polymeruatton proce«»eii. ter Oianier 26. 

MV. F. Falser. U. S. P. 1,961.28S. tune 5, I9J4. to V. N. Roadatrum; Brit. Ckrm Aht. B. 
19J5, 295; /. Inst. Pet. Tech., 1934. 20. 500A; them. Abs., 1934. 21. 489S. 
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oxidizinjc fjas such as air is directly added to the tower to accelerate the separation 
of the polymerized materials^ 

Oxulation |>olymeri/ation ot asphaltic base t»il residues, either those resulting; 
from crackinjc or non-cracking; processes, may he made to yield commercial asphalts. 
Rose*^ proposes a blend of oily distillate cylinder oil stock, a non-cracking distilla¬ 
tion residue free of lubricating oil, and a residue from cracking operations as raw 
material in this type of oxidation. The blended material is subjected to a mild 
oxidation, and the asphalt separaterl from the resulting material- Hray and 
Reckwith^* have prcxluced an asphalt by an oxidation of similar asphaltic residue 
oils, and report that the separation into oil and bitumen constituents may l>e made 
satisfactorily by the use of selective solvents, such as li(|uid propane. The oil con¬ 
stituent so extracted may l>e treated with licjuifl sulphur dioxide to bring alx^ut 
separation into a raffinate and an extract. This second extract is mixed with the 
bitumen produced in the first step, and further oxidized with air. .\n asphalt is 
pr<Kluced which is characterized by a relatively lower ixmetration jx)wer for the 
same melting point, and a relatively higher susceptibility to temperature change than 
the asphalt prcxluced by the primary oxidation. Kagatz'^ rejxjrts that the most 
satisfactory temiH*rature for air oxidation of asphaltic residuum oils to asphalt 
aptH-ars to 1 h" al)out 175°C\ The oxidized material is heated to a temf>erature of 
alxHjt 350°C'. to bring alxmt pcdymerization c>f the oil fractions present in the 
asphalt, while sutVicient pressure (alxmt 25 txnmds per square inch) is maintained 
to pre\ent major volatilization of the vaporizable oil fractions. 

Lege**^ reports a metluxl of proclucing either naphthenes, or, carrying the 
process of dehydrogenation to its limit, coke, by reacting solid, liquid or gaseous 
hydrocarbons with oxygen in the presence of strong sulphuric acid. Ferric, 
nickelic or cupric comjxnmds soluble in the sulphuric acid present are added as 
catalysts, 'fhe oils are then blown with steam, or steam and air. under atmospheric 
pressure. If a temjx*rature of 200° to 250°C'. is employed, naphthenes result; if 
the temix'rature is raised to 250'300'C\. coke is prcxluced. 


Hkfining hv O.Mn.MioN Procfssfs 


.According to HerzenlK‘rg.**‘* active cixygen attacks sulphur compouncls present 
in |H‘troleum more readily than it does olefinic and unsaturated materials. By this 
means, he finds, sulphur comixmnds may lx* almost entirely eliminated from the 
petroleum treated. His research was conducted with Mexican Panuco oil con¬ 
taining a total of 5 (H*r cent sulphur as thiophenes, mercapians. hydrothiophenes 
and six-memlx?recl ring comixninds, such as pentamcthylene sulphide. The thio- 
phene.s were most resistant to oxidation, ring scission in this case requiring a 
large excess of acti\e oxygen. Benedict’* rejmrts desulphurizing hydrocarbons in 
the vapor phase by the use of oxygen (air ) and ammonia over a catalyst of acti¬ 
vated carbon. Tem|xratures higher than 120°C. are necessary. .An oxidation 

^ W. M. Crot*. U. S. P. 1,969,502. Aug. *. 19,t4, to Ciasotine Pnxiuct^ Cd ; Chem. Ahx . 28. 

6294; imst Pet Tech, I9.t4. 20. 577A 

* B. L. Ro*«. U. S. P. 2.028,922, Jan. 2H. 19.1o, to Slamtanl Oil Co. of Ohio; J lust /Vf 7>i . 

1916. 22. I6$A; Ckem Ahs , 19.16. JO. 1994 

tv B Bray and I. B. Beckwith, IV S. P. 2.029.290. Fth 4, iv.l6. i«» Vtwm Oil Co of t alif ; 
J Inti, Pet Tech., 1926. 22. 16SA; Ckcm. Abs . 19.16, JO. 19'J4 

•E. G. Ragatf. IV S P. 2.029.504. Frh. 4. 19.16, to I’n.on Oil Co uf Calif ; r Jnst fVt Tr.h 
19,16. 22. 165A; Ckem Abs^. 19.1<i, JO, 1994. For a «liM:u!i>»on ot the i>ti*|»rrt»c> of a^phalu, 
Chapter 51. 

••E. (;. M R. r S P 2.0.18,169. April 21, 1916; J Inst Pet Trek. I9tn. 22. 26rA. 

CVm. Abs . 1936. JO, 4000; BrilUh P. 432..168. 19.15; Ckem Abs.. 19.16. JO. 279; Pnt Chem. Abs 
B. 1V35. 892. 

J Herrenberg. /Voc. WWW Pet Cenar , 19.13. 2. .10; J lust Pet. Ttik. 19.14. 20. 9KA; Cbem. 
Ahi., 19.14. 28, 3566; Brtl. Ckem. Abs. B. 1934. 1044. 

»» W. I.. Beneilict. IV S. P. 1.971.172. Aitf. 21, 1934. to rnix^ersal Oil Product^ Co . 2 /nst Pet 
rer*., 1934. 20, 53«A; Ckem. Abi., 1934. H, 6295. 
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promoter such as pyridine or liydrotpiinone may be added to the hydrocarbon oil 
treated, according to Chebotar.^- As little as 0.05 to 0.3 per cent is sufiicient. and 
the distillate is then treated with air in the pre.sence of an oil-soluble man^nese, 
copper, cobalt or nickel soap.'** 

Morrell and Egloff*^ sugg^est that sulphur dioxide and oxygen be mixed and 
used in the treatment of cracked distillates. These investigators treated a cracked 
California distillate with 4 pounds of sulphur dioxide per barrel, a slight excess of 
oxygen over that re<juired to oxidize the sulphur dioxide, and alx)ut 2 pounds of 
steam per l)arrel. Temperatures of 120 to 315®C. are recommended in this treat¬ 
ment, and the vapors are contacted with solid catalysts such as clay, or with a 
finely dividetl metallic salt (e.g., zinc sulphate) on a support of fuller’s earth. 
Under such conditions, the distillate showed a reduction in sulphur content of 
from 0.25 per cent to 0,1 per cent. These investigators have also suggested using 
oxygen and phosphoric acid in the presence of a non-metallic contact agent such 
as fuller’s earth for removing sulphur.^^ 

Harris^* reports removing the haze-forming constituents of lubricating oils by 
an oxidation process. The oils are treated with air at 150 to 260®C. for a time 
sufficient to oxidize about 5 per cent of the oil. The prmluct of this treatment is 
then dewaxed in the usual manner.'^ 

Oxygen is used in some refining processes to revivify the refining agent. 
Peterkin^* suggests, for instance, that if cupric chloride, lead sulphide (»r mercuric 
chloride is used as the refining agent, the catalyst can be revivified by treatment 
with air. Peck and Kleil)er*® have proposed a refining method involving two 
cracking zones. In the first of these, an oil stream is conducted through a pipe 
which is externally heated to a temperature of approximately 455®C. At this tem¬ 
perature, the oil is maintained under superatmospheric pressure, and no substantial 
decomposition of the hydrcKarlxjns cKcurs, In the second zone, preheate<l oxygen 
or air is intro<luced into the heated oil. Partial combustion ensues, which rapidly 
raises the temperature of the material to 500-600°C. Thus, a Mid-Continent gas oil 
was heated to approximately 455°C., when al>out 3 per cent cracking to gasoline took 
place. At this point, air preheated to 455°C. was intrcxluced into the oil in the 
ratio of approximately 15 cubic feet of air per gallon of oil. The partial combus¬ 
tion of the oil raised the temperature to about 540°C. A 30 per cent conversion to 
gasoline of good antiknock rating was reported. It is said that this methixl of 
cracking reduced the loss to gases and tar by alK:)Ut 50 per cent. 

Kirsanov and Suslina^^ have studied the effect of ozone on gasolines from 
Chusov crudes. They report that by ozonization a practically sulphur-free gasoline 
can be obtained. The best results were procured when the ozonized product was 


L. P. Chebotar. U. S, P. 2,036,396, April 7, 1936, to Texas Co.; them, .ihj., 193fj, 30. 3616; 
/. /Hst. Pet. Tech., I9J6, 22. 266A. 

‘»Th« aulphur content of hydrocarbon gaaea in bright-annealing furnaces can lie removed by 

oxidation, (See, for example, A. G. I^Wey, (British P. 429,402, 1935, to Birmingham Electric Furnaces 
Ltd.; Brit. Chrm. Abs. B, 1935, 955; Ckem. Abs., 1935, 29. 7267.) In this case the gases are mixed 
with sulheient air to burn the sulphur to sulphur dioxide and hydrogen sulphide, the g*ses are cooled, 
and the sulphur dioxide and hydrogen Bul|>hide permitted to react to precipitate sulphur. The partly 
purified gases are then passed over an absorbent (calcium oxide or st^ium carbonate) to remove the 
excess of sulphur dioxide. 

•♦J. C. Morrell and G. Egloff, S. P. 1.979,565, Nov. 6, 1934, to (Universal Gil Products Co.; 
Chtm. Abe., 1935, 29. 334; 7. tmt. Pet. Tech., 1935. 21. 6SA. See also U. S. P. 1.947.968. Feh. 
20, 1934: Bnl. Chem. Abs. B, 1935, 10; them. Abs., 1934, 28. 2888. 

C- Morrell and G. Egloff, U. S, P. 1,946.095. Feb. 6. 1934, to Universal Oil Products Co.; 7. 
Inst. Pet. Tech., 1934, 20, 332A; Chem. Abs., 1934. 28, 2516. 

j. M. Harris, U. S. P, 2,025,387, I3ec. 24. 1935, to Standard Oil Development Co.; Brit. Chem. 
Abs. B. 1936. 822; Chem. Abs., 1936, 30. 1554; /. inst. Pet. Tech., 1936, 22, 104A. 

See Chapter 1 for a discussion of dewaxing methods. 

A. G. Peterkin, Canadian P. 344,365, 1934. to Atlantic Refining Co.; Chem. Abs.. 1935. 19. 2344 
‘♦E. B. Peck and C. K. Kleiber, U. S. P. 1,981.826. Nov. 20. 1934; Chem. Abs. 1935 19 $90’ 
J. Inst. Pet. Tech., 1935, 21. 64A. 

»► A. V. Kirsanov and V. N. Suslina. J. Applied Chem. (V.S.S.R.), 1935. 8 . 277; Brit. Chem. 
Abs. B, 1935. 709; /. Inst. Pet. Tech., 1936. 22. lOOA; Chem. Abs., 1936. 30. 3977. 
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distilled over lime in the presence of steam. The ozonization was conducted at 
—20®C., at which temperature the sulphur compounds are said to l>e converted 
into sulphuric acid, acidic non-volatile products, and neutral non-volatile compounds. 
The investigators report that ozonization tends simultaneously to lower the iodine 
number, however, and increase the paraffin and aromatic content at the expense 
of the naphthenes. P'rom the desulphurization curves obtained, it appeared that 
the gasoline contained three general types of sulphur compounds reacting with 
the ozone at dif^erent rates. They l)elieved that the sulphur compounds were 
largely derivatives of naphthenes and aromatics. It was suggested that an approxi¬ 
mate picture of the numl>er and type of substances contained in the mixture could 
be deduced from the desulphurization curves obtained in this ozonization. Morrell 
and PIglofT-* report a desulphurization process employing ozone. They suggest that 
the hydrocarbon vapors to l)e treated be passed over a l^ed of finely divided contact 
material such as sand, clay, fuller’s earth or inert silicates together with a small 
amount of ozone (ten cubic feet of ozonized air j)er barrel of condensed hydro¬ 
carbon). At the same time, an alkaline solution (e.g., sodium plumbite, zincate or 
aluminate) runs countercurrently to the gases. 

Darrah-- has made the suggestion that hydrocarbon oils be treated with oxygen 
in a type of electrolytic cell wherein the electric current supplies both the oxygen, 
and by the resistance to its flow, the heat needed in the transformation. The oil 
(kerosene or fuel oil) is suspendecl in an electrolyte, such as a s()ap solution and 
passed through a restricted o|x*ning. An electric current of relatively high density 
is |)assed through the st^lution at this point, strongly heating the liquid and at the 
same time releasing oxygen for the formatifm of oxidation prcxlucts. 

OximzKi) Motor P'vkls 

P'llis-'^ has IouikI that gas oil, cracked and subse(|uently oxidized, may be made 
to yield a gasoline of high antiknock value. In this process, the oil is first cracked 
(at about 4()0"'C\ ) under 250 to 350 p<^)unds per square inch pressure and trans¬ 
ferred to a “soaking tank * maintained at a similar temperature. The hot, cracked 
vajKirs from this tank are passed to an oxidizing chamber, where oxygen is admitted 
at a number of points but in quantities sufficiently small so as to prevent the forma¬ 
tion of an explosive mixture {sufficient only to oxidize 5 to 10 per cent of the hydro- 
carb<in vajxirs). The reaction may be carried out in part, he finds, by admitting 
a small part of the oxygen to the “soaking tank.” This is not as satisfactory as 
oxidation in the separate reactor, however, since the lemjierature and other con¬ 
ditions in this part of the apparatus are determined as best for cracking reactions 
rather than oxidation. The oxidation reactor is lK\st maintained at a tem|x*rature of 
120® to 240®C. From the oxidized pro<iucts. a gasoline fraction is obtained. This 
distillate may include higher ends than are ordinarily permissible, due to the high 
antiknock rating resulting from the partial oxidation. Cracked gasoline consists 
essentially of a complex mixture of paraffinic, olcfinic, aromatic and naphthenic 
compounds. Of these, olefins tend to carbon deposition upon combu>tion. and 
aromatics effect a suppression of the kiKKking tendencies of the fuel. Klli>'^'^'‘ pro- 
jxises to oxidize olefinic and dehydrogenate naphthenic compounds in a single otXTa- 
tion by treating distillation vapors from crackerl gas oil with air. During the 

»‘J. C. Morrell and K«loff. V S. P. 1,957 794, .May 8. 19,M. to Tniverjial Oil Producu Co.; 
J Uit. Prr Tfck.. 1934, 20, 459A; Ckrm 1934, 21. 4218. 

“ W. A. Darrah, U. S. P. 2.045,343, June 23. l<»3(); Ckrm. Abs . 1936. SO. .^511 

•Carleton Kllit. V. S. P. 1,976.696, Oct. 9. 1^34. \o EHi»> Foster Co ; Chrm. Abs , J034. 2t. 7483, 
«nl. Ckem. Abs. B. 1935. 838. 

"•Carltton BlUa, U. S. P. 2.077,994. April 20, 1937, lo F.llis Foiter ( o ; CArm. Abs., 1937, Jl, 
4104. 
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period of contact of the hydrocarbon vapors and air, the temperature of the reac¬ 
tants is held at 205-21S®C. and the pressure at 3-4 atmospheres. Thus a fuel 
containing a large proportion of aromatics and a small percentage of olefins is 
said to be secured, 

Burk and Hughes^^ have suggested that the antiknock value of fuel may be 
increased by treating a straight-run gasoline at 450 to 700®C. in the presence of 

to 5 volumes of air per volume of gasoline vapor, for 0.075 to 1 second under 
100 pounds per square inch pressure. If the conditions are held close to 500®C. 
with a contact time of 0.7 seconds and an air-to-fuel ratio of approximately 1 :l 
used, tlie conversion is said to take place without substantial change of the boiling 
point characteristics. 

It has been found that a naphtha of unsatisfactory knock rating can be blended 
with a cracking-coil tar and treated with oxygen to pro<luce a satisfactory motor 
fuel. Burk**'^ reports that the hydrocarbon tar, too heavy for use as a motor fuel, 
will react with oxygen and the lighter hydrocarlxm material if the two hydrocarbon 
mixtures are preheated to 370® to 600®C. and then subjected to the action of a 
controlled amount of oxygen. The reaction is carried out under 10 to 150 pounds 
per square inch pressure. An analogous process lias Ix'en suggested by this in¬ 
vestigator for producing motor fuel from gas oils. The hydrocarlion is heated 
to a cracking temperature while under pressure in a pipe or coil. The pressure is 
then release<I, and the hydrocarlion is atomize<l in the presence of air while at a 
temperature of 6IX)®C. The contact with air lasts from 1.5 to 25 secoruls, and 
a pressure of 10 pounds per square inch is maintained in this reactor to effect the 
conversion into motor fuel. It is also possible to lower the b^iiling point of 
hydrrjcarbon materials by an oxidation process. Thus Hllis^® has descrilied a proc¬ 
ess of preparing an oxidized kerosene or gasoline from a heavier fuel. The raw 
material (e.g., kerosene) is passed through a cracking tulie healed to 540® to 590®C. 
and thence to a trap, w'herein the very heavy proilucts arc removed. The vafxirs 
and fixer! gases then pass into a mixing chaml>er, where they are mixed with air. 
The mixture of oil vapors and air is then passed over a catalyst of pumice frag¬ 
ments impregnated with vanadium oxide. This catalyzer is contained in a U-tulx* 
of sheet steel, immersed in a bath of molten learl. The temperature of the lead 
bath is held at 425® to 430°C. The resulting vapH>rs are passer! first through a 
water scrublier, then an oil scrublier, and finally over silica gel. The oxidizerl 
material so obtained is blended with pressure-still or natural gasoline, or a blend 
of the three is prepared for use as an antiknock motor fuel. 

A process suggested by ChappelP^ also combines the lowering of boiling prdnt 
with increase of antiknock value. The oil is heated to a cracking temperature (425® 
to 7(X)®C.), under pressure (up to 10(K) {xiunds per square inch), and passed intr) 
a reaction chamber. Unvaporized oil is withdrawn from this chamlxT, and 
oxygen-containing gas (air ), preheated to the temperature of the oil, is admitted. 
The amount of oxygen admitted is so regulated as to reduce the hydrogen content 
of the oil vapor to approximately 14.3 per cent. The reaction prcxlucts arc frac* 
tionated a/id a motor-fuel fraction obtained which is reported to have a high 
antiknock value. The unvaporized oil and the higher oxidized fractions are 
blended to produce a heavy fuel oil. 

The oxygen required for the partially oxidized motor fuels may. it is reported. 

E. Burk and E. C. Hughe*, U. S. P. t,W.4»0, April 9. 19J5, to Sundard Oil Co. of Ohio; 

Chem. Abt. B, 1936. 3S8; Chtm, Ahs., 19.15. Z9. 3821: ). Inst Prt Jerk.. 19.15. ai. 2i0A. 

E. Burk, V. S. P, 1.963.647. June 19. 1934. to Sfaii.l.inl Oil Ok of Ohio; t ht'm. Ahs,, 1934. 
21, 5222; J. Inst, l*ft Tnh,, 1934. 20. 501A 

••Carlctcm Elli%, U. .S. P. 1. 973.475. .Srpl. 11. I9t4. to Illi. FuMrr Co; CUem. Ahs.. 1934. 21. 
6997; Bnt. Chrm. Ahs, B. 1935. 713. 

«M. L. ClMippell, V, S. P. 2.002.729, May 28. 1935; Brit. Chrm Ahs B, 1936. 486: Chrm, Ahs . 
1935. 29. 4932. 
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be supplied by substances other than air. Thus, a mixture of heavy crude oil, 2 
per cent of chromic acid mixture, and half of 1 per cent of a catalyst such as 
manganese dioxide or barium peroxide, may be agitated together and allowed to 
stand. After 24 hours, the upper, clear solution is decanted from the precipitate 
and used as a substitute for gasoline.^** 

James and Zeisenheim*-^ studied the properties of some oxidized fuels (kerosene 
and gasoline) of this tyjw and report that, although the gross thermal value of 
the oxidized material is alxjut one-eighth less than that of the hydrocarlnm from 
which it derived, other factors may offset this. They l)elieve, however, that greater 
energy is available in an internal comhustfon engine i)Owered by these fuels. This 
paradoxical result was due, they suggest, to the fuel molecules l)eing weakened to 
oxidation attack (in the internal combustion engine ) iK'cause of their oxidized 
character. This is considered to result in a iK^tter “clean up” and more propulsive 
effort during combustion. 

Oxidation of still vajxirs from a cracked oil results in the formation, in addi¬ 
tion to partially oxidized gasoline, of acids and aldehydes which may impart an 
objectionable cxlor to the fuel. Removal of these constituents may l>e brought 
about by hydrogenation, polymerization, or by the addition of phenols to form 
synthetic resins.In one procedure, kerosene was allowed to drip into a cracking 
furnace at 12()0-1300°F. The cracked vapors issuing from the furnace were 
f>artially condensed to separate the heavier portions. Uncondensed vafK)rs and 
air were then admixed and le<l into a reaction chamber containing a promoter of 
iron coated with vanadium oxide. Oxidation was effected at 8(X)-1(KX)®F., and 
the liquid products collected by condensation. The latter consistetl of two layers, 
the upjKT containing oxidized gasoline, the lower an acjueous solution of acids and 
aldehydes. Phenol was tlien incorporated in the acjueous layer together with a 
condensation catalyst to furnish a synthetic resin. 

pRODl'ClNi. Ft’KI. (lA.S FROM H Yl>RO( ARBO.N OlLS 

.Some years ago***’ (FM3) it was pro[)osed that a fuel vapor for in an 
internal combustion engine might be prepared by forcing a jet of a hydrocarbon oil 
such as kerosene through a dame. The hnely divitled fue^ is simultaneously raised 
to a high cracking temj>erature and partially oxidized, and these resultant vapors 
collected. It is said that the vapors so produced are well suited to rapid or in- 
stantaneH)us combustion, and do not deposit carlxm in the engine consuming them. 
The apparatus is so designed that the flame is unable to strike Ixick along the fuel 
vapors by reason of metal screens which rapidly lower the temperature of the 
vapors l>elow the ignition point. The apparatus is maintained at less than atmos¬ 
pheric pressure by the intake manifold vacuum of the associated engine. At 
intermediate pi>ints between the cracking and oxidizing flame and the internal 

• Kanejiro and Aoi C, K.. japanrae P. 100,757, 19,1.1; Ckrm. Abs.. 19.1<4. 2$, .1575. 

• j. H. Janwa and K, 7.ei»«nhrim, Ckrm and Met. ling . 192.1. 29, 54.1. Ckrm Ahs,. 192.1, 17, 
2041; J S C I , I92J. 42, .191 A. 

••Carleton Kllit, U. S. P. 2,079.607. May 11. 19JI7. to Ellia Fcvitrr Co. 

•A, T Porfrr and H. E. Rider. C. S. P. 1,064,086. June 10. 1913. to Oil Ciilitie* Company; 
/S.C.i., 1913. 32, 743. See alao British P. 10.047, 1913; Ckrm. Ahs . 19U. •. 3501. An analoirous 
prciceaa for making an internal comhualion engine fuel from even heavier h>drocarhon«i Vka« »uggeMed 
by E. B. Benham (U. S. P. 1,000,768, Aug. 15. 1911, to Hydrocarbon Converter ('o.; Ckrm. Abs., 
1911, S, 3727) who propoaea a ayatem of healed contact tonea. The hydrocarbon oil (a crude from 
which the tighter fractiona have previously been removed) is injected with a Mream of air into a re- 
action chamber made of clay or ailiceoua material. The fuel droplet* impinge on a refractory sur¬ 
face at a temperature of 600* to 800*C . the partial comhualion of the hydrocarbon aiding in mam 
taining thia temi>erature. The crached va|H>r» are then leii through a further high temperature tone 
that the cracked molecule* may become itahiliied. In thi» apparatus, too. the vacuum created by the 
internal comhualion en|rine aida the circulation of the vapor*. In atarting the anparatut, and a« an aid 
in maintaining the high temperature* required, the hot exhaiiat gaaea of the internal comhuatioci 
tufint are circulated amt the cracking apparatua. The engine ia started on gasoline originally. 
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combustion engine, but beyond the point where the flame is effectively extin¬ 
guished, heated air is introduced. The fuel vapor so produced is relatively per¬ 
sistent, being composed largely of permanent gases, and though it cannot be stored 
or piped long distances, it is sufficiently stable that it may be piped, for instance, 
across a yard or across a street. In contrast, however, Perry^' reports that a 
commercially distributable gas may be produced by an oxidation-cracking process. 
This process uses refinery gases as raw material, however, conducting gases and 
oxygen in separate streams to a reaction zone. The oxygen is introduced into the 
center of the stream of hydrocarUm gas in such a manner that it is completely 
surrounded by the oil gases. Partial combustion ensues, the intense heat of the 
oxidation serving to crack the remainder of the hydrocarbon. The combustion 
takes place in an enclosed chamber, and the resulting products are said to form a 
gas mixture having specific density and calorific power closely approximating 
those of carbureted water-gas. 
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son. T. .S. Bacon and J. E. 
Bludworth) 


Y f 

Condenser —>- Se{>arator (60-80®F.) 

! 

Y 

Crude Product 


If a hydrocarbon oil is burned with a limited .supply of oxygen and under 
proper conditions, a mixture of carbon monoxide and hydrogen is obtained, it is 
reported. The temperature of this reaction, of course highly exothermic in nature, 
can be controlled, however, by the addition of a regulated supply of steam to the 
entering gases, along with a further quantity of oil. The reaction ensuing I)ctwcen 
the oil and water vaprjrs at the high temperature prcnluces further carl>on monoxide 
and hydrogen by an endothermic reaction. The resultant mixture is, finally, prac¬ 
tically pure carbem monoxide and hydrogen. This prtxluct may l)e enriched by 
the addition of hydrocarbon illuminants if it is desired as a general fuel gas.*^- 
Maier^ points out that such mixtures of hydrogen and carbon monoxide can be 
made also by non-inflammatory reaction if a catalyst is employed and high gas 
velocities maintained. He .suggests, for example, that a pro[>erly profxirtioned 
hydrocarbon-oxygen mixture he pas.sed over a catalyst of nickel on aluminum oxide 
maintained at a sufficiently high temperature to initiate the reaction. The gases pass 

»»J. A, Perry, S. P. I, 971,728, Auf. 28, I9J4, to United G*i Improvement (’o.; Ckrm. Abs., 
1934. 2f. 6553; Brit. Cktm. Abt„ B. 1935, 757. 

•® BritUh P. 416.957. 1934, to Carburetted Gat, Inc.; Brit. Cfurm. Aht. B. 1934, 1047; /. /nif. 
Pel. Tech., 19.14, 20. 6I7A; Cktm. Aht., 1935. 20. 1613. 

•C. C. Mater, V. S. P. 2,039.603, May 5. 1936. to Mountain Copper Co., I.td.; Cfcm. Abi., 
1936, lO. 4278. 
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over the catalyst at a velocity sufficient to prevent flame. This velocity falls 
gradually, although it is always great enough to prevent inflammation. The prod¬ 
uct gases are reported to be substantially free of carbon dioxide, water vapor and 
unreacted hydrocarbon. This investigator®^ suggests that an apparatus for the 
oxidation be arranged in such a manner that a high velocity stream of preheated 
air picks up a side stream of hydrocarbon gas, and the mixture passes into a 
catalyst chamber. This chamber contains a porous catalytic mass, and is parabolic 
in shape, allowing the gases to expand as they pass through. The stream of gas 
on entering the catalyst is deflected by a crucible-shaped, non-porous baffle. Ray®*"* 
has suggested a catalytic method for removing unreacted oxygen from large 
volumes of gas, wherein the oxygen constitutes less than 4 per cent of the com¬ 
position. The gas mixture is brought in contact with a highly reactive mass of 
carbon kept at a temperature of approximately 60()®C. for a short, regulated time. 
The time of contact is controlled to allow the reaction of the oxygen with the 
carbon to form only carbon monoxide. Walker,®^ on the other hand, proposes 
a metho<l for accomplishing removal of small percentages of oxygen from large 
volumes of gas which involves the addition of further oxygen as the first step. 
The amount of oxygen to be added is determined by the amount already present; 
the total amount is fixed by the reaction conditions to be maintained. The total 
amount is to be such that when passed over a catalyst (platinum, manganese dioxide 
or cupric oxide) at a high temperature, reaction shall ensue, consuming all the 
oxygen present and lil)erating sufticient heat of combustion to maintain the catalyst 
at the desired temjK'rature. 

PRODIH'TIO.N OF .\l.COIIOL.s .A.N'D AciDS 

The prtKluction of hydrogen and carbon monoxide by oxidation of hydrcKarbon 
oils and gases is of growing imfM)rtance in the production of methyl alcohol, pro¬ 
duced synthetically by the condensation of these two gases. This type of synthesis 
will be discussed under the reactions oi carlxm monoxide and is beyond the scope 
of the present chapter.®”* 1'he reaction of oxygen with the lighter hydrocarbons 
of refinery ga.ses has been found to f)rcKiuce considerable quantities of methanol, 
accompanied, however, by other and more completely oxidized prcxlucts. It has 
been propose<l that a mixture lx* prepared consisting of 0.5 to 3 per cent oxygen 
(by the addition of the correspomling volume of air), 10 to 40 per cent refinery 
gases, and sufficient exhaust gases from the process to make up 1(K) per cent. 
This mixture is heated to alK)ut 37()®l', under 250 p<mnds per square inch pressure. 
These conditions arc maintained for a sufficient pericnl of time to permit complete 
combination of the oxygen, and the resulting vapors are then cooled. The uncon- 
densed portions are recirculated in the pnKcss chamlx?rs.®^ Cristescu®'* reported 
a methixl whereby methane and carlxm monoxide or dioxide miglit l>e reacteii 
to prcxluce alcohols. The mixed gase> are passed through boiling water con¬ 
taining a catalyst, such as w<xxl charcoal an<l a metal oxide (e.g., cupric oxide. 

••r (; Maicr. W S V 2.022,TTH. l>e< 19,\5. to T. B BnJ i Ucm Abt. B. 19.?6. 

969; Cktm Abs . 19.)6. 30. 825 

•A. B. Ray. I*. P. 2,0I9.6.)2, Nov. 5. 1935. to t'art»idc ami Cartjon Chemicals Co ; Cbtm. Abs,. 

I9J6. 10. SS4. 

••I. (' Walker, C S. P l.9<»fl.212. Mar 22. 19 U, to Kmpirr Oil ami KetiniriR t'o.; Bnt Ckrm. 
Ab£ B, 1935. 373; Cbrm Ahs . 1934. 2S, 4573. 

S<^ Chapter .52. 

C. I.. ThompMjn, T. S. Bacon and J. F.. BlwUorth. C S. P, 2.004.714. to Hanlon Buchanan 
Inc.; Cbrm. Abs , 1935. 29. 5123, Hnf. ebrm Abj B. I9.U*. 632 

J Cristesen. French P. 770.223. 1934; ( brm. Abs.. 1935. 29. 474. al>o British P. 427,221, 1934; 
Bnt ibrm Abs B. 1935 618; Cbrm, Abs., 1935. 29. 6245 
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lead dioxide or zinc oxide). The resulting gases are then passed through a 
reaction chamber containing a further catalyst of wood charcoal washed with 
sodium hydroxide. 

On the other hand, Penniman^® has reported making higher alcohols, aldehydes, 
ketones and other similar oxidized products by a direct oxidation of residual oils 
from cracking stills. In this process a stream of the hydrocarbon is preheated to 
1S0®-370®C. and passed into a converting vessel under pressure substantially 
greater than atmospheric. Air is admitted to this chamber, and the partial com¬ 
bustion maintains a temperature here of approximately 400®C. The resultant 
vapors are re^iioved and the less volatile constituents returned to the reaction zone. 
Preheating of these liquids is unnecessary. The vapors are fractionated to recover 
motor fuels and the mixed oxidized comf>ounds, largely alcohols, ketones and alde¬ 
hydes of higher molecular weight. 

Carpenter^® reports a further carbon monoxide reaction of the lower alcohols, 
such as methanol, by which the next higher aliphatic acid is protluced. Methanol 
and carbon rhonoxide are reacted in the presence of a catalyst Mich as chromic or 
tungstic acid, under 700 atmospheres pressure and at a temperature of 300®C. 
The carbonyl group adds to the molecule, prtHlucing acetic acid. W oixlhouse^^ 
reports an analogous reaction, involving the treatment of methyl alcohol and 
carbon monoxide in the presence of silicon, magnesium, aluminum, titanium, zir¬ 
conium or tungsten oxides or their mixtures. Similar conditions are useil (i.e., 
700 atmospheres pressure at 3<K)^C'. l, but umler the induence of these catalysts, 
other compounds such as methyl formate and methyl acetate are formed, as well as 
acetic acid. The process has In'en investigated by a numl)er of workers and 
various catalysts projxjsed. Some recommend the additicm of a diluent such as 
nitrogen or water vapor to the reactive vajMirs. Inorganic polyhasic aci<ls (e.g., 
phosphoric and arsenic acids) have lieen suggeste<l as cataly>.ts^- as well as a com¬ 
plex silica-phosphate [ .SiO( which can l)e revived hv the action of phos¬ 

phoric acid."*** Woodhouse^^ reports that halogens, hvdr<)halides, alkyl halides 
and nitrogen oxides serve as accelerators in such reactions as that prtKlucing acetic 
acid from methyl alcohol and carbon monoxide atid in a numlxM of other reactions 
involving carbon monoxide. 

A different type of reaction producing acids from alcohols lias been projxi.sed 
by Hale.'*'* This reaction involves ilehydrogenalion of the alcohol with the inter¬ 
mediate formation of the corresponding aldehyde, and the subseijuent addition of a 
molecule of water to form a dihydroxy comp«nmd. In the presence of a l>asic salt 
of an amphoteric salt-forming metal and an organic acid (i.e., such a salt as hydroxy 
manganese acetate, HOMnOC-CHa) the dihydroxy compound reacts to form Uic 

O 

diacetate and water. The scries of reactions, then, is as follows: 

»W, B. D. Penniman, U. S. P. 2.044,014. June 16. 193o; Chrm, Abs . 1936. SO. 540.1; J. ItiMi. 
Pet Tech., 1936, Ti, 411A 

^(I. B. rarpcnier, V. S. P. 2.021.127. Nov. 19. 19.15. to K. I. du Pont de Nemours & Co.; 
Chem. Ab$., 1936. JO, 490. .See aiiK> Britith P, 428.450. 1935, to M A. Patter«on; Br%t. them. Abi. 
B. 1935, 665; Chem. Abs.. 1935. 29, 6906. 

“ J. C. \Voodhou»e, I’. S. P. 2,019,754. Nov. 5. 1935. to K. I. du Pont de Nemour« A Co.; 
Chem. Abi.. 1936. SO. 490. 

«(;. B. Carpenter. U. S. P. 1.979.449 and U. .S P. 1.979.450. Nov. 6. 1934. to E. I du Pont dc 
Nemmir* & Co.; Bnt. Chem. Abs. B, 1935. 9.19; Chem. Abs.. 1935. 29. 179 See alao D. V. N. Hardy, 
y. C. ,V.. I9S4, 13.15: J. Inst. Pet. Teeh.. 1934, 20, 564A; Chem. Abs.. 19.1.5. 29. 116. 

R, L. Brown, C. S. P, 1,967.189, July 17, 19,14. to Atnionpheric NitroKen Corp.; Brit. Chem. 
Abs. B, 1935. 442: Chem Abs.. 19.14. 21. 5833. 

•»J. C. W'oodhoiHe. C. S. P 2.003.477. June 4. 1935. to E. I. du Pont dr Nemoura & Co . 
Chem. Abs., 1935. 29, 48.54. 

W. J. Hale. V. S. P. 2.027.378, Jan. 14. 1936; Chem. Abs., 1936. 10. 1304. 
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Ill suniniatioii of the five set> of equilibria, one molecule of alcohol plus two 
molecules of water yield one molecule of acid, one molecule of water and tw’O 
molecules of hydroj(en. Theoretical KX) fK^r cent efficiency would reduce this to 
an interaction of one molecule of water and one molecule of alcohol to yield one 
molecule of acid and two of hydrogen, the water serving as the oxidizing agent. 

riu* catalyst employed must Ik* a salt of a metal capable of forming amphoteric 
hydroxides, reacting with organic acids to yield basic salts which resist complete 
hydr<»l\ sis under the action of water at a tem|K*rature of 3S0°C. At the same time, 
a dehydrogenating catalyst must Ik* present, and the presence of free hydrogen 
must not reduce the amphoteric ntctal oxide to the free metal. These conditions 
so limit the choice of metals, Hale states, that only iKrylliunt, cop{>er, magnesium, 
line, aluminum, /ircmiium, the cerium nietals. chromium, manganese, iron and 
cobiilt compounds reacted satist'act(»rily. Of these, the basic salts of iron, cobalt, 
coppc‘r and zinc were limited to relatively K>w temperature conditions, oNving to 
the high hy<lrogen c«)ncentrations obtained. The dehydrogenating catalyst to be 
incorporated in the catalyst mass may consist of metallic copper, silver, zinc, pal¬ 
ladium. or other platinum metals. 

The concentiation ui hydiogen resulting from the rcacti(»n shintld l>e re¬ 
moved. Hale finds, in order to pre\ent its tendency to reverse the e(|uilibrium. 
This may U* accomplishe<l. he suggests, by the use of a membrane selectively 
{K>rc»us to hydrogen, such as a thimble of sillimanite. The temperature conditions 
maintained may lie iKtween 15t)^ and ., but iiptimum results were obtained 

at to 'fhe primary reaction of dehydrogenation is endothermic, how¬ 

ever. and the fore part of the reaction tulx* may advantageously lx* maintained at 
a somewhat higher temjKrature than the after section. Tims, using 4f) grams 
(one mole) of elhamd, and 2 moles of water over a catalyst comjK»sed (^t copper, 
manganous and aluminum salts and cop|K*r metal at an entering temperature of 
3(X)®C*. and an efhux temperature of 26()° to 2S0^C'.. the following results were 
obtained: 


Pnxluct 

('irams 

Ai'otic Acid (52.6^ ismi'entration) 

.H) 

Acclaldehyile. . . . 

21 5 

hthvl Acx'iate 

0 3 

Hydrogen .. 

Water. 

3 0 

27 0 




1052 


CHEMISTRY OF PETROLEUM DERIVATIVES 


By recycling the acetaldehyde fraction, the concentration of acetic acit! was raised 
to 75 per cent. 

This process is said to l>e advantageous in that it yields a prcnluct containing 
concentrated acid. and. during the oxidation, no explosive mixture is formed. It 
may be applied equally to ethylene, or higher homologs, or higher alcohols such as 
butanol. 

A cyclic method of pro<lucing the corresprmding acid from oi\e of the lower 
alcohols suggested by Hale and Haldeman'*'* produces the aldehyde as an inter¬ 
mediate step. In this process, the alcohol (e.g.. ethanol) is passed over a de¬ 
hydrogenating catalyst to form the corresponding aldehycle and free hydrogen. 
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Ki(i. 251. 

Sketch of .\pparatus for Oxida¬ 
tion of Alcohols to Aliphatic Acids. 
(W. J. Hale and \V. S. Halde- 
man) 


The reaction mixture is then passed over a surface made of a material such as 
sillimanite which is permeable to hydrogen, and part ai the hydrogen is separated 
in this way. The nuxe<l aldehyde-containing vajM>rs then contact a readily re¬ 
ducible oxide, such as cupric oxide, at a tem|)eraturc In-tween 150"' and 350®C., 
and are oxidized to the corresponding acid and water. The acid is sefmrated 
from the mixed prcxlucts, the remaining vapors mixed with further alcohol, and 
the mixture recycled through the system (See Fig. 251 ). 

W. J. Hale and W. S. Haldcrnan. V. S. P, l,95l,2»0. March 1.1. 19.14; C htm Abt 19.14 2i, 
J4I6; Hr,t Chrm. Abi. B, 19J5, 1J8. ^ i 
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It is frequently found that the recovery of petroleum oxidation intermediates 
in fair degree of purity is difficult, and this property can be used to advantage in 
the protiuction of alcohol denaturants. James^® suggests that a liquid hydrocarbon 
be vaporized, mixed with air and passed through a contact zone at a temperature of 
180® to 500®C. The contact catalysts employed are oxides of metals having 
variable valency, such as the blue oxides of molybdenum. The vaporous products 
are condensed, yielding a complex liquid mixture of partial oxidation products 
ranging from alcohols through aldehydes to aldo-fatty acids. The percentage of 
the various chemical substances composing the final mixture may l>e varied by 
control of such conditions as the reaction temperature, time of contact, and whether 
or not steam or other diluent is added to the gases before reaction. James reports 
that alcohols, aldo«alcohols, aldehydes, ketones, aldo-acids, aldo-hydroxy acids, 
keto-acids, hydroxyketo-acids, and mixed esters of these compounds, both normal 
esters and lactonic-type esters, are present in the condensed product. In addition 
there are present ethers, both of the normal type and of the inner or “bridge’' type. 
Some unchanged hydrocarl)ons pass through, as well as fractions consisting largely 
of highly unsaturated compounds possessed of persistent and penetrating odors. 
This complex mixture is neutralized by the addition of either caustic alkali or a 
lime slurry, and the neutral product remaining extracte<l with alcohol. The alcohol 
is said to selectively dissolve out the more highly oxidized constituents of the 
mixture, and by regulating the amount of water incorporated with the alcohol, 
effective separation of two liquid layers is secured. A distillation step separates 
a portion of the oxidized mixture having a distillation curve close to that of alcohol, 
resulting in a denaturant which, it is said, cannot l)e removed fron) the alcohol by 
chemical or physical means short of the destruction of the alcohol. 

That effective denaturants difficult to separate from the denatured substance 
can Ik prcnluced from partially oxidized hydrocarbons indicates the complexity of 
the problem facing the investigator who seeks to derive pure compounds by this 
partial oxidation. Primarily, the problem is naturally st>mewhat simplifietl by so 
chcK)sing conditions of reaction as to minimize the formation of these complex 
mixtures rather than to favor them. Numerous methods of separation have been 
suggested, however, such as the solvent extraction suggested by James,^* He 
reports that the more highly oxidized products can be separated from the less 
oxygenated substanco (in the range of alcohols to organic acids) by an extraction 
with liquid sulphur dioxide. Thus the partial oxidation products of a hydrocarbon 
fraction such as gasoline may be condensed and the cooled liquid treated with 
liquid sulphur dioxide. The fractional extraction is controlled by the temperature 
(always below the boiling point of the sulphur dioxide extraction agent) at which 
the process is carried out. 

Solvents, Drying Oils and Varnishes 

The partial oxidation prtniucts of light hydrocarlxm distillates have l>een sug¬ 
gested as solvents for various uses, but James** finds that these frequently have 
powerful, and usually objectionable, txlors due in large part to various aldehydic 
compimnds. He reports that this (xlor can be largely eliminated by a treatment 
with alcohol and calcium chloride. The addition of these materials in anhydrous 

**). H. J»mo. I*. S. P. 2,009,661. Jwlv .tO. 19.15. to CUrrncr P. Byrnrs; Cktm. Ahs.. l9.tS. 19, 
6JI5H. .StMT *1*0 W. P. Biticr. I*. S. P. 1.948,161, Kcti. 20, 19,t4, to P. Byrnr«; Brit. them. Abs. 
B, I9J4. 1094; Cktm. Abs.. 19.t4, 19. 272.t.. 

•»J. H. J*mei.f. S. P. 1.970.5.15. Aur 14. 19.14, to i\ P. Byrnr*; them. Abs., 19.14. 61S6; 
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form brings about a condensation of the odoriferous aldehydes to less pungent 
acetals. These, in turn, can be extracted with 70 per cent ethyl alcohol which acts 
as a selective solvent for the more highly oxidized components of such a complex 
mixture to leave a solvent which is said to be almost odorless. 

Instead of oxidizing the lower hydrocarbons to liquid compounds it has also 
been suggested that the higher hydrocarbons such as paraffin wax may be oxidized 
to produce esters suitable for use as plasticizing and softening agents for plastics 
containing cellulose derivatives and lacquers of this type. In this procedure paraffin 
wax is oxidized by nitric acid at %®C., the concentration of nitric acid l)eing 
maintained by adding gaseous nitric anhydrides. The oxidation product is esteri- 
fied with butyl alcohol and the ester distilled off (at 170® to 230®C\ under 1 or 2 
mm. pressure). It is rejxirted that if this ester is added to a s()lution of low- 
viscosity cellulose nitrate in a butyl acetate-butyl alcohol-toluene solvent, a lac(|uer 
yielding a durable film is formed.^^ VVinning*'^*^ suggests that a solvent be prepared 
by the partial oxidation of a *‘hydroforme<l solvent’’ (a prcxluct derived from the 
destructive hydrogenation of a petroleum fraction l>oiling in the gasoline range 
and up to 370®C.). Thus, a cracked hydrocarlxm distillate l)oiling In’tween 224® 
and 332®C. was obtained from a Mid-Continent crude. It was destructively hydro¬ 
genated at 510®C. under a pressure of 3000 j)ounds i)er s(|uare inch. A fraction 
of the product boiling l)elow 200®C. was separated, and the remainder recycled. 
The material so obtained, was placed in a glass-lined lH)inh under 110 pounds pres¬ 
sure of air, and held at a temperature of 100®C. for 4K hour>. 'Vhv resulting oxi¬ 
dized product was reported to be an effective substitute tor aromatic solvents such 
as btmzene or toluene in preparing surface coalings. 

That drying oils of various sorts could Ik* ina<le by partial oxidation of jHftro- 
leum fractions has been known tor some >ears. In 1867 I)e( ierbeth*'* refwirted 
making a drying oil suitable for paint and varni>h tnaking »)r oil-cloth prcHluction 
by oxidizing petroleum oils. In this process. 25 to 40 gallons of water were mixed 
with each ton of oil, and the whole blown with steam until reaching a temiH*rature 
of 80® to 100®C. Oxidation was then brought aixmt by the addition of hypohalites, 
perhalates or manganese dioxide. Agitation with steam and a drying agent was 
continued. Finally, the mixture was blown with air or ozonized air. 

WfHxls''*- commented on the resemblance of the gums formed in cracked gasoline 
to linseed oil, and suggested that a drying oil could Ik* made by oxidizing a vapor 
phase cracked Mid-Continent gas oil. A naphtha fraction lK)iling l)etwcen 48® and 
225®C. was oxidized for six hour^ at 10()®C. under l(K) i>ounds jkt scjuare inch 
pressure of air. The sample was ccKiled, and distilled umler vacuum to 6 jK-r cent 
bottoms. The resemblance between the drying oil so prepared and commercial 
linseed oil was shown by the pro|K*rties listed in Table 263. 


Table 203. Compariion of Satural and Synthetic Drymfi (Hh. 


(.^Knmereial Drying Oil from 

Lini>et*<l Oil (TackefK lasohne 


Gravity ®A.P.1. 19.8 

Io<iine .\o. . . 186 

Saponification No. IW 


21 4 
180 
188 


The two oils were compared as thinners in paints for use on iKith metal ami woml 
surfaces. After 12 iiKinths exposure, the paint made with the oxidized cracked 
naphtha showed signs of cracking, however. The investigator Mieves that the 

Britifh P. IVJ.I, to 1. Karlrtniiul. A G.; Chem. Ab$., PM4, 29 . 4|lt; Brit, Ctiem. Aht. 

B. 906, For further informatiim reKarditig the oxidation of oarafhn wax %rr ('haotrr 4.L 

^ C. Winning. V, S. P. 2.06S,$.?4, Jan, 26. 19.17; to Standard <)il i>rvflui>mrnt ( o. 

K. L. dc<««rbctb. BritUh P. 3191. 1867 
••C. M, Wooda, Felrtdeum Enaineet, 1936, 9, No. 1, 106. 
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proper treatment may be found which will produce a satisfactory oil, at considerable 
economic advantage. 

Pohl*^ descril)ed a process for producing driers for use in varnishes, lacquers 
and paints consisting essentially of heavy-metal water-insoluble soaps. These 
products are made by treating the mixed oxidation products of paraffin wax, or a 
similar wax, with cobalt acetate (at 1(K)® to 140°C.) or with caustic soda solution. 
If the soda solution is used, the resultant soap is separated from unsaponihable 
substances, and the organic radical precipitated by treatment (at an elevated tem¬ 
perature) with a metallic salt of an inorganic acid, such as manganous chloride, 
copper sulphate or aluminum sulphate. Fiore"*^ reports producing a paint vehicle 
«)il by oxidizing a mixture consisting of 80 per cent mineral oil and 20 per cent 
vegetable oil by passing ozone through the mixture (maintained at 100®C.) for 
1 liour. The process is completed by adding a quantity of a 1:2 mixture of nitric 
acid and ethyl alcohol equal to about one-half the weight of the oil mixture. In¬ 
stead of using an oxidized petroleum oil directly, Adal'yan®*'* has found that the 
acid sludge produced in refining processes can be treated to procure a drying oil. 
The sludge is diluted with water and thoroughly agitated with air, the upper layer 
then being separated. It is agitated several times with water and neutralized with 
so<lium hydroxide. The final product is reported to dry in 3 to 4 hours, forming 
a thin, elastic film. 

It is reported that pentaerythritol esters of the acids obtained by oxidation of 
paraffin wax are useful in the preparation of vamishes. The esters are prepared 
by heating the oxidized paraffin acid (in the presence of catalysts) with pentaery¬ 
thritol. Basic oxides or hydroxides, such as lead monoxide, calcium, or zinc oxide 
or sodium hydroxide, serve as catalysts. Inert diluents (e.g., nitrogen or carbon 
dioxitle) may Ik* presetU as well. 

I.i'BRic.Mi.Nt; Oils .\.nd Ork.asks 

King'*® has [)ointed out that an oil which has lK*en oxidized may have greatly 
increased film strength. For instance, an oil capable of maintaining a film intact 
up to 160®C'. in its ordinary state may, after oxidation, prove capable of main¬ 
taining lubrication up to 300°C\ He otYers the explanation that these oxidized oil 
molecules attach themselves to the lubricated metal surfaces by the oxidized, and 
hence activated, end. It has been shown that normal oil loses to some extent its 
“oiliness” tits ability to resist film-rupture) if run through clean glass or silica 
chips, since the jKilar substances which have the greatest power of gripping surfaces 
arc left l>ehind. Oil, .^o treated, regains its “oiliness,” however, if left in contact 
with the air. On the other hand, in contact with nitrogen this recovery does not 
occur. It ap|)cars tliat the oxidi/.e<l oil molecules have not only greater adhering 
strength, but their coherence is greater as well. Thus, the suggestion is made that 
on the first polar attachment to the lubricate<l metal a layer of coherent polar lubri¬ 
cant ntany molecules thick is built up. This condition wouhl result in diminished 
rigidity, increased slip, and hence U>wer frictiem. 

However, King rc|K)rte<l that single-variety oils were able to show little im¬ 
provement on oxidation. Blended oils (i.e., oils of different oxidation character- 

“F. Pohl, U. S. I*. 1.900.7.M. March 7. to 1. G. Farbrnind. A. G.; Ckrm. Abs., 27, 

J094. 

•*G. Fiore. V. S. P. 2.020.9.^6. NW. 12, 1925; Hrit. Chrm. Abs. B. 1926. SOI; Abs, 1926, 

10 , 6 . 12 . 

K. .Adal van. .\V/r. I9.LL 4 . No. 10. 9; Bnt. Chrm. Abs. B, 19.15. 10.10; CMrm Abs.. 1925, 

29 , 2711. 

»* Bntiah P. 40S.S26. 19.14, to K. I. du Pont de Nen>our< a Go.; Cbrm Abs . 19.14, 2t, 4922; 
Bhi. Chrm. Abs. B. 19.14. ,1.14 

••R. O. King. J. Imst. Pei. Tech.. 19.14, 20, 97; Chrm. Abs , 19,14. 2». 2572; Bnf. CArm. Abs. B, 
1924 , J09, 
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istics) increased in viscosity or maintained viscosity over long periods of oxida* 
tion, and their performance showed sustained improvement. The most satisfactory 
results were obtained with blends of easily oxidized varieties and those difficult to 
oxidize. Oxidation was then assumed to take place through the influence of the 
readily oxidized molecules. 

It has been suggested*’'^ that a lubricant for use under extreme pressures may 
be manufactured by incorporating esterified oxidized paraffin alcohols in a high 
quality lubricating oil stock. The esters formed by combination of alcohols heavier 
than decyl alcohol with lower acids (such as mixed acetates from the oxidation 
of hydrocarbon wax) are particularly mentioned. MacKenzie'*^ has suggested that 
the addition of 2 to 5 per cent of oxidized paraffin wax to a low viscosity (37 to 
60 seconds Saybolt at 1(X)°F.) oil will render it suitable for use on heavy machinery. 

An oxygen polymerization product has been reported by Davis’^® which is said 
to improve heavy, waxy oils. This material is prepared from liquid hydr<Karbons 
(of 10 or more carlxm atoms) hv low temjx'rature oxidation treatment in the 
presence of a siccative. The substances formed are largely alcohols, aldehydes, 
ketones and esters. James*^'^ treats a light lubricating oil by a vapor-phase catalytic 
oxidation, and fractionally distils the procluct. The heavier ends are treated ‘with 
relatively small amounts of sulphuric acid at a temperature materially above 45®C. 
Excess free sulphuric acid is remove<i, and the oil-soluble sulphonates extracted, 
leaving a lubricant considered to l)e substantially free of gum-forming constituents. 
The prcKluct can be used in conjunction with either engine lubricating oils or with 
gasoline as an overhead engine valve lubricant. 

PRODrCTION OF WaXKS 

A partial oxidation of petrolatuiti can W made to yield a se^ie^ of low lM)iling 
oils and a paraffin, according to Zieley.®^ The petrolatum to Ik‘ treated is atomized 
by superheated steam and the mixture passe<l into a tower into which air and 
further superheated steam are injected at the Ixntom. The temperature in the re¬ 
action zone is held at about 540®C., while a pressure of 60 to 70 pounds per square 
inch is maintained. The condensed pro<lucts of the reaction yield a paraffin and 
oils of oxygenated character. On the other hand it has lK‘en suggested that the 
oxidation pro<lucts of high molecular weight hydrocarixms l>c heated wdth fats, 
fish oils or their derivatives. A decarboxylating catalyst is added, and the re¬ 
sulting condensation products are reported to 1 h* waxes suitable for polishes, sizing 
and impregnating agents for textiles.®- A wax useful in preparation of shoe 
polishes, paper-coating materials and |K>lishes is said to result from an esterified 
bleached montan wax. The bleached wax is oxitlized to convert it more completely 
into fatty acids, and these acids are reduced to the corresponding alcohols. The 
resulting alcohols are then esterified wdth monocarboxylic acids of 10 to 25 carbon 
atoms, such as stearic, palmitic or linolcic acid. The physical properties (e.g., 
hardness ) of the resulting waxy substances may be controlle<l by the choice of 

Britiih P. 442,921, 1935, to Standard Oil Development Co.; Bnt. Ckrm. Abs. B, 1936. 439. 

wK. G. MacKenrte. U. S. P. 1,904,065, April 18. 1933, to Texan (o,; Bnt Ckem. Abs. B. 1934, 

135. See al»o, E. F. Pevere, U. S. P. 2,045,922, June 20. 1936. lo Texai Co.; Ckrm. Abs.. 1936, SO, 

5782. B. Galbworihy, V. S. P. 1.932.381. Oct. 24. 1933, to Texan Co ; Brit Ckrm. Abs. B. 1934, 

791; Ckrm. Abs.,\9U, 28 , 632 

•• G. H. B. Davit, Canadian P. 346.032, 1934, to Standard t)il Development Co.; Ckrm. Abs., 

1935, 29 , 2347. 

•J. H. James, U. S. P. 2,029,619, Feb. 4, 1936. to (Marence P. Byrnen; Ckrm. Abs.. 1936, 86« 
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acids with which the alcohols are esterified For the production of bleached mon¬ 
tan wax, Pungs and associates®^ suggest that the wax be first saponified and the 
resulting fatty acids and alcohols separated. The alcohols are bleached by a solid 
adsorbent, such as activated carbon, and the acids are separately treated with an 
oxidizing solution such as potassium bichromate and sulphuric acid. The bleached 
substances arc then re-esterified, and by controlling the proportions of acids and 
alcohols used f)r by adding other alcohols or acids, the properties of the wax may 
be modified. According to I^barthe and Trcssler,®*"^ a l>eeswax substitute melting 
at a temperature of alxmt 75°C., or only 10° higher than the natural substance, can 
be made by oxidation of high-melting paraffin hydrocarbons such as “Superla** 
paraffin wa.x, melting at about 60°C. or higher, or from Utah wax (derived from 
Utah ozokerite). Both of these waxes are purely hydrocarbon materials, consist¬ 
ing almost entirely of straight- or branched-chain compounds, and have acid and 
ester values of practically zero. The oxidation process is carried out at a tem¬ 
perature l)etween 120° and l.sO°C. if oxygen is used, and at a somewhat higher 
tem[H?rature if air is the oxidizing agent. Finely divided nickel or manganese 
metal or their oxides or soaps serve as catalysts in this reaction, the manganese 
compounds being perhaps mc^re desirable in that they produce a lighter colored 
product. It is advantageous to use oxygen rather than air, since the lower tem¬ 
perature of the reaction under the influence of oxygen lessens decomposition of 
the products. Thus, in one example, 15()0 g. of ozokerite wax were mixed with 
15 g. of mangane.se oleate and maintained at 120°C. while dry oxygen was bubbled 
through the molten mix for 288 hours. The exhaust gases from this reaction were 
passed in a similar manner through a second mass of ozokerite wax and man¬ 
ganese oleate. At the end of the reaction time, the acid value of the first mix had 
risen to 25.8 and the ester value to about 50.6, while the material in the second re¬ 
actor flask showed acid value of 46.7 and ester value of 56.6. The results appear 
to indicate, the investigators believe, that considerable proportions of high molec¬ 
ular weight alcohols, aldehydes and acids are formed and possibly some heavy 
ketones, as well. 

Oxidized waxes have lK‘en suggested as substances useful in improving the 
adhesive pro|>erties of road bitumen, particularly in the presence of water. The 
addilii)!! of 0.1 to 2 jkt cent of oxidized paraffin wax materials is said to make 
bituminous road oils hold the aggregate materials more firmly.®® Oxidized mon¬ 
tan or carnauba wax is capable of acting as a vehicle or adherent in preparing 
wax-impregnated ceramics (»r wax-coated metallic vessels, according to Sommer, 
Weissbach and Keinhardt.®^ The waxy prcxlucts obtained by the oxidation of 
montan wax are niixed with paraffin, ceresin or ozokerite wax and applied to the 
stock to Ik‘ treated. The resultant walls are reported to be impervious to acids. 

Ml.St'KI.l.ANKOrs OxiD.VTlON PRODUCTS 


Resins. Industrially useful resins may be prepared by the oxidation of petro¬ 
leum fractions, or by treatment of the oxidation products obtained from {K'troleum 

W. runfji and M. labrMorfcr. U. S. P. 1.94:.8.UU .Inn. 9. 19.U. to I. l'.. Farbenind. A. U.; 

^ an<l T. Hcllthalcr. U. .S. P. 1.985.871. Dec. 2S. 19J4. to .A. Ric- 

l>eck*Ach4r Montanwerke A. CJ.; Brit. Chrm. Abs. i w 

r. I^iharthc and I). K. Treasier, U. S. P. 1.98.1,6/:, Dec. 11, 1934. to Mathieson .Vlkali Works. 
Inc • Rrt# Cbem Aht B. 19,15. 1127; Ckrm, Abs.. 19.15. 29, 859. 
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•T W ’ Sommer II VVei**bach and L. Reinhardt. German P. 609.162, 19.15. to I. ('•. Farbenind. 
A-C.; a^kV. 1935. 2». 3074: J. In.l. /V. T.cK 1935. 21. 2..9A, 
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fractions.®* Thus, treatment of a gasoline fraction with air or oxygen may furnish 
a synthetic resin, Borst*® reports. In the process he proposed, a Mid-Continent 
residuum was pyrolyzed to yield a cracked gasoline boiling l)etween 40® and 220®C'. 
This material was placed in a pressure vessel provided with an iidet spray line. 
The vessel was heated to approximately 150®C. and a mixture of alxmt equal parts 
of air and oxygen was introduced until about 3 pounds of gummy material was 
produced per gallon of original gasoline. The pressure apparatus was then 
cooled and opened. The remaining hydrocarlx)n was decanted, and a heavy metal 
oxide (15 per cent by weight of ferric oxide) was added, the ImhiiI) was closed and 
the mixture subjected to further oxidation under substantially the same condi¬ 
tions as in the first stage. 

After this treatment, the resinous material was drawn off hot, mixed with an 
equal weight of wood Hiuir and alH)ut two jrt cent of hexamethylenetetramine 
(calculated on total weight of resin and filler) was added. l*he resulting mass 
was worked on hot rolls at alK)ut 175®C., and the final resin pulverized to yield 
a powder capable of hot molding. Morrell^ suggests an analogous treatment using 
ozonized air as the oxidizing agent in place of the air-oxygen mixture. 

1'he large variety of useful nuiterials obtained hy oxidation treatment is indi¬ 
cated by a report of Velikovskaya^^ on the utilization of by-f)riKlucts of the petro¬ 
leum industry. From the acid sludge pnxluced in spindle oil refining, he re[M)rts, a 
satisfactory axle grease can l)e made. The acid slmlge is heated to 3()0®C'. ai\d blown 
with air till it solidifies. The pnxluct is then heated to and diluted with 

mineral oil to the desired viscosity and finally treated with 1 jh-t cent of 35° Baume 
sodium hydroxide. A shoemaker’s wax can l)e prepiired from heavy oil lx)ttoms 
stripped of fractions boiling below* 300®C'. and similarly blown with air until 
solidification sets in. This prcxluct is then mixefl with 20 ptT cent of heavy dis¬ 
tillate alkali sludge or with oil separate<l from acid sludge after it has lH*en blown 
with air. A binder material from the nianufacture f)f briquets can also be pre¬ 
pared from acid sludge. 

Insecticides. Investigations by Francis’- on the efficiency of insecticides 
indicated that although the exfxjsed feeders, such as caterpillars. hopfXTS, beetles 
and bugs, are best controlled by applications of poisrms on the feeding materials 
and contact insecticides, the concealed feeders such as leaf miners, l)orer and ant" 
are most readily attacked by gases and a numl>er of jxqroleum |>reparations. The 
sucking insects are most difficult to control, since the feeding materials canmU lx* 
|K>isoned. For this type of pest, substances which affect respiration or have a 
caustic effect on the skin are used: insect tx)W'ders, tobacco, an<l jx'troleum dis¬ 
tillates. Household moths are eradicated by suffocants ; carbon disulphi<le. hydrogen 
cyanide or volatile petroleum pr<xlucts. It was shown in tests carrieil out at the 
New Jersey Agricultural Experiment .Station that insects normally have a Cf»ating 
which is highly resistant to the penetration of water. Petroleum distillates over¬ 
come this natural protection. The lighter oils have, per sc, a caustic action on 
the softer parts of the insect*.s IkkIv. According to Petrov.^*'* the paraffin base oils 
arc best suited to the preparation of insecticfiles, and the naphthenic oils are dis¬ 
tinctly inferior. A number of Russian oils w’cre tested as insecticide preparations. 

•Sec Carletofi EIU>. "The Chemotry of Synthetic Rcfuni," KrinhnlH rtihh^hing (orp . Ncm 
York. IfSS. al»o (Tiapter 

•W, B. Bofit, C. S. P. 2.066.090, r>cc, 29, 1936, to t'liivcr**! Oif Products f o. ; Cftrm. Ah$ , 
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•J. C, Morrell, I*. S. P. 2.0#»6.!20, Dec. 29. 19.16, to l*nivfrMl Oil Product* Co, 
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and it .was found that this general comparison holds. Aromatic content is par¬ 
ticularly undesirable in insecticide oils due to the burning action it evidences when 
applied to plant foliage.*^^ Hyman^^ has prepared an insecticide by oxidation of 
a vapor-phase cracked petroleum distillate boiling in the kerosene to gas-oil range. 
The cracked product is treated with molecular oxygen in the presence of a siccative 
soap or other siccative compound of cobalt, lead or manganese. When precipi¬ 
tation ceases, the solid is separated out and the hltrate recovered. It has also been 
suggested that the sodium salts of the saturated aliphatic acids of medium mole¬ 
cular weight (4 to 15 carbon atoms) make effective insecticides. These can l)e 
prepared, Burwell^® states, by the oxidation of petroleum fractions. The hydro¬ 
carbon is oxidized (with oxygen or air) under pressure of 250 pounds per square 
inch in the presence of manganese oleate at a temperature of 155°C. The product 
is said to !>e useful as a constituent of insecticidal sprays. 

Derivatives of the higher alcohols have been tested as contact insecticides, 
according to Hous(|uet, Salzl)erg and Dietz.*^^ and the results obtained have been 
encouraging. T hese higher alcohols can be obtained by the oxidation of the 
higher petroleum derivatives, though in the present investigation they were de¬ 
rived from cocoanut oil and transformed to the rhodanates for the insecticide tests. 
The following series of reactions was employed, starting with trilaurin : 


('Hj 



CH.OH 

CH + 6H. 

>■ 


4- CHOH 

cH, 



CH3OH 

+ HCl 

>- 

C'H3(CHt),oCH,Cl + 

H,0 

+ NaSrX 

- >- 

('H3 (CH,>u.CILSCN 

-f NaCl 


By Ntarting with cocoanut t)il, it is pos.^ible in this way to obtain the rhodanate^ 
of all the even-numbered carbon atom alcohols from six to eighteen carbon atoms. 
These inchnle hexyl, (Kiyl, decyl, lauryl, inyristyl. cetyl and stearyl rhodanates. 
Hexyl rhodanate is an oily li(juid boiling at 85 °C\ whereas stearyl rhodanate is 
a waxy solid boiling at 195^('. under 2 mm. pressure. The lower rhcxlanates have 
powerful and unpleasant (vlors wliereas the longer chain compounds are much less 
objectionable. Lauryl rlKMlanate has a mild and fatty odor. 

\ series of tests made against several varieties of aphids, red spiders and 
thrips showe<l tliat the 12 carbon (lauryl) rhodanate was uniformly the most 
effective. In several instances it was found that the lowest rluxianates tested 
(methyl, ethyl and butyD were p<isitively advantageous to the insects, since potas¬ 
sium oleate. tlie wetting agent employed in conjunction with the insecticides, was 
more toxic alone than the combination of oleate and butyl rluxlanate. There was 
a sharp increase in toxicity with hexvl rlKnlanate, a further distinct increase for 
octyl rluHlanate. and a lesser gain, and in some cases (as against the green chry¬ 
santhemum aphid) little or no gain in going to the decyl rhodanate. The curve 
of toxicitN flattens Ix^tween the decyl and lauryl rhiKlanates. thence declining rap¬ 
idly for inyristyl. cetyl and the higher compounds. (See Figs. 252 and 253.) It 
was found in testing various concentrations that lauryl rhodanate in 0.067 per cent 


Scr R. r. Ttickrr. /«</ i 

/Vl. rrr/i.. IV.U*. 22. 172A Srr i'h.y\Act 
J. Hym.in. I*. S. P. J OJO.MH. Nov. 
’•A. W, Buiwrll. Biitish P. 


/♦•*»« . 128, 

M. 

12 1^.'.'. lo VcUicol 

to .\lox Chrm. 


Chrm. 

Corp.; 
Corp.; 


Abs,. 1936. SO, 2S7$i /. hut. 

Chrm. Ah.f., 1936. 30, 5f*6. 

J. Inst. Pet. Tech.. 1935, 21. 


P^ U Sr;>VrR ana H F. /nW. E., 1935. 27. 1342; Chrm. Ah.. 

1936 SO 221* Rrtt Chrm Ahf B. 1936. 1 17; alv> P. I.. Salxhcrg and E. \\ . Bousquet. I . S. P. 

963 100 fun# 19 1914 to (^raairlli Chem. Co.; Ckcm. Ahs.. 1934. 28, 4749; Brit.Chem. Abs. B. 

IJ ’S P I?993,040; M-rch 5. 1935. to Grasaelli Chtm. Co.; Ckem. Abs.. 1935. 29, 

26*58; BrU. Ckem. Abs B. 1936. 387 



1060 


CHEMISTRY OF PETROLEUM DERIVATIVES 


concentration caused practically a 100 per cent kill of green chrysanthemum aphids. 
Since this 12-carbon rhodanate showed greatest promise, it was tested in some detail 
as to plant toxicity and is reported to allow a sufficient margin of safety for effec¬ 
tive use as a practicable insecticide. 

Janies^® suggests that the mixed oxidation products of a gas oil may be 
treated with sulphuric acid or oleum, producing sulphates and sulphonates of the 
unsaturated compounds present. By neutralization of the acid mixture, hydrolysis 
of the sulphates occurs, yielding higher alcohols, which, he states, may be com¬ 
bined with a toxic agent to produce an insecticide. If the neutralization is effected 
by the addition of sodium sulphide to the acid liquors, the sulphur content of the 



Courtesy Jndustriat and Hn(fineeting Chemistry 

Fig. 252.—Relative Efficiency of Alkyl Rhodanates in Killing Thrips. (!•". W. Bousquet, 
P. L. Salzbcrg and H. F. Dietz) 


product is reported to l>e about 2.5 per cent. The sulphur has in part, he finds, 
reacted to form thio ethers, which act as a toxic agent to the insects, without in¬ 
juriously affecting foliage. Chlorine or nitrogen compounds may be intro<luced 
into the organic molecule instead of sulphur. 

Emulsifying Agents. The acitls and esters of o.xidized 'petroleum frac¬ 
tions have considerable emulsifying powers, and their cheapness makes them de¬ 
sirable in many processes. Eigeles^® has reported tests made on the flotation of 
Kalanguev fluorite ore, using oxidizeil^ paraffin and the mixed carboxylic acids 
separated from it. In this service it wAs found that the best solvent for the oxi¬ 
dized paraffin was benzene, although the carlK)xylic acids gave siitisfactory results 
with kerosene. Up to 16 per cent of the oxidized paraffin solution can l)e used, and 
solutions containing 30 per cent of the carboxylic acids were tested. It was re¬ 
ported that these solutions were less sensitive to variations of the pH values than 
were oleic acid flotation solutions. However, an optimum result was obtained at 
pH of 11. The best temperatures for the operation varied somewhat, that for 
the oxidized paraffin being 23® to 24®C., although the carboxylic acids gave good 
results at 12®C. The addition of pine oil improves the flotation by petroleum oxida¬ 
tion proflucts, although the regular procedure used in the oleic acid flotation gives 
equally gcxxl results (c.g., 81.4 per cent of the calcium fluoride present in the ore 

«J. H. Jamen, V, .S. P. 2,067,532, Jan. 12, 1937. to C. P. Byrnev 
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before treatment was extracted into the flotation concentrate. The concentrate 
analyzed 96 per cent fluorite.) when the oxidized paraffin is simply substituted. 

Some of the oxidized petroleum compounds also have the power to break 
emulsions of the water-in-oil type. Thus Burwell®^ oxidized petroleum oil hydro¬ 
carbon at 15S®C. under a pressure of 350 pounds per square inch in the presence 
of manganese oleate. The ketonic fraction of the product or the mixed acids or their 
sulphonation products may Ik* employed in breaking jKtroleuni emulsions. Simi- 



Courtesy Industrial and Enginctring Chemistry 

Fig. 253.—Comparison of Insecticidal Action of Alkyl Rhodanates Against Red Spider. 

(E. \V. Bousqiiet, P. L. Salzberg and H. F. Dietz) 

larly, sulphonatcd oxidized products of higher petroleum hydrocarbons can be used 
as wetting and dispersing agents in making oil-in-water emulsions.®^ 

Special Methods of Combustion 

A special case of partial oxidation of hydrocarbon oils has been suggested by 
Janssenusing a slurry of oil and metal ore. Oil and finely divided ore are 
thoroughly mixed, and air is blown through the mixture in the presence of a 
catalyst to produce fatly acids. Alkali is added to the mixture so produced to form 
soaps. The fuel slurry is then atomized and burned with such a quantity of air 
that incomplete combustion takes place and the metal ore is reduced. 

In an effort to secure greater fuel efficiency, submerged combustion has been 
studied from time to time. Thus, according to Kobe,®® one type of commercial 
submerged combustion burner, consuming hydrocarbon gas and air, will utilize 
the latent heat of volatilization of the water produced by the combustion since the 
products of combustion are cooled to the tem|>erature of the liquid being heated. 
The burners are capable of converting over 90 per cent of the available energy of 
the fuel-air mixture into useful heat, this investigator indicated. Kobe, Conrad 
and Jackson®^ reported experiments with submerged combustion burners and 
found that three es.sential considerations in the construction of such a mechanism 
were: (a) a mixing chamber which would produce a homogeneous air-gas mix- 

A. W. Burwcll. S. P. 1,993,646, March 5, 1935, to Alox Chem, C'orp.; Brit. Ckcm. Abs.. 
B, 19.16, 438; them. Abs., 1935, 29, 2730. 

•'German P. 608,362, 1935, to I. G. Farbenind, A.-G.; J. lust. Pet. Tech., 1935, 21, 224A; Ckem. 
Abs,, 1935, 29, 2626. See aUo E. A. Maueraberger, French P. 801,106, 1936; Chem. 1937, 31, 
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ture, (b) a velocity tulx? throujjh which the air-gas mixture flows at a rate greater 
than the rate of flame propagation in the mixture, and (c) a combustion chaml)er 
containing a refractory surface which !)ecomes incandescent and acts as an ignition 
|K)int for the fuel mixture. With an experimental burner constructed according to 
these observations, the thermal efficiency in evaporation of water (percentage of 
heat input recovered in products) was 95.2 per cent, while 83.6 per cent of the 
heat input was used in evaporating the water. The investigators tried submerged 
combustion evaporation in the concentration of sulphite waste liquors. The most 
serious problems in the evaporation of these liquors are the viscosity of the fluids, 
the serious scale-forming tendencies, the corrosive nature of the unneutralized 
liquid, foaming, and the escape of volatile substances causing trouble in condensing. 
Submerged combustion makes fx^ssible the use of poor heat-conducting materials 
such as ceramic ware which rc'^ist corrosion, while scale does not interfere with 



Fir,. 2.^.—.Sketch of Stibniergcd Combustion Heater tor I)»»inestie I'se. ( K. .\1. Stewart) 


heat transfer from a gas bubble. The continuous release of gases tended to agitate 
the material satisfactorily, and good concentration results were reported. Since 
these experiments, Kobe, Hague and Carlson**’** have studied the dehydration of 
.sfxlium sulphate decahydrate by submerged combustion. The dehydration of this 
salt is difficult because of the peculiar solubility curve of the compound. 32.4®C\ 
this salt forms solid srxiium sulphate and a saturated solution. Evaporation must 
l)e conducted below this temperature, then, if scale deposition is to l)e avoided, or 
the evaporation process must start with a saturated solution rather than the deca¬ 
hydrate itself. With tube evaporators, there must be considerable surface at a 
temperature higher than that of the liquid, with con.sequent deposition of the an¬ 
hydrous salt on these surfaces and lowered efficiency resulting from )KX>r heat 
transmission. On the other hand, submerged combustion is said to be highly ad¬ 
vantageous in that no large metal surfaces are exposed at temperature.s higher than 
tiiat of the liquid. Some scale docs form on the burner, but the unit nce<l not l>e 
shut down; the burner is withdrawn, another burner l)eing inserted. When sub¬ 
merged combustion is employed, solid decahydrate may l>e used as the fee<l ma¬ 
terial, reducing the required evaporation. Further, the inverted solubility curve 

•• K. A. Kobe, C. W. ffaKue and C. j. CarNon, linfl. Chfm., I9J6. 2t, 5RS; Cftrm. AhM,, 
19.16, 10, .1949. 
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of the salt permits recovery of a considerable portion of the material as the anhy¬ 
drous salt by the solubility effect without evaporating water. Analogous investi¬ 
gations on the recovery of potassium chloride from sylvanite solutions showed 
equally promising results.*® 

Stewart*^ has pointed out a further advantage of submerged combustion as 
a source of heat; it makes possible an extremely compact boiler-burner unit. For 
instance, he has made an apparatus for domestic heating consisting of an angled 
pipe enclosing a tubular burner. The annular space between the inner burner tube 
and the external pipe contains the water of the boiler system. (See Fig. 254.) Air- 
fuel mixture is supplied to the burner by a small compressor. If used in conjunc¬ 
tion with a domestic hot-water heating system, the burner is preferably placed at 
the top of the house, in order that the water-head on the burner may be minimized. 
Circulation in this system is not dependent on convection currents, since the com¬ 
bustion gases forced from the burner serve to maintain a rapid circulation through 
the burner-boiler unit and hence through the entire system. The intimate contact 
of combustion products and water makes heat transfer highly efficient (over 90 
per cent), it is said. The small size of the apparatus required makes practicable 
the use of corrosion-resistant materials without undue increase in cost. Further, 
because the gases are fed by means of a small blower, and the combustion products 
leave the system at a temperature below the boiling point of w^ater, a chimney or 
flue is unnecessary, since high temperature gases need not be handled, and draft 
is otherwise supplied. The exhaust flue may he a 1-inch malleable iron pipe. This 
type of apparatus is not limited to direct heating, however, since the burner-boiler 
unit is sufficiently compact to be immersed directly in a fluid which is to be heated 
without contact with the combustion gases. 

«K. A. Kobe and R. P. (Jraham. Ind. Eng. Chrm., 1936, 28, 593. 

R. M. .Stewart. U. S. P. 2.025,695. Dec. 24, 1935. to Ellis-Foster Co. 



Chapter 46 

Sulphonation of Petroleum Hydrocarbons. Sulphonic 
Acids, Detergents and Other Products 

In view of the large-scale application of acid refining of petroleum distillates, 
the action of sulphuric acid and of oleum on various fractions is of importance. In 
addition to its action as a solvent and precipitating or coagulating agent, the acid 
effects sulphonation, polymerization and sulphation of petroleum hydrocarbons. In 
many instances, some oxidation also occurs simultaneously. A consideration of 
the solvent or precipitating action of the acid involves a discussion of petroleum 
refining which is l)eyond the scope of this text. The sulphation and polymerization 
which take place with olefins has been described previously.^ In this cliapter at¬ 
tention is directed particularly to sulphonation, especially of paraffin hydrocarbons. 

The early use of sulphuric acid in petroleum refining- soon led to the serious 
problem of disposal of the acid sludge, a highly corrosive substance,^ which, how¬ 
ever, contained considerable amounts of valuable constituents. The sludge was 
<liluted with water, causing a separation into two layers. The aqueous layer was 
reconcentrated and the sulphuric acid re-used; the insoluble oily residue was burned 
as a fuel.'* 

As uses have developed for the substances present in the acid sludge, many 
workers have investigated methods of separation applicable to such complex mix¬ 
tures. The characteristics of sludges depend on the properties of the original 
crude, the fraction treated, and the method of treatment. The latter varies in 
severity from the mild processes employed in refining light gasoline distillates, 
through the more severe treatment of lubricating oils to the rigorous operations 
necessary in the manufacture of white oils and petrolatum where the most con¬ 
centrated acid, and frequently fuming oleum, is used.*'^ 

Properties of Sulphonic Acids 

Since accurate knowledge of the mechanism of sulphonation is limited to the 
reaction of hydrocarbons of relatively low molecular weight, only inferences can 
be drawn regarding the reactions of the larger molecules present in petroleums. 
It appears that the saturated hydrocarbons in the higher distillates of many oils 
are much more reactive toward chemical reagents, sulphuric acid included, than 
are the simpler saturated compounds, while the almost unknown class of polynuclear 

^ See Chapters l.L 14 and 15 for sulphation, and Chapter 26 for polymerization. 

* For more details of earlier work see Carleton Ellis, "The Chemistry of Petroleum Derivatives," 
The Chemical Catalog Co.. Inc., New York, 1934. 

* For a discussion of this, see K. P. Likhushin, Nejt. Khor., 1934, No. 9, 87; Chem. Abs.. 1935, 
29. 6032; Brit. Chem. Abs. B. 1936, 627. 

* A modification of this process, using water and a substantial proportion of a spacing agent 
such as a sulphate or sulphonate has been described by J, C. Morrell (U. S. P. 1.930.249, Oct. 10. 
1933, to Universal Oil Products Co.; Chem. Abs. 1934, 28. 312). Settling separates the sludge into an 
oily Wer and an aqueous layer; fresh acid is added to the aqueous layer. 

‘See for example A. l^zar. U. S. P. 1,964,953, July 3, 1934, to Associated Oil Co.; Brit. Chem. 
Abs. B, 1935, 1023; Chem. Abs., 1934, 28, 5181. Also K. T. Steik, Am. Dyestuff Heptr., 1934, 24, 
480; Chem. Abs., 1935, 29. 6766; Brit. Chem. Abs. B. 1935, 989, and B. K. Tarasov, Nrft. Khos., 
1929, No. 16. 236; Chem. Abs., 1929, 23, 4812. 


1064 



SULPHONATION OF PETROLEUM HYDROCARBONS 1065 

cycloparaffins may embrace more highly reactive constituents than has been sus¬ 
pected. 

As the chemical and physical properties of acid sludges are dependent on a 
number of factors, investigations of these complex mixtures have been difficult 
and many procedures have been advocated for separation of the sulphonic acids 
therefrom. The latter in turn may be subdivided in two ways, according to their 
solubility, or that of their calcium salts in various solvents. Thus the so-called 
“mahogany acids” are oil-soluble and the “green acids” are water-soluble. The 
calcium salts resulting from neutralization of acid sludge by calcium carbonate 
(or hydroxide) can l)e separated into three classes, the a-, fi- and y-sulphonates as 
follows 

a-Sulphonates: Found mainly in the acid sludge, but also in the oil layer. The 
calcium salts are insoluble in water and ether. 

y3-Sulphonates: P'ound largely in the oil phase, but also occur in the sludge w'hen 
oleum is used. Calcium salts are insoluble in water, but soluble in ether. 

y-Sulphonates: P'ound almost entirely in the acid sludge. The calcium salts are 
.soluble in water, insoluble in ether. 

Taking advantage of this means of separation, von Pilat and Szankowski^ ex¬ 
tracted y-calcium sulphonates obtained by sulphonation of a transformer oil and 
regenerated the hydrocarbons from them. The oils so secured gave evidence that 
these y-acids were derived from a homologous series of aromatic hydrocarbons 
(without long side-chains), the heavier fractions showing indications of condensed 
ring-systems. The ratio of carbon to hydrogen atoms in the molecule (about one 
to one) holds even with increasing molecular weight. The oils are characterized 
by high refractive indices, a very steep temperature-viscosity curve and a density 
about unity. 

Sereda” has reported a specific test for the /^-sulphonic acids that is said to be 
unaffected by the presence of naphthenic or polysulphonic acids. Ferric salts react 
with the /^-acids to form a compound intensely blue in ether solution. The color 
is not given by either the a- or the y-acids, and when conducted with a pW value 
l)etween 2 and 9, the respon.se is discernible in concentrations as low as one part 
in 5000. 

A separation® of mixed naphthenic and sulphonic acids and petroleum oils can 
he brought about by treating a dilute aqueous solution of the neutralized salts with 
ether to remove free oils, followed by a cold brine solution. The sulphonic salts 
react with the brine to form water-soluble sodium salts, while the naphthenic acids 
do not. The latter may then be extracted with a light petroleum. It is reported 
that a determination made in this way is accurate to 0.2 to 1 per cent (determined 
on total original mixture). 

Investigating a’ and y-sulphonic acids, Neyman and von Pilat*® determined 
the surface-tension effects of the sodium salts and slunved these substances to be 
much more effective in decreasing surface tension of water than was scnlium oleate. 

** S. von Pilat. J. Srreda .ind W. Srankowski. Petroleum Z., 19.t3, 29 (.3). 1; Cftrm. 193.3. 

27, 22H7; Brit. Chrm. .'lbs. B, 1933, 211. Sec also Carlcton F.llis, “The Chemistry of Pelrolenni 
Derivatives.” The Chemical Catalog Co.. Iiic., New York. 1934. 

’ S. von Pilat and V^^ Szankowski. Petroleum Z., 1935, 31. 1; Brit. Chem. Abs. B, 1935, 438; 
Chem. Abs., 1935. 29. 7057. 

Sereda, Petroleum Z., 1934. 30, No. 19. 1; Chem. Abs., 1934, 28. 4872; Bnt. Chem. Abs. B. 

1934. 612. 

•S. von Pilat and J. Sereda, Fettchem. Umschau, 1934, 41, 171, 200. 237; Brit. CArw. Abs. B, 

1935. 132: Chem. Abs.. 1935, 29, 2702. 

E. N. Neyman and S. von Pilat. Iru/. Fug. Chem., 1934, 26, 395; Chem. .-fh.r.. 1934, 28, 4.577; 
Brit. Chem. Abs. B, 1934, 486. According to these investigators a- and Y-sulphonic acids constitute 
about 25 to 40 tier cent of the bulk of the acid sludge obtained from treatment of Inbricating oiK 
with concentrated sulphuric acid. See Jnd. Eng. Chem., 1934, 26, 651. 
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The surface tensions of 0.1 per cent solutions of the sodium salts of oleic, a- and 
y-acids were 65, 51 and 54 dynes per square centimeter, respectively. Dialysis 
using a triple collodion membrane permitted complete separation of the y-sulphon- 
ate from the larger molecules of the a-salt, and by analysis it was determined that 
the y-salt contains about 31 atoms and the a-salt twice that number. Solutions of 
0.01 per cent strength showed only a feeble Tyndall effect under the ultramicro¬ 
scope, and no Brownian motion. 

Vivian and Reid^^ prepared some of the lower alkyl sulphonic'* acids by 
oxidation of corresponding mercaptans and dehydration, at one millimeter pressure, 
of the resulting concentrated aqueous solutions. The acids appeared unstable an<l 
soon darkened even when stored in t'acuo. Investigations of the melting points of 



Number of carbon atoms in radical 


Cottrfriy Journal of /American Chemical Society 

Ffo. 255.—Melting Points of Sulphonic and Carboxvlic Acid>. (I). I.. Vivian and 

E. E. Reid) 


the alkyl sulphonic acids containing from 1 to 6 carbon atoms showed an alterna¬ 
tion of melting points closely paralleling tho.se of the corresponding carl)oxylic 
acids. (See Fig. 255.) Reed and Tartar^** investigated the a(|ueous solutions of 
the calcium, magnesium and .sodium salts (prepared by the Strecker reaction*^) of 
the higher alkylsulphonic acids through octyl, decyl, lauryl, myristyl, cetyl and 
ii-octadecyl. Investigations of surface tension showed a considerable time-function, 
and the capillary rise method was recommended for studying this property. Con¬ 
siderable time (more than a month) was required before these capillary surface 
tension values reached equilibrium. Similar time effects were found in measuring 
the interfacial tension of the aqueous solution against benzene, though the factor 

Ab^A ^ ^ 1935. 57. 2559; Chem. Abs., 1936. 30. 1741; Brit. Chem. 


congr. 


»For the industrial preparation of higher alkyl sulphonic acids, nee L. ? 

afpMcata, 5tk Congr., 1936, 14, 870; Brit. Chem. A 
R. M. Reed and H. V. Tartar. J.A.C.S., 1935. 57. 570; Chem A 
•m. Abs. A, 1935, 606; J.A.C.S.. 1936. 5S. 322; Chem. Abs.. 1936. 3 


Chem. Abs. A, 1935, 606; J.A.C.S.. 1936, 

A, 19.16, 421. 

** For a general diKussion of this reaction see Chapter 34. 
RI -h (NH 4 ),S 0 , 


Seego and (». de Ponte, Atti 
Abs. B, 1937, 415. 

- . ‘ 29. 2915; Brit. 

322; Chem. Abs.. 1936. 30. 2465; Brit. Chem. Abs. 


In this case the reaction used was- 
RSO.NH, -f NH4I 
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in this case was measured in weeks rather than months. Conductivity experiments 
demonstrated that the sodium alkyl sulphonates are similar in this respect to po¬ 
tassium fatty acid soaps. 

Although the sulphonic acids react as strong acids, Dominikiewicz^^ reports 
that amphoteric elements such as aluminum form two types of salts, a true alu¬ 
minum sulphonate and a second type of salt in which the aluminum atom is a part 
of the aluminosulphonic acid ion.^® 

The stability of aliphatic sulphonic acids, probably because of the carbon- 
sulphur linkage, is shown by the fact that they are not hydrolyzed by aqueous 
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Fic.. 250.—DccomiKJsition o£ Alipliatic Sulphonic Acids with 3.70 N Sodium Hydroxide. 
3 Hours at 345‘’C. (F. C. Wagner and E. E. Reid) 


alkali except when heated to temperatures of 315 to 375Under such con¬ 
ditions three reactions are possible, viz.: 

RCH,CH,SO,Na -h NaOH —> RCH=CH, -f Na,vSC), + H,0 
RCH,CH,SO,Na -f NaUH RCH,CH, -h Xa^SO, 

RCH,CH,SO,Na -h NaOH RCH^CHjOH -f Na^SO, 

Although no alcohols have been isolated as a result of such reactions, neverthe¬ 
less in some instances it was rejM^rted that the hydrolytic products contained alkali 
salts of carboxylic acids having the same number of carbon atoms as the initial 
sulphonic acid. F"or example, ;/-butyl and n-amyl sulphonic acids yielded butyric 
and valeric acids, respectively. This appeared to indicate that the third reaction 
(given above) was the main one, followed by interaction of the liberated alcohol 
and alkali at high temperatures. 


RCHaCIUOIi -I- NaOH RCHiCOONa + 2Hi 

Comparisons of percentage decompositions of variiuis aliphatic sulphonic acids, 

M. Dominikiewicx, Arch. Chrm. Farm., 1934, 1, 93; Chrm. Ahs . 1935, 29. 5429; Brit. Chem. 
Abs. A. 1934. 8«9. 

For a grncral review of the properties of the sulphonic .icitls derived from i»etJoleuTU. see. C. V.. 
Nabuco dc Araujo, Jr., AVf. ehtm. ind. {Rio de Janeiro), 1934, 3, 21S; C'kcm. Ahs., 1934. 28. 69S7. 

*»F. C. Wagner and E. E. Reid. J.A.CS., 1931, 53. 3407; Chem. Abs., 1931, 25, 5.'93, But. 
Chem. Abf. A, 1931. 1268. 
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With 3.70 N sodium hydroxide for 3 hours at 345®C., indicated methyl sulphonic 
to be the most, and ethyl sulphonic the least, stable. The stability of acids having 
higher molecular weights then increased with the number of carbon atoms per 
molecule. This is shown graphically in Fig. 256. In general, sulphonic acids 
derived from secondary hydrocarbons were less stable than those from primary 
hydrocarbons. The effect of temperature (when the same concentration of alkali 
and the same heating time mentioned above were employed) is illustrated in Fig. 
257. It will be noted that for the same percentage decomposition much higher 
temperatures are required in the case of primary sulphonic acids than for the cor¬ 
responding secondary compounds. 
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Temperature, ®C 


Courtesy Journal of Amtrican Chemical Society 

Fic. 257.—Effect of Temperature on Decomposition of Aliphatic Sulphonic Acids with 
3.70 N Sodium Hydroxide. (F. C. Wagner and E. E. Reid) 


However, despite the strong resistance of sulphonic acids to hydrolysis (even 
in the presence of caustic alkali), Sereda, Macura and Udrycki** report that the 
interaction of these acids and organic bases such as aniline results in splitting of 
the carbon-sulphur bond comparatively readily. Up to about 160®C., the reaction 
between aniline and sulphonic acids yields the expected anilides. When the two 
reactants are heated above this temperature, the products are chiefly sulphanilic 
acid and a hydrocarbon. 

RSO.H + C,H,NH, —H,NC,H,SO,H + RH 

The reaction followed the same course with o-toluidine, yielding 3,4-methy)amino- 
beiuenesulphonic acid. However, ^-toluidine did not effect the removal of the 
sulphonic group even on prolonged boiling, reaction l)eginning at 230“C. under 
pressure. When dry p-toluidine was heated with absolutely anhydrous sulphonic 
acids at this temperature, 5,2-methylaminobenzenesulphonic acid was formed. From 
these reactions it was believed that when the position para to the amino group is 
occupied, the sulphonic group is directed to the ortho position. 

WS^'osI* ^ Udrycki, Btr.. 19J5. 6S. 1933; Chem. Ab,.. 1936. 10. 492; flr.7. 
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I'koductiox of SuLFiioxic Acids 


Parkhomenko'*^ reports that for best results both the oil and the oleum em¬ 
ployed should be of uniform quality. He recommends that 18 to 20 per cent of 
oleum (23 to 25 per cent free sulphur trioxide) be used in four treatments of two 
and a half hours, the temperature being maintained at 75 to 80“C. The use of air 
for agitating the reactants is not advisable. In separating the acids produced, 
a thorough settling is necessary, and he recommends that two settlings in separate 
vessels be made, at a temperature of 45 to 50°C. By these methods, he found a 
sulphonic acid-oil ratio of 2:1 in the first two extractions and about 4:3 in the last 
two. Voznesenskii^'' treated a distillate (initial boiling point 220®C., 85 per cent 
over below 240°C.) with 20 per cent oleum four successive times, and a yield of 
nearly 40 per cent of sulphonic acids was obtained. These acids were found to 
be efTective fat-hydrolyzing agents, although the sulphonic acids obtained from 
liquid petrolatum were 120 per cent better in this respect. Khisin and Sungalov- 
skaya-' report sulphonating a heavy fraction (boiling between 275 and 350°C.) 
of a Gdov shale-oil tar to make effective soaps. The oil was treated with 150 per 
cent of its volume of sulphuric acid for one hour at 60°C. A yield of 60 per cent 
of sulphonic acids was reported, and the sodium or ammonium salts of these acids 
were found to be serviceable soaps. 

.Sulphur (rioxide in gaseous form may be employed as the sulphonating agent, 
and according to Sarkisov, (Jotovtzev and Razderishin,-- this method is advan¬ 
tageous in that it makes possible a higher concentration of sulphonic acids in the 
crude products. By using gaseous sulphur trioxide and dry air blown through oil 
at a temiKTature of 110 to 120°C. the sulphonic acid concentration was increased 
15 per cent, while the free sulphuric acid concentration in the solution was held 
to a minimutn. Some investigations by Likhushin, Dei-Karkhanova and Shak- 
novich,**' in which various petroleum distillates were treated with sulphur trioxide, 
led them to the conclusion that petroleum sulphonic acids were not formed from 
naphthenic acids, but from naphthenic hydrocarbons that had suffered dehydro¬ 
genation. Shneider and Kheifetz^^ reported, however, that in treating a gas oil 
with sulphur trioxide, they were able to increase the yield of sulphonic acids by 
50 per cent when 4 per cent of naphthenic acids were added. This observation 
was confirmed by Likhushin, Dei-Karkhanova and Mirzakulieva.®^ The latter 
investigators treated distillates (at 60 to 63°C'.) with 4 portions of sulphur trioxide 
(a total of 12 per cent being used). \’ery high yields of acids were obtained, and 
it was concluded that there was either a catalytic action caused by the naphthenic 
acids present, or that the naphthenic acids had a dissolving action on the sulphonic 
acids in the distillates. 

Such powerful sulphonating agents as sulphur trioxide are seldom used in 
usual refining operations, but the trioxide may be modified to yield a maximum 
proportion of sulphonic acids with a minimum of oxidation, using sulphuric acid 


»• V. Parkhomenko. Seft, 1932, 3, No. .3-4, 30; Chem. Ahs., 1935. 29, 2?02. 

* A. A. Voznesenskii, Seft, 1935, 6, No. 2, 14; Chem. Abs.. 1936, 30. 4306; J. Inst. Pet. Tech., 
1936. 22. J56A. 

»» Y. I. Khiiin and L. R. .Sunijaiovskaya, J. Applied Chem. (U.S.S.P.), 1936. 9, 731; Chem. Abs., 
1936. 30, 7831; Brit. them. Abs. B. 193(.. 626. 

•< Referred to by V. Parkhomenko. Neft, 1932. 3, No. 3 4, 30; Chem. Ahs., 1935. 29, 2702. Cf. 
Carleton Klim. “The Chemistry of Petroleum Derivatives,” The Chemical Catalog Co., Inc., New 
York. 1934, 1014. 

•• K. P. Likhushin, A. A. Dei-Karkhanova and N. B. Shaknovich. Arer. i\cft. Khoc., 1933, No. 
1011, 116; Chem. Abs., 1934, 28. 7487. 

»• F. Shneider and A. Kheifet*. Meft. Khos., 1934, 26. No. 5, 59; Chem. Abs., 1934, 28, 7488; 
Brit. Chem. Abs. B, 1935, 392. 

* K P. Likhuihin, A. A. Dei Karkhanoxa and M. I. Mirzakulieva. Ater. AV/f. Khor., 1934, 
No. 1. 63; Chem. Abs., 1934. 28, 7488. 
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as the refining agent. The best conditions for such results arc 10 per cent (by 
weight) of 96 per cent sulphuric acid at Less concentrated acid (90 per 

cent) can be used at a higher temperature (-fl5°C.) if a larger proportion (20 
per cent) is employed.-^ 

Osborn and Craig*-^^ find that the fraction of petroleum hydrocarbons extracted 
by liquid sulphur dioxide is practically wholly composed of sulphonatable constit¬ 
uents. Such an extract is treated with an approximately equal proportion of 90 
to 103 per cent sulphuric acid, and after the reaction, water is added to bring about 
stratification. The product is a concentrated solution of water-soluble sulpbonic 
acids. This procedure is said to l)e advantageous in that it requires comparatively 
small bulks of corrosive acid and correspondingly smaller corrosion-resistant ap¬ 
paratus. 


Extraction and IT'rification of the Petroleum .Sulphonates 


In recovering the sulphonic acids derived from petroleum oils, iwo general 
metho<ls are employed: the selective solvent action of the lower monobasic alcohols 
and precipitation of the petroleum sulphonate >alts by salting out.-^ Thus, 
Ramayya^ dissolves the organic acid constituents in acid sludge by treatment with 
25 to 75 per cent aqueous ethyl alcohol. Reddish and Myers^‘^ employ an analogous 
process, and recommend that the proportion of sludge to alcohol be such that there 
is less than 20 per cent by weight of sulphonic acids in the final alcoholic solution. 
Buc^^ suggests that the extraction be made with a 50 per cent aqueous solution of 
isopropyl or higher water-soluble alcohol. The sulphonates taken up by the alco¬ 
holic solution are purified by precipitating the ionizable salts in an a(|ueous layer 
formed by a dehydrating agent such as sixlium carlxmate monohydrate. I he de¬ 
hydrating agent is added, separation takes place, and the two solutions are sepa¬ 
rately distilled to recover, from the alcrdiolic layer, the sulphonates, and from the 
aqueous layer, the sodium carbonate for further unc as tlehvdrating agent. The 
method is said to be advantageous in that it [)cnnits purification with but a single 
distillation and extraction process. 

Salting-out of sulphonates is advocated in some instances as a method of secur¬ 
ing only the more desirable compounds. Thus, acid sludge is neutralized with 
sodium hydroxide and the aqueous solution treated with 2 to 15 per cent of so<lium 
chloride to precipitate the sodium sulphonates.'*- Fussteig** reports, on the other 
hand, that the re.sulting pro^lucts are often contaminated with portions of neutral 
oil. The latter may be removed, however, by extracting an aqueous alkaline solu¬ 
tion of the sulphonates with acetone or ether. Wsterdal and (’arl>on*^ find that 

-■"Dutch P. .16,949, 1935. to Bataaf*>chc IVtroleuin Ma.'itHcli.-^ppi); ihrm. rlhs . 30. 2748, 

R. T. Osborn and R. Craig, U. .S. P. 1.955.859. April 24, 1914, to Standard Oil Co. of Calif ; 
ftnf. Chem. Abs. B. 1935, 182; Chem, Abs„ 1934. 28, 4215. 

^ So greatly do acid sludges vary in nature that no generalization '\s entirely “.ife, It i* lient tn 
say onlpr that a certain sludge, treated in the described manner, will yield prcxlucts suitable fot 
^plications suggested. E. Holzman and S, Stiknarowvki (Ind. Ena. Chrm., Anal. Ed.. 1935, 7, 378; 
Chem. Abs., 1936, 30, 275) have develoi»ed a system of analyniM thiii can he applied to theie sludge- 

that may be of assistance in determining what treatment would be l>ent adapted to a particular 

dtidge. 

K. S. Raniayya, U. S. P. 1,956,592, May 1. 1934; Brit. Chrm. .4bs. B, 19.15, 89; Chrm. Abs.. 
19.34. 28, 4215. 

»W. T. Reddish and E. D. Myers. U. .S. P. 1.960.828. May 29. 1934. to Twitchrll PrcKrr-s (V; 
Brit. Chem. Abs. B, 1935, 294; Chem. Abs.. 1934. 28. 4590. 

H. E. Buc, U. S. P. 1,981,799, Nov. 20, 1934, to Standard Oil Development Co.; Brit. Chem. 

Ats. B. 1935. 984; Chem. Abs., 1935. 29, 589. 

**German P. 604,641, 1934, to Chem. Fabrik Pott and Co.; J. Inst. Pet. Tcrh., 1935. 21, 101 A; 
Chem. Abs., 1935, 29, 919. 

• R. Fussteig, Chimie et industrir. 1933, 30, 1027; Brit. Chem. Abs. B, 1934, 83; Chem. Abs.. 
1934, 28, 2169. 

•* H. G, Veiterdal and E. W. Carlson. U. S. P. 2,035,106, March 24, 1936, to Standard Oil 
Development Co.; Chem. Abs., 1936. 30, 3216. 
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refininif of green-acid salts may be effected by fractional precipitation from an 
a(|ueous solution of the salts by means of water-soluble organic liquids (such as 
acetone or alcohol) and salt. As the temperature of the solution is lowered, the 
sulphonate fractions separate out. If the acid sludge is neutralized with an aqueous 
lime slurry instead of sodium hydroxide, the insoluble alkaline-earth metal salts 
of the sulphonic acids are formed. Pilat and Sereda®® mix the mass of precipi- 
tatefl sulphonates, asphaltenes, tars and resinous compounds from such a treat¬ 
ment with alkali carbonates, thereby converting the sulphonates into water-soluble 
compounds which are afterwards removed by extraction. 



Fk;. 258.—Krtect of Soap Acidity on Se|>aration of Light Hydrocarbon Oil from Green- 
Acid Soap. (R. K. Beard and K. N. Roberts) 


Ramayya-’^^ refined crude oil-soluble mahogany sulphonates by dissolving them 
in an acpieous solution of a lower monohydric alcohol (such as isopropanol). The 
solution is separated from the sludge, and agitated with a light petroleum distillate. 
On settling, the solvent layer is separately collected and evaporated to recover the 
refined salts. K.xtraction with propane, at 50 to 95®C. and under sufficient pressure 
to maintain the hydrocarbon in the li(|uid state, has been suggested.®®* Beard and 
Roberts®' remove these mahogany acids from acid-treated oils by taking advantage 
of the differential solubility of their salts in a green-acid soap solution (an aqueou's 
solution of neutralized green acids). This relationship is shown by the graphs in 
Figs. 258 and 259. Thus, an acid-treated oil is neutralized with caustic soda and 
extracted with about 12^2 (volume) per cent of a 10 per cent aqueous solution of 
green-acid soap. Practically all the mahogany-acid salts are taken up in this soap, 
separated from the refined, finished oil. The green-acid solution is acidifierl with 
0.5 to 1.0 cc. of 92.5 per cent sulphuric acid per 1000 cc. of soap solution. The 

“S. Pilat and J. Sereda, V. S. P. 1,9.13,070, Oct. 31. 1933; Chem. Abs., 1934, 28. 630. 

••K. S. Ramayya, U. S. P. 1,930,488, Oct. 17. 1933; Brit. Chtm. Abs, B. 19.14, 789; Chem Abs.. 
1934. 28, 307. See also L. I). Meyers and L. A. Steiremeyer, U. S. P. 2,068,149, Jan. 19. 1937. t(» 
Twitchell Process ('o. 

^ M. H. Arvesort, tJ. S. P. 2.059.838, Nov. 3. 1936, to Standard Oil Co. of Ind.; Chem. Abs. 
1937, 31, 538. 

R. E. Beard and E. N. Rolicrts, V. S. P. 1.997.566, April 16. 1935, to Standard Oil Co. of 
Ind.; Chem, Abs., 1935, 29. 3822; Bnf. arm. Abs. B. 1936, 438. 
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specified amount of acid is chosen since, at this acidity, the mahogany acids are 
more soluble in oil than in green-acid soap solution, and can be extracted by a 
light petroleum distillate. Further, the degree of acidity assures a clean-breaking 
emulsion of the light distillate and the soap. The light distillate extract is re¬ 
moved and evaporated to recover the mahogany components, and by neutralizing 
the green-acid soap solution it may be reused as an extracting medium. A flow 
diagram of the procedure is shown in Fig. 260. 

Many other methods for refining petroleum sulphonates have been proposed. 
For example, Limburg'^^ suggests treating an aqueous solution of the sulphonates 



-JO 6-04 -PZ O toz x>4 j 06 joa JO JZ J4 ./6 Ji 
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Fig. 259. —Influence of Soap Acidity on Efficiency of Light-Oil I'.xiractiun of Grccn- 
Acid Soaps. (R. E. Beard and E. N. Kof>cris; 


with an organic base such as aniline, which forms in.solu])le comiKuinds with the 
sulphonates. Instead of forming a .salt with an ammonia derivative, Bird and 
Rosen^® purify the water-soluble salts by a double extraction process, involving the 
usual crude separation of the sulphonates in an alcohol, and a subsequent refining 
in liquid ammonia. These investigators report that liquid ammonia acts as a 
highly selective solvent for the lower water-soluble .sulphonic acids. The ammonia 
solution of the sodium sulphonates is filtered, and the filtrate evaporated, to obtain 
the purified sulphonates. The powder so obtained consists of the purified, rela¬ 
tively low molecular weight, fraction of the swlium sulphonates. It is lighter in 
colo.' than the crude mixture of sulphonates used as starting material, and is rc- 


» H. Limburg, U. S. P. 1.937,521, 
»24; Chem. Abs., 1934. 28. 10.S6. 

J. Bird and R. Roach. IT. S. P. 
Brit. Chem. Abi. B. 19.15. 345; Chem, 


Dec. 5, 1933, to Flintkote Corp.; Brit. 

1.963,257, June 19, 1934, to Standard 
Abt„ 1934. 28, 5272. 


Chem. Ahs. B, 1934. 
Oil Drvidopmi-nt Co.; 
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ported to be more effective as a wettinj? agent. Another proposed method of sepa¬ 
ration involves osmosis of the dissolved sulphonates against water.**® 

It is reported that naphthenic acids, obtained in alkali treatment of burning 
oils, may be employed in the extraction of petroleum sulphonic acids.*®* Denne- 
mark*^ points out that the latter compounds, particularly those derived from naph¬ 
thenes, may be freed of sulphuric acid by dialysis. 


Fig. 260. 

Flow Sheet for Separation of Mahogany 
Components from Green-Acid Soaps Em¬ 
ployed in Lubricating Oil Refining. (R. E. 
iU'ard and E. N. Roberts) 



Industrial Applic ations of Petroleum Sulphonic Acids 
As Detergents 


The petroleum sulphonic acids are mildly detergent, and their stability to 
hard water, acid and alkaline solutions makes them useful in some applications. 
Liberthson*** has prepared Nsater-soluble petroleum sulphonates in flakes by ex¬ 
tracting the green acids, converting these to water-soluble salts, and taking up the 
salts in a solvent. The resulting solution is applied in a thin film to a smooth heated 
metal surface, and the subseciuent evaporation causes a deposition of solid laminar 
fragments which can readily l)e dislodged and collected. Other investigators recom¬ 
mend preparing the sulphonates in a concentrated solution. Hintzmann** finds 
that the sodium sulphonates are more soluble in aqueous solutions of urea or. 
thiourea than in pure water and suggests this as a means of making a concentrated 
solution. As an example, 35 parts of sodium sulphonate with 17 parts of urea 
were dissolved in 45 parts of warm water. Some of the alkali metal sulphonates 
tend to form turbid solutions in water, which Diependruck*’"* reports can be clarified 
by the addition of approximately 15 per cent of a highly refined spindle or cylinder 
oil. The detergent and cleaning properties can be enhanced, it has l)een reported, 
by mixing the acid sludge sulphonates with an alkali metal alkyl hydrogen sulphate 

E. Drrl. British P. 426.785. 19.15; Brit. Ckem. Abs. B, 1935. 539; Chrm. Abs.. 1935. 29. 6332. 

P. (i. Munt.ig and P. 1. Romaahenko, Russian P. 23.914, 1931, to (losud.trstvcnnoc (1b‘cdincnie 
Aacrtaidrhanfikoi Nrftyanot Promuishlcmnosti “Asneft”; Chem. Abs.. 1936^ 30, 8594. 

A. F.. D^nncmark, Russian P. 21.128, 1931; Ckrm. Abs., 1936. 30, 8599 . 

L. I.ihfrthson. U. S. P. 1.947,861, Feb. 20, 1934. to L. Sonneborn Sons, Inc.; Brit. Ckrm. Abs. 
B. 1934. 1048; Chrm. Abs.. 1934, 28. 2890. 

♦* K. Hintimann. (lernian P. 612,417, 1935, to I. G. Farbenind. A.-(i.; Chem. Abs.. 1935, 29, 
4954. 

*• O, I)ir|>endruck. Canadian P. 354,565. 1935. to Shell Ilcvelopmcnt Co.; C/icm. Abs.. 1936, 30. 
1904. 




1074 


CHEMISTRY OF PETROLEUM DERIVATIVES 


of more than 10 carbon atoms per molecule.'*'* Incorporation of the sulphonates is 
reported to materially increase the solubility of the sulphate derivatives in water.'*'*“ 

l*KTROLKUM Sl’LPHONIC AciDS IN EMULSIONS 

Petroleum sulphonics may l)e employed in making stable hydrocarbon emulsions, 
and, conversely, may he used as constituents of emulsion-breaking mixtures. 
Gclbke*'‘ prepares an emulsifying agent useful in textile and leather work from 
the crude sulphonic acids. The acids are first dehydrated by treatment with super¬ 
heated steam, followed by vacuum distillation. They are then dissolved in 94 to 
98 per cent ethyl or methyl alcohol and the solution allowed to stand at 0®C. until 
clear. Distillation of the alcohol yields a product reputed to have high emulsifying 
power. 

Limburg**^ recommends a specially treated spindle oil fraction as a source of 
petroleum sulphonic acids yielding calcium salts soluble in water and in aqueous 
solutions of calcium chloride. The spindle oil distillate is first treated with not less 
than 30 per cent of strong sulphuric acid, and after separation from this treatment 
the oil is subjected to the action of a second quantity of sulphuric acid. The acid 
sludge from the second treatment is neutralized, and the resulting salts furnish 
emulsifying agents capable of stabilizing aqueous emulsions of mineral and vege¬ 
table oils and asphalts. Liberthson'*^ stabilizes an asphalt emulsion with mixed 
green-acid salts. The acids are freed of non-acid oily materials by solution in an 
alcohol of low molecular weight, such as ethanol, and after recovery from this 
solution are converted to the water-.soluble .sodium or potassium salts. 

Ramayya*^ suggests the use of a mixture of green and mahogany acids. The 
crude acids are freed of uncombined sulphuric acid (by extraction with isopropyl 
alcohol ) and reacted with alkali or ammonium bases to form saltN. Thirty per 
cent of mahogany acid salth similarly prepare<l arc admixed. The water c«)ntent 
should be less than 30 per cent, and under the.se circumstance> the products are 
readily soluble in hydrocarbons and tend to form stable emul.sions. 

The emulsifying properties of the sulphonic acids can Ik* enhanced by the addi¬ 
tion of various other substances, such as a mixture of mahogany acids, a hydroxy- 
amine of a fatty acid (e.g., triethanolamine oleate) and a homogenizer such as a 
]K)lyhydric alcohol.*® Chamberlain*®" recommends that petroleum sulphonic acid^ 
Ik* employed in conjunction with sulphonated castor oil. Sereda'*® suggests that 
adding mineral hydrocarbon oil, a protective colloid, and a small proportion of 
a finely divided, water-insoluble, substance such as kaolin to the sulphonic acids or 
their salts improves their emulsive powers. By combining a soluble dellocculenl 
agent with sulphonic acids as emulsive agents, De(irtxjte'’* has pnaluced a mixture 
stated to lessen clogging of pipe lines and oil wells containing flowing oil. The 

“British I*. 42.L768, 1935. to .Standard Oil Development (*o.; J Itxst, Pet. Tech, 19.15, 21. 17/>A; 
them. Abs., 1935. 29, 44H4. 

“■Carleton Ellis. U. .S. P. 2,071.512. Feb. 23. 1937, to Standard Oil Development To 
M. Gelbke, German P. 595.604. 1934. to .Sudfeldt and f'o.; them. Abs.. 1934, 28. 5271. 

H. Limburg, U. S. P. I,95H.630, May 15. 1934, to Patent and l.icenHing Gorp,; Hnt. Chem. 
Abs. B. 1935, 216; Chem. Abs.. 1934. 28, 4.590. 

t.. r.iberthvjn, U. S. P. 1.940,807, Dec. 26, 1933, t() L. Sonnelwrn Soiih, Inc.; Brit. Chem. Abs. 
B, 1934, 868; Chem. Abs., 1934, 28. 1526. 

“ K, .S, Kamayya. IJ. S. P. 1,935,666. Nov. 21, 1933, to 1.. Sonnelwrn Soiu. Inc.; Brit. Chew. 
Abs B, 1934, 789; Chem. Aks.. 1934, 28. 887. 

Britiah P. 444,851, 1935, to Standard Oil Development ('o.; Brit. Chem. Abs. B, 1936. 5H4. 
Hritivh P. 446,314, 1936; Brit. Chem. Abs. B. 1936. 629; J. Inst. Pet. Tech., 1936. 22, 31HA. 
.See A. Chwala and E. Waldmann, Austrian P. 134.993. 1933; Chem. Abs., 1934, 28, 913. 

D. S. Chamberlain, U. S, P. 2,067,888, Jan. 19. 1917, to N.ttional Oil PriHlucts Co.; Chem. 
Abs.. 1937. 31, 16.39. 

'-1. Sereda. Auatrian P. 136.996. 1934; Chem. Abs.. 1934, 28. 4550. 

M. DeGroote. U. S. P. 1,892.205. Dec. 27, 1932. to Tretolite ( o.; Chem. Abs., 1933. 27. 2029; 
Brit. Chem. Abs. B. 1933, 853. 
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solid matter is kept in suspension in a non-flocculent condition by these aj^ents, 
preventing accumulations of solid matter that tend to restrict the flow of the liquid. 

The petroleum sulphonic acids are effective also in breaking emulsions of the 
water-in-oil type. Bukh, Pivovarova and Mirzoeva^- report dehydrating a heavy 
Baku crude with 1 per cent of “black Kontakt“ (petroleum sulphonates derive<l 
from an acid-treated kerosene fraction). The emulsion was broken at a tempera¬ 
ture of 90 to 95°C., or even lower. It is suggested that this action is the re¬ 
sult of the formation of oil-soluble calcium sulphonates by an interaction between 
the sulphonic acids and calcium naphthenates, and that calcium sulphonates thus 
formed bring about the separation. Bukh and Mirzoeva^"* add that they prefer the 
black Kontakt because of its cheapness, its consistency and the ease with which it 
can be handled. The actual treatment takes only 20 to 30 minutes; the entire 
of>eration approximately 1 hour. Fischer and Reddish^'* have proposed that ethyl 
alcohol be added to the petroleum .sulphonates used in breaking emulsions of the 
water-in-oil type. They find that the alcohol acts as a viscosity reducing agent and 
accelerates coalescence. DeGroote and Keiser'*'‘ use equal quantities of green and 
mahogany acids and add to them a strongly oxidized castor oil and ab<3ut 10 per 
cent of kerosene for this purpose. An earlier suggestion made by Defiroote and 
Wirtel'**^ involved the use of scxlium petroleum sulphonates with a modified fatty 
acid partially saponified with ammonium hydroxide, and a hydrophobe solvent such 
as kerosene. 


Tfxtiij*: Usks of .sri.Pno.MC .Acids 


Petroleum sulphonic acids have lK‘en suggested as wetting agents in dyeing 
ojxTations, particularly when dyeing from an acid bath.-'*^ Under such conditions 
the fatty acid soaps break to fatty acids and sodium salts of the stronger acid pres¬ 
ent, the fatty acid interfering with, rather than aiding leveling of the dyestuff. 
The sulphonic acid wetting agents are stable under acid conditions, and efficient 
leveling action is said to be obtained. To prepare such an agent, Lievre"*® recom¬ 
mends that the oils present first be removed from the neutralized solutions obtained 
from acid sludge by steam distillation. The product is acidified with sulphuric 
acid and redistilled to remove any volatile impurities that may be formed. The 
refined acids arc then dried and may lx employed as wetting agents. Macl^ren'*^ 
reported that the sulphonation products of a specially prepared cracked distillate 
boiling above arc best suited to the preparation of wetting agents. The heavy 

“pressure tar ’ residue from high-pressure, high-temperature cracking stills is dis¬ 
tilled, and the fraction boiling above 230°U. collected. According to this investi¬ 
gator, the material should have a .sulphuric absorption Ixtween 12 and 20 per cent, 
a hexane solubility of to UX) per cent, and less than half of one per cent of car- 
Inm residue. This heavy mixture is sulphonated in a cooled mixer, maintaining 
the temixrature below 1(K)^C*. The reaction takes place almost instantaneously, 

I). N. Bukh. S. l’iv(»\aiova .niui E. Mirarorva, .^rrr. Seft. Kho^., \9M, Xo 10, 48; Chrm. .■ihs., 
IV.U. 28. 74^2. 

D. N. Bukh aiul E. Mirn>fva. Azer. Xt-ft. Khoc., 1933, No. 5. 84; C^mn. Abs.. 19.14. 28, 749.1. 

^ C. Fitchcr and \V. T. Reddish, I’. S. P. 1.941,886, Ian. 2, 19.14, lo Kontol t o.; Bril. Cbtm. 
Abs B, 19,14, 918; Chrm. Abs., 19.14, 28. 1849. 

^ M. I)e(»rootc and B. Keizer, W S. P. 1.984.0.1.1, l)rc. 18. 19.14, to Tretolite ('o.; .f. in.st. /V/. 
Tech., 19.1.S, 21. 98A; Chnn. Ab.s.. 19.15, 29, 90,. 

M. DeCtrootc and A. F. Wind, F, .S. P. 1,940,.198. Dfc. 19, 19.1,1, to Tretolite ('o.; Chtm. Abs . 
19.14, 28. 1516. 

German P. .578,775, 19J.1, to A. Rechberg G.m.b.H., (»eoig Braun (I.m.b.n. and Eduard Voit; 
C7»rw. Abs.. 1934. 28, 913. 

“G. P. Lievre, French P. 42,888, 1933, addition lo French P. 751,422; Chrm. Abs., 1934. 28. 
1487. 

•F, H. MacEaren, U. S. P. 1.999,128, April 23, 1935, to Standard Oil Co. of Ind.; Chrm. Abs., 
1935, 29, 4162. 
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to produce yields of sulphonic acids as high as 55 to 70 per cent. Baddiley and 
Chapman**^ have also found that best results are obtained from wetting agents com¬ 
posed of the sulphonation products of oils boiling above 230°(‘. However, they 
obtain their sulphonatable material from a sulphur dioxide extract boiling above 
this temperature rather than from a cracked, refined distillate. Field^^ uses a 
slightly lighter sulphur dioxide extract derived from a kerosene distillate. The 
extract in this case boils in the range 180 to 280°C. and according to the investiga¬ 
tor is almost entirely composed of aromatic and unsaturated hydrocarbons. These 
have a high sulphuric acid absorption, but it is recommended that in the sulphona¬ 
tion, sulphuric acid of strength not greater than 100 per cent be used, and further, 
that the amount of acid be insufficient to bring about complete sulphonation of all 
sulphonatable compounds, since it is believed that the more readily sulphonated 
compounds are more satisfactory both as wetting agents and as detergent compo¬ 
sitions. May, Brodersen and Waldmuller®- find that the low-boiling mineral oils 
can be sulphonated to produce wetting agents that are useful in a somewhat different 
field. Added to mercerizing lyes, these lighter sulphonates improve the wetting 
properties of the lyes with a reported improvement in the finish of the textiles 
treated. 

Various investigators have proposed that certain other comp<3unds be added to 
the petroleum sulphonate wetting agents. For instance, such substances as ben¬ 
zene- or naphthalene-sulphonic acids have been suggested by Todd,®^ who reports 
that such compositions yield wetting agents readily soluble in cold water. Linder 
and Zickermann®*^ propose that a mixture of a higher boiling mineral oil with an 
aliphatic alcohol or carboxylic acid (of not more than 10 carbon atoms ) or with 
phenols be treated with 100 to 200 per cent of the calculated (juantity of a strong 
sulphonating and dehydrating agent, such as chlorosulphonic acid. The products 
are said to be effective wetting agents. 

Kennedy®^ has suggested a method of standardized classification to make pos¬ 
sible an intelligible evaluation of various wetting agents. He proposes that the 
agent be rated on the basis of (a) the time required for pieces of cloth (1 cm. 
square) to sink ia^ solution containing the wetting agent, (b) the surface tension 
effect as measured by capillary rise, (c ) the stability to hard water, (d) estimation 
of the fatty acid content and (e) a determination of Herbig’s number.®® 

The mineral oil sulphonates have been suggested as media for carrying pro¬ 
tective lubricants for use on yarns. Thus, Bouhuys®*^ employs a mixture of min¬ 
eral oil, mineral oil sulphonates, potassium soap, triethanolamine oleate and a soap- 
solvent, e.g., diethylene glycol, for this purpose. Such a composition does not have 
to be removed before the dyeing operation. On the other hand. Reddish®® has pfo- 

*®J. Baddiley and E. Chapman, German P. 594,260, 1934, to British Dyestuffs Corp.; Ckem. Abs., 

1934. 2«, 3575. 

E. Field, U. S. P. 2,036,469, Apr. 7, 1936, to Standard Oil Co, of Califorfiia: Ckcm. Abj., 
1936, 30, 3627. 

«»R. May, K. Brodersen and A. Waldmuller, German P. 588.351, 1933, to I. (i, Farlnmind. A. G : 
Chrm, Abf., 1934, 28, 1551. 

• W. Todd, British P. 406,001, 1934, to Imperial Chemical Industries, Ltd.; them. Abs., 1934, 
28 , 4930; Brtt. Chem. Abs. B, 1934, 355. 

•* K. Linder and J, Zickermann, German P. 614,227, 1935, to Oranienhurger Chem. Fabrik. 

A. -G.: /. Inst. Pet. Tech., 1935. 21, 424A: Chem. Abs., 1935. 29, 5952. 

*T- Kennedy, Dyer, 1935, 74, 389; Chem. Abs.. 1936, 30, 2664. Also, K. Linder (Chem. Zta.. 

1935, 59, 388; Brit. Chem. Abs. B, 1935, 6171 has shown that sulphonic acid content can he dis¬ 
tinguished from the sulphuric ester content by hydrolyzing the esters with U>iling hydrochloric acid 
and extracting with diethyl ether. 

•• Herbig's numlier is determined by immersing the fabric in the test solution, centrifuging and 
weighing, all operations being conducted under sr^cified conditiims. The wetting power of water is 
taken as unity; W. Herbig and H. Seyferth, Z. deut. OclFett lnd., 1925, 45, 751 ; Chem Abs 
1926, 20. 1142; MeUiand. fextilber., 1927, 8 , 45, 149; Chem. Ab.t., 1927, 21. 2068. 

•’A. G. Bouhuys, U. S. P. 1,979,188, Oct. 30, 1934, to American Fnka ('orp.; Brit. Chem, Abs 

B, 1935, 943; Chem. Abs.. 1935, 29, 356. 

•* W. T. Reddish, IJ. S. P. 1,909,721, May 16, 193.t, tn Twitchell Process ( o.; Brit. Chem Abs 
B. 1934, 188; Chem. Abs., 1933, 27, 3834. * 
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posed a composition that, while it is not left on the fibers during dyeing, is capable 
of a ‘^self-scouring" action so that no outside agent need be employed to remove it. 
Refined mahogany sulphonates freed of entrained neutral oil components are used 
to make water-soluble a mineral white oil which acts as the lubricant. The pro¬ 
portions of sulphonates may vary from 7yi to 25 per cent of the oil-mahogany 
sulphonate mixture. According to this investigator, the resultant oil is a satis¬ 
factory lubricant for weaving, spinning or knitting operations, filming over the 
fibers or absorbed by the fibers very readily due to the low interfacial tension be¬ 
tween the oil and the textile fiber. Furthermore, the oil can be removed at any time 
by immersion in water without the use of fatty acid detergents or alkalies. Since 
the oil is stable, any traces that may linger are not affected by the dyeing opera¬ 
tion, nor do they inhibit dyeing or wetting out of the fabric or become rancid in 
stored cloth and thus give rise to offensive odors. 

Reddish®® has also suggested mahogany sulphonates as an aid to alkali used in 
boiling out the naturally present oil and waxes in cotton, jute and similar ma¬ 
terials. Removal of these bodies is necessary since they render the fibers water- 
repellent and hence resistant to bleaching and dyeing. The addition of 0.1 to 2.0 
per cent of refined mahogany sulphonates to the alkali bath serves as an activator. 
This is said to make the process more rapid and correspondingly milder, since the 
need of pressure-boiling or strong alkalies is obviated. 

Insecticides 

As a wetting agent and vehicle in insecticides the petroleum sulphonates have 
several advantages. Petrov, Isachenko and Goritzkaya^® have shown that the 
mixed petroleum sulphonates and mineral oils (Kontakt) are more toxic than nico¬ 
tine sulphate and casein in hard water. The maximum mortality (of the insects) 
obtained using nicotine sulphate, soap, casein and water was 32 per cent, while 
with a nicotine solution one-fifth as .strong plus 0.5 per cent of Kontakt. a 45 per cent 
mortality was recorded. A Kontakt solution (1.5 per cent) caused a 25 per cent 
mortality. Hessle^^ has proposed a spray consisting of non-toxic hydrocarbon 
oils, and an aqueous solution of toxic sulphones and sulphonates from acid sludge. 
A number of similar insecticides have been described by SaveKev.^^ These are 
formulated as concentrates to be mixed with water and are based largely on green 
acids as emulsifying agents mixed with various petroleum fractions (such as kero¬ 
sene, lubricating oil or the like). 

Another proposaP^* is to dissolve suh)hur dioxide in a mineral (or castor) oil 
containing mahogany acids. The composition may be emulsified with water. 
Volck"^^ prefers an aqueous solution of a fatty acid soap in which are dissolved suffi¬ 
cient free fatty acid to render the solution neutral, casein and salts of petroleum 
sulphonic acids. 

Martin‘s®* finds that petroleum calcium y-sulphonates are effective spray 

••W. T. RHdish, U. S. P. 1,991..135, FH). 12, 1935. to Twitchdl Process Co.; Brit. Chem. Abs. 
B, 19.16, 96; Chem. Abs.. 1935. 29, 2370. 

’•A. n. Petrov, V. B. Isachenko and O. V. Goritrkava, But/. Plant Protection ii’.S.S.R.^, 1931, 
3 (1). 189. Foreign Pet. Tech., 1933, 1 (2). 39; J. Inst. Pet. Tech.. 1934, 20, 382A; Chem. Abs. 

1933, 27, 5876. 

nE. T. Hessle, U. S. P. 1.921,158, Aug. 8. 1933, to MidWe.st Chem. Co.; Bnt. Chem. Abs. B. 

1934, 518; Chem. Abs., 1933. 27. 5140. See also. W. H. Volck. C. S. P. 1.922.607, Aug. 15. 1933. 
to California Spray Chemical Corp.; Brit. Chem. Abs. B, 1934, 469; Chem. Abs.. 1933, 27, 5141. 
French P. 798.734. 19.16; Chem. Abs.. 1936. 30. 7274. 

7* A. I. Savel’ev. Foreign Petr. Techn . 1933. I (2). 40; J. Inst. Pet. Tech.. 1934, 20. 382.\. 

^ K. T. Sleik and J. F. Muller, U. S. P. 2.068.089, Jan. 19, 1937, to National Oil Products Co.; 
Chem. Abs., 1937, 31. 1547. 

’•W. 1!. Volck. U. S. P. 2,056.238. Oct. 6, 1936, to Calif. Spray Chemical Corp.; Chem. Abs.. 
1936, 30. 8508. 

H. Martin, Fertiliser, Feeding .Stuffs and Farm Sttpp/ies J., 1934, 19, 674; Chem. Abs, 1935. 
29 , 1203. 
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spreading agents when used in a concentration of 2 pounds per 100 gallons of 
spray solution. The y-sulphonates are satisfactory in conjunction with any toxic 
agent now employed in practice as spreader agents, and are also useful as emulsi¬ 
fying agents in preparing petroleum oil-lead arsenate sprays. The /^^-sulphonates 
have excellent spreading properties, but are ineffective in the presence of copper, 
lead or calcium salts due to the formation and precipitation of the heavy-metal 
compounds. 

Peairs and Gould^^ report that nicotine sulphate and Penetrol (a commercial 
sulphonated oxidized petroleum oil preparation) was the most successful in¬ 
secticide tested for controlling the pistol case-l>earer. 

Grant^^ has suggested that pyrethrum or derris be extracted in a solvent com¬ 
posed of kerosene or light lubricating oil (31 parts), oil soluble sulphonates (18.4 
parts) and water (2 parts). This solvent solution can be modified by the addition 
of isopropyl or higher alcohols. The mixture is said to be advantageous in that it 
is not sensitive to the presence of water in the vegetable matter being extracted, and 
can. in consequence, be used in making insecticide concentrates from moist materials. 

Marx and BroderseiP^ have prepared a fungicide employing mineral oil sul¬ 
phonates and dispersed sulphur. 

Ml.SCELL.ANF.Ors UsES OF PETROLEUM SULPHONATES 

Fedotov'^^ pointed out some years ago that ammonium sulphate and a mixture 
of alkali and alkaline earth metal sulphonates would serve as a leather softener in 
the tanning industry, and that in the chrome tanning process the same mixture 
would serve as a reducing agent. Later Fridlyand^” tested this suggested process 
and reported that it gave go<xl results and could l)e used in place of the usual 
sulphite on calf skins. Bazarova^^ also investigated the possibilities of the pe¬ 
troleum oil sulphonates as reducing agents in chrome tanning to replace the glucose 
solution. His results showed that these substances (Kontakt) worked well, the 
reduction proceeding as follows: 

MKiCv^ih Y 11 H,SX )4 -f CmHuSO, -f 17H,() - l2Cr,(OHn -h UCO, -h 12 K,S 04 

UKjCrjO; -h 23H,S04 4- CmH^SO, 12K,S()4 + 12Cr,(0H)4S04 -f 14CO, + 7H,0 

12 K,Cr ,07 + 35 H,S 04 -f ChHuSO., 12 KaS 04 -f 24Cr(0H)S04 -h HCO, 4* 31H/) 

12K5Cr.O; 4- 47H2S()4 4- CnH^SOj - *>- 12K,S04 4- 12Cr:(S04), 4- 140), -f 55H,() 

It is reported^^ that petroleum sulphonates obtained in manufacturing white 
oils will .serve as solvent activators to speed the mastication of rubber, if added 
to such a vehicle as mineral seal oil. King and King reported that petroleum 
sulphonates mixed with mineral seal oil serves as a thermoplasticizing compound 
for use with rubber.**' Gorsuch and Kinney**- propose an emulsion of glycerol, 
alcohol, mineral oil, rosin soap and mahogany sulphonates to prevent rublwr stick¬ 
ing during vulcanization. 

•* L. M. Pfair» an<l E. ('louid, J. ficon. Untotn., 19.^0. 23, 188; Chrtn. Ahs.. 1930. 24. T.ll.*?. 

l>. H. (jrant, U. S, P, 1,940,646, I>cc. 19, 1933, to Standard Oil Ocvcluitmrnt C'o.; Brtl. 

Ahs. B, 1934, 853; Chrm. ^bs., 1934. 28. 1460. 

K. Marx and K. Brodrri^cn, (icrman P, 579.701, 1933. to 1. (i. FarLcnind A. O.; Chrm. .4hs . 

19.14, 28, 1134. Sec also V. A. .Sdiastiaii. French P. 737,963. 1931; Chrm. Ahs., 1933. 27. 1709. 

'’A. A. Fedotov, Kusnian P. 4.556. 1924; Chem. Ahs.. 1928. 22. 48n9. 

^ A. A. Fridlyand, Ovladrttie Tekhnikai: Koshohut'noc Prni::vtni.ttt'o, 1932, No. h. 40; Chrm 
Ahs., 1933, 27. 6010. 

D. Bazarova. Koshevenno Obrintaya Promuish. V.S.S.R., 19.t4, 13, 121; f Iml. l*rt. Trrh , 
1935, 21, 143A; Chem. Ahs.. 1934. 28. 6017. 

•® Britinh P. 398,702, 1933, to Robert J. King Co.. Inc.; Chem. Ahf.. 1934, 28, 1891; Rrit. Chrm. 
Ahs. B, 1933. 979. 

*» R. T. King and K. C. King. U. S. P. 2.000.028. May 7, 1935, to Koliert J. King i'tt., I»»c.; 
Chrm. Ahs., 1935. 29, 4211, 

•» E. H. C^rftuch and A. M. Kinney. TT. S. P, 1,927,066. .SefM. 19. 1933. to Standard Oil Co. of 
hid.; Chem. Ahs., 1933, 27. 6023; Brit. Chem. Abs. B. 1934, 639. 
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A number of lubricating compositions have been prepared with petroleum 
sulphonates, such as an extreme pressure lubricant made from a high-quality 
lubricating stock by incorporation of a lead salt of the oil-soluble mahogany sul- 
phonates.*^ Adding a sociium salt of a mahogany sulphonatc together with 5 to 
50 per cent of a calcium soap, 15 to 20 per cent of petrolatum to a hydrocarbon oil 
and sufficient water for emulsification produces a stable, non-sweating grease.®^ 
Gay®® reports a stable cutting-oil emulsion made up of 1 part of mahogany sul- 
phonates, 0.5 part of alkali metal rosin soaps together with mineral oil and not 
more than 14.5 per cent of water. Brunstrum and Hilliker®® compound a plug 
valve lubricant (tor steam lines) from graphite, anhydrous calcium soap and a 
lead mahogany sulplionate soap. 

The emulsive powers of the sulphonates make them useful in polishing com- 
jKHinds. I^wers®^ prepares a water-in-oil poli.shing wax from 30 parts of carnauba 
wax, 20 parts of paraffin wax, 120 parts of naphtha, 4 parts of heavy mineral oil 
and 10 parts of oil-soluble petroleum sulphonates in 300 parts of water. Mahogany 
sulphonates have been employed®® in making a liquid coating compound from 
casein, glue or other water-insoluble colloid and oil with pigments or fillers. 

Water-soluble petroleum sulphonates have been suggested as dust fixatives. Tlie 
sulplionates (as smlium salts) in 15 per cent aqueous solution are mixed with a 
hygroscopic agent such as glycerol and a plasticizing agent such.as glucose. This 
mixture is sprayed on the dust, and it is reported that the surface becomes covered 
with a solid layer of cemented dust.®^ 

Oil-soluble dyes can be prepared from water-soluble dyestuffs with the aid of 
mahogany sulphonates. This has been accomplished in two ways: by forming a 
true compound between a basic-reacting, water-soluble dye; and by causing the 
oil-soluble sulplionate to absorb a quantity of a concentrated aqueous solution of 
the dyestuff. In the former process the dye (V^ictoria Green, Bismarck Brown or 
Methylene Blue, for example) is reacted in an acidified aqueous solution with the 
sulphonic acid (usually present as an alkali metal salt).®^ In the latter method, no 
true compound is formed, but the mahogany sulphonate acts to form an optically 
clear dispersion of a water-soluble dye throughout oils, fats and waxes. According 
to Straits'*' oil-soluble dyes and shades are restricted in number and variety. They 
are, furthermore, less resistant to the action of light than are available water-soluble 
colors. Sulphonic dispersion makes more varied water soluble dyes available 
as oil-soluble dyes. The dispersion is prepared, for e.xample, by grinding together 
two parts of Patent Blue A, Color Index 714, 10 parts of purified, oil-soluble 

mineral oil sulphonate, 12 parts of mineral white oil and 10 parts of water. The 

action in the present case depends on the fact that mahogany sulphonates are 
capable of absorbing a certain quantity of water without losing the property of 
ilissolving in oil, and that this absorbed water may be present as a concentrate<l 
solution of a water-soluble dyestuff. 

French F. 779,896, 19J5, to Standard Oil I^rrvdopmenl Co.; Chem. Ahs., 1935. 29, 5648. 

*** British F. 436,998, 1935, to Standard Oil Development Co,; Brit. Chem. Abs. B, 1936, 9; 
Chrm. Ahs.. 1936, 30, 2366. 

N. (iay. U. S. F. 2.036,470, April 7, 1936. to Standard Oil Co. of Calif.; Chem. Abs.. 193o. 
30, 3638. Cf. H. E. Buc, U. S. P. 2,052,164, Aug 25, 1936, to Standard Oil Development Co.; 
Chem. Abs., 1936. 30. 6853. 

•• L. C. Brunstrum and W. P. Hillikcr, U. S. P. 1,982,200. Nov. 27, 1934, to Standard Oil Co. 
of Ind.; Bnt. Ch^m. Abs. B, 1936, 309; Chem. Abs., 1935, 29, 598. 

•’W. W. Lewers, V. S. P. 1,986.936, Jan. 8. 1935, to E. I. du Font de Nemours & Co.; Brit. 

Chem. Abs. B, 1935. 1150; CTirm. Abs., 1935. 29. 1541. 

•• H. Heckel, U. S. P. 2,001,422. May 14. 1935, to Emery Industrie;*. Inc.; Bnt. Chem. Abs. B, 
1936, 510; Chem. Abs., 1935, 29, 4481. 

••F. M. Archibald, U. S. P. 1,995,598, March 26, 1935. to Standard Oil Development Co.; Brit. 
Chem. Abs. B. 1936, 597: Ckem. Abs , 1935, 29, 3132. 

*• H. E. Buc, U. S. P. 1,841,876, Jan. 19, 1932, to Standard Oil I>evelopment C'o.; Bnt. Chem. 
Abs. B, 1933, 262; Chrm. Abs., 1932, 26, 1798 

•»J. Straus. U. S. P. 1,996,391. April 2. 1935; Chem. Abs. B. 1936, 445; Chem. Abs., 

193S, 29, 3526. 
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In combination with fatty acids, such as stearic, mahogany sulphonates have 
been found useful in preventing foaming in emulsions. Buc®^ suggests a com¬ 
bination of one part of stearic acid, 99 parts of oil-soluble sulphonates and 500 
parts of heavy mineral white oil. This combination may be added to 5,000 parts 
of water to form a stable, non-foaming emulsion. By incorporating 3 per cent of 
mahogany sulphonates with 97 per cent of mineral white oils, Mathias®® makes a 
foam-preventing mixture for use in beet-sugar refining. Bird®'* reports that the 
water-soluble sulphonic acids may be added to aqueous solutions, such as sugar 
solutions, to precipitate coloring matter and substances rendering the solution 
cloudy. The water soluble acids are added, to bring about precipitation of their 
insoluble alkaline earth salts. The salts come out of solution in such a form as to 
l)e highly adsorbent, carrying with them coloring matter present in the solution. 

McIntyre and Higgins®® report that a specially prepared mahogany sulphonate 
can be treated to meet the government requirements for a fat-denaturant. Acid oils 
obtained in refining are treated with 5 to 30 pounds of 98 per cent sulphuric acid 
for each 50 gallons of oil, and the sludge settled out. The latter is washed with 
about an equal amount of water, and this is then drawn off leaving the sulphonates. 
Neutralized with sodium hydroxide, washed with water and reduced, they are 
mixed with the fats to be denatured with or without the application of heat. 

Medicinal products have been prepared from sulphur-bearing mineral or shale 
oils, particularly those containing more than 2 per cent of sulphur. Wernicke®® 
recommends that these oils be refined under such conditions as will not reduce the 
sulphur content, e.g., with alkali solution, sulphuric acid of 40 to 75 per cent 
concentration, aluminum chloride or bleaching earth. Sulphonation is then ef¬ 
fected at a low temperature, yielding transparent prixlucts of alleged thcra[>eutic 
value.®^ Hessle®® makes a sulphonated product reputed to be of therapeutic value 
by reacting a hydrocarbon oil with sulphur in the presence of an iron oxide catalyst. 
This product is treated with oleum (30 per cent free sulphur trioxide), and the 
resulting sulphonated compounds precipitated. After washing with brine they 
are extracted with benzene, neutralized with alkali hydroxide and the solvent 
evaporated. The resultant product is a reducing agent, and if specially dehydrated 
in a vacuum dryer produces a fluffy yellow {)owder inflammable in air. 

According to Nazarov and Khain®® petroleum sulphonic acids are effective as 
catalysts in preparing esters, being as effective as sulphuric acid in this synthesis. 
Isopropyl acetate was made by reacting the alcohol and acetic acid at 105 to 
110®C. at a feed rate of 1 cc. per minute and an alcohol-acid ratio of 4.22 to 1. 


H. E. Buc, U. S, P. 2,052,164, Aug. 25, 1936, to Standard Oil Development Co.; Chem. Abs., 
1936. 30, 6853. 

•• H. Mathias, U. S. P. 1.964,641, June 26, 1934, to .Standard Oil Co. of Itul.; Chrm. Ahs,, 1934, 
2S. 5153; Brit. Chem. Abs. B. 1935. 387. 

•* J, C. Bird, U. S. P. 2.025,715, Dec. 31. 1935, to Standard Oil Development Co.; Bn/. Chem. 
Abs. B, 1936, 816; Chem. Abs., 1936, 30. 914. 

* G. McIntyre and E. J. Higgins, Canadian P. 338,557, 1934, to Standard Oil Development Co.; 
Chem. Abs., 1934, 28. 2209. 

•• E. A. Wernicke, British P. 432,797, 1934; Brit. Chem. Abs. B, 1935, 937; Chem. Abs., 1936, 
30, 606. 

These sulphur-bearing oils arc known by the general term "ichthyols.'’ particularly those con¬ 
taining very considerable percentages of organic sulphur, J. A. Riddick (Field and Lab., 193o, 4. 33; 
Chem. Abs., 1936, 30, 5365) reports that such an oil may l>c obtained bv the destructive distillation 
of a bituminous rock found near Burnet, Texas. The oil so obtained is dark red, and contains about 
10 per cent of organic sulphur. The oil is sulphonated and the resulting acids neutralized with 
ammonium hydroxide to produce the ichthyol of commerce. The product so obtained contains alMut 
48 per cent of water. 5.5 to 6.3 per cent ammonium sulphate, and the remainder is the ammonium 
icbtnyolsulphonate. Riddick gives some discussion of the therapeutic value of these oils. For further 
discuasion of the preparation of these materials, see Carleton Ellis. ‘*The Chemistry of Petroleum 
Derivatives,” The Chemical Catalog Co,, Inc., New York, 1934. 

E. T. Hessle, U. S, P. 1,996,334, April 2. 1935, to Thiophene Products Co.; Chem, Abs., 1935. 
29, 3468. 

•• S. A. Nazarov and S. S. Khain. Materials on Craeking and Chemical Treatment of Products 
Obtained, Khimteoret (Leningrad), 1935, No. 2. 183; Chem. Abs., 1935, 29, 6032. Sec also J. N. 
Zaganiaris and G. A. Varvoglis, Bcr., 1936, 69. 2277; Chem. Abs., 1937. 31. 36M. 
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The yield amounted to 97 per cent on the anhydrous acetic acid or 94 per cent on 
the original material. With technical grade materials, the yield falls to 73 per cent 
on the anhydrous acid (42 per cent on the technical 58 per cent acetic acid). Only 
8.2 g. of the petroleum sulphonates were used per kilogram of the acetate. Similar 
experiments with secondary butyl and amyl alcohols gave equally good results. 

Virobyantz^^ reports that treatment of a petroleum fraction (containing aro¬ 
matics) with 97 to 99 per cent sulphuric acid for five hours, followed by settling 
and separation of the sulphonic acids, makes possible a 90 per cent recovery of 
aromatics. The sulphonic acids are readily decomposed by dilution with water and 
distillation with superheated steam. Hydrolysis begins at 140°C. and is practically 
complete at 210®C. The recovered aromatics afterwards are freed of acidic bodies 
and dried. 

Petrov^®^ reports that high molecular weight sulphonic acids can be condensed 
with aldehydes, in the presence of aromatic amines, to form resins applicable in 
varnishes and lacquers. I^ngedijk^®^ j^^s prepared the heavy metal salts of pe¬ 
troleum oil sulphonates and finds them available as siccatives for use in paints 
and varnishes. A brushless shaving cream, described by Ferguson,^^^* Js com¬ 
posed of water, stearic acid, a fatty oil and the water-soluble salt of a sulphonated 
(or sulphated) aliphatic hydrocarbon. The latter should contain 10 to 18 carbon 
atoms per molecule. 

Another use suggested for sulphonic acids is as a coagulating agent for carbon 
in the recovery of sulphuric acid from acid sludge.'®-^ 

SULPHONATION OF OleFINS 

Though the discussion in this chapter has l>een primarily the sulphonation of 
paraffin and aromatic hydrocarbons of petroleum, the sulphonation and sulphation 
of olefins simultaneously present is necessarily of interest and industrially of in¬ 
creasing importance. Some of the reactions of the olefins with sulphuric acid 
(sulphation) have been discussed in other chapters,and attention now will be 
directed only to sulphonation reactions. 

When ethylene is absorbed in sulphuric acid of more than 1(X) per cent con¬ 
centration, carbyl sulphate is formed.**’^ This substance is l)ecoming of greater 
importance as uses are developed for it and its hydrolysis product, isethionic acid. 
Carbyl sulphate itself can be converted to acetic acid according to Merley and 
Spring^^^ by a process involving neutralization and hydrolysis. The sulphate is 
hydrolyzed by the addition of water, and the solution neutralized with caustic 
soda. Some of the sodium sulphate formed is separated out by cooling and the 
liquor is then heated with calcium hydroxide and excess sodium hydroxide. 
Sodium acetate thus formed is acidified with the hydrolyzed carbyl sulphate liquors 
from the first step of the process and fractionally distilled to yield free acetic acid. 
The hydrolysis prixiuct of carbyl sulphate, isethionic acid, is the source of the 
sulphonate group in an important class of sulphonate detergents, the Igepons. 

’"OR. A. Virobyantz. Xrft, Khos., 19.U, 25. 160; /. Inst. Pet. Tech., 1934, 20, 415A; Chem. Abs.. 
1934, 28. .1227. 

S. FVtrov, Russian P. .37.845. 1934; Chem. Abs.. 1936. 30, 1901. 

S. L. l^ngrdijk, U. S. P. 1,947,652, Feb. 20, 1934. to Bataafschc Petroleum Maatsch,-)p|>ij; 
Prit. Chem. Abs. B, \^U. 10Q4; Chem. Abs., 1934. 28, 2926. 

R. H. Ferguson, C.in.idian P. 356,798, 1936, to Procter and Gamble Co. of Canada. Ltd.; 
Chem. Abs., 1936, 30. 3172. 

A. B. Brown and D. VL Bran.sky. U. S. P. 2.022.800, Dec. 3, 1935, to Standard Oil Co. of 
hid.; Chem. Abs., 1936. 30. 851; Brit. Chem. Abs. B. 1936, 1031. 

***'• See Chapters 13. 14 and 15 for production of alcohols from olefin.s; Chapter 26 for polymeri*.a- 
tion of olefins by means of sulphuric acid. 

’‘"♦See Chapter 13; also, B. T. Brooks, Ind. Eng. Chem., 1935, 27, 278; Chem. Abs.. 1935, 29. 
2700; Brit. Chem. Abs. B. 1935. 536. 

»«^S. R. Merley and O. Spring. U. S. P. 1.904,160. April 18, 1933, to Doherty Research Co.; 
Brit. Chem. Abs. B. 1933, 998; Chem. Abs., 1933, 27, 3224. 
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Michael and Weiner^®® have investigated the action of oleum on ethylene in 
some detail and concluded from their results that the reaction proceeds either ( 1 ) 
by the addition of pyrosulphuric acid (present in equilibrium with sulphuric acid) 
according to the mechanism: 

H,0=CH, -f HOSOsOSOiOH —HOsSCH.CH.OSOiH 

to prcKluce ethionic acid; or ( 2 ) when the anhydride is present in excess (since 
sulphur trioxide cannot add directly) the dimer, 820 ^, present in equilibrium in 
the solution, adds to form carbyl sulphate as follows 


O O O 

H,C-=CH, -f- S S 

000 




H,C-SO 2 

I 

o 

I 

H,C--0--S0, 


Adams, Eatough and MarveP^* report that the reaction product of an cdefin and 
sulphur trioxide can he transformed by concentrated hydrogen chloride into a 
chloroalkane sulphonic acid, such as chloroethanesulphonic acid. 


Thk St'LPiio Detergents 


I'wo principal types of these detergents are being marketed: the true sulphonates 
and the sulphuric acid esters of high molecular weight alcohols (produced by 
hydrogenation of the corresponding fatty acids)2^® Representative of the former 
class are the Igepons A and T. Igep<m A is the condensation product of isethionic 
acid and oleic acid corresponding to the formula, 

CH»(CH,)7CH==<.:H(CH,)7COOCH.CHjSC),Na 
and is reported to be a good detergent, fairly stable to acid solutions though subject 
to hydrolytic splitting at the carljoxyl group in alkaline solutions. Igepon T was 
developed to overcome this fault and stands up better in both alkaline and acid 
solutions.The formula of Igepon T is, 

<^H,(CH,) 7 CH-=CH(CH.) 7 CON(:H.CH.SO,Na 

! 

CHa 

Numerous methods of producing the sulf)honated substances have been pm- 
p< 3 sed. One meth(xl comprises treating aliphatic or cycloaliphatic compounds with 
sulphuric acid or other sulphonating agent in the presence of an organic solvent 
inert to the acid. Thus, if carbon tetrachloride is used, the reaction products are 
allowed to settle and the excess sulphuric acid is found in the lower layer, the 
solvent carrying the sulphonation products in the upper layer. 

Fulton and VesterdaP“ prepared sulphate detergents which were said to Ik- 

A. Michael and N. Weiner, J.A.C.S., 19J6. S8, 294; Chem. Abs., 1936, 30, 2922, 

It ahould be noted that these inveftigators do not agree with the mechanism prot>osed by 

If. Wieland and £. Sakellariot (Ber,, 1920. S3, 203; Chem. Abs., 1920, 14. 2636) who suggest that 

strrmg inorganic adds add aa basic addenda —OH and acidic radicals. Thus, sulphuric acid would 
a<ld as —OH and —SO»H. 

R. Adams, H. Eatough and C. S. Marvel, U. S. P. 2,036.249. April 17, 1936, to E. I. du Pout 
de Nemours k Co.; Chem. Abs., 1936, 30. 3442. See also, British P. 444,639, 1936, to E. I. du 
Pont de Nemours k Co.; Chem. Abs., 1936, 30, 5596; Brit. Chem. Abs. B, 1936, 683. 

u»To simplify discussion of these high molecular weight alcohols, the name *‘hymo1ar* has been 
suggested ilnd. Eng. Chem., News Edition, 1934, 12, 98). The wetting and cleansing agents derived 
from them are **hyniolal salts,'* o( which class sodium lauryl sulphate is an example. See also. 
Swiss P. 156,087, 1932, to H. Th. Bohme A.-fl.; British P. 354,851, 1932; Chem. Abs., 1932, 36, 

5773; and British P. 357,649, 1932, to H. Th. Bohme A.-G.; Chem. Abs., 1932, 26. 6083; Brit. 

Chem. Abs. B, 1932. 56. 

R. A. Duncan, Ind. Eng. Chem., 1934, 26, 24; Chem. Abs., 1934, 28, 1144; Brit. Chem. .4bs 
B, 1934, 285. 

French P. 773.656. 1934. to Henkel k Cie. G.m.b.H.; Chem. Abs., 1935. 29, 1436. 

S, C. Fulton and H. G. V'esterdal, U. S. P. 2,049,055, July 28, 1936, to Standard CMl Develop¬ 
ment Co.; Chem. Abs., 1936, 30, 6592. 
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‘suitable for use with sea water, A mixture of olefins (containing octenes and 
higher members) obtained from oil cracking is treated with fuming sulphuric 
acid below 5°C. After reaction, the mixture is made alkaline and heated in order 
to decompose any unstable compounds present. The desired soap is then separated 
from this mixture. A flow sheet of their procedure is given in Fig. 261. 

On the other hand a sulphonic acid can l)e made, in addition to methods pre¬ 
viously mentioned, by oxidation of the corresponding thiosulphate. If sodium 
dodccanethiosulphate is oxidizerl with sodium permanganate, aqueous nitric acid or 
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I'll.. 2 ()\.—Flow Sheet ft»r Manufacture of Sulphate Detergents from Cracked Oils 
(S. C. Fulton and H. G. Vesterdal) 


hydrogen p<.*roxide, the corresponding soilium dotlecanesulphonate can be ob¬ 
tained.**- An analogous methiKl suggested by Keller^^* uses a sulphurated tech¬ 
nical mixture of paraffin hydnKarbons of 8 or more carbon atoms (made by 
treating a mixture of chlorinated paraffinic compounds with an alcoholic solution 
of |>otassium sulphide). This mixture is treated with an oxidizing agent such as 
nitric acid, hydrogen peroxide or a dichromate to produce the correspimding 
sulphonic acids. Partially oxidized stages of this reaction yield acids said to 
have good emulsive power. 

“9 British P. 439.177. 1934. to Hrnkel & Tie. G.m.b.H.: Brit. Chem. Abs. B. 19^b. 138. 

K. Keller, U. S. P. l,92,S.19l, Sept. 5, 1933, to Cieneril Aniline Works; Chem. Abs., 1933, 
27, 5337. 
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Investigations of the detergent properties of Igepon A and T carried out by 
Boedeker^^'* showed that 3 per cent solutions of these substances contained no 
colloidal particles and behaved as true solutions, while similar warm solutions of 
sodium stearate and oleate contained particles visible in the ultramicroscopc. 
Cooling the stearate solution below 20®C. caused it to gel due to the formation of 
closely interlocked needle crystals. A 20 per cent solution of sodium oleate showed 
similar properties. The addition of 16 per cent (by weight on the sodium stearate 
or oleate) of Igepon A to such a solution prevents the formation and precipitation 
of insoluble calcium and magnesiuni soaps in hard water. 

Lederer^^^ found that Igepon A,and T show emulsification, foaming and surface 
tension lowering properties similar to those of soaps although in equally concen¬ 
trated solutions the interfacial tension with oil is much lower when the Igepons 
are used than under the action of soaps. This investigator reports the percentage 
composition of the Igepons as follows: 


Active substance. 

Igepon A 

Vc 

. 45 

Igepon T 
9r 

33.5 

Soap. 

. 4 

2.5 

Salts. 

. 16 

8 0 

Water. 

. 35 

56.0 

Molecular weight. 

. 412 

425 


Though general application of the sulpho detergents may be limited by their 
higher cost, many special uses have been developed where their desirable qualities 
more than offset this factor. Special formations as flakes or filaments'^® aid in 
rapid solution. Thetr ability to resist acid is taken advantage of in removing pitch 
(originating from the branding of sheep) from raw wool. The latter is treated in 
a fulling mill with one of these detergents, and when the pitch has been removed 
the solution is withdrawn and fulling carried out as usual.By using a water- 
soluble alcohol, dilute acetic acid and one of the acid-stable sulpho detergents, col¬ 
ored carpets can be cleaned and their brightness restored without removing nat¬ 
urally present protective oils and fats.''® 

Representative of the second class of sulpho detergents, i.e., those containing the 
sulphate group, is sodium oleyl sulphate: 

CH,(CH,) 7 CH==CH(CH,) 7 CH,OSO,Na 
or sodium lauryl sulphate: 

CHa(CH,),oCH,OSO,Na 

The sulphated products are made from saturated alcohols (having 10 to 14 carbon 
atoms) which in turn are obtained by hydrogenating cocoanut or palm kernel oils. 
The sodium salt of the sulphated product is marketed in the textile trade as 
‘‘Gardinol WA.’* The oleyl sulphate is made by sulphating the alcohol (generally 
produced by hydrogenating material obtained from sperm oil), but in this process 
it is difficult to avoid some sulphation of the double bond, so that the technical 
sodium salt is generally a mixture of the sulphate ester and the sulphonate."* 
Sicbenburger'2® finds, however, that the sulphation can be directed to a certain 

K. Boedeker, Melliand TextUber., 1932. IS. 436; Chxm. Abs.. 1933, 27, 3341. 

E. L. Lcderer, Angtw. Chem,, 1934, 47, 119; Chtm. Abs., 1934, 28, 2931: Brit. Chem. Abs. 
B, 1934, 332. 

Welter, French P. 758,733, 1934; Chem. Abs., 1934, 28, 3261. 

“’German P. 625,173, 1936, to Oranienburger chem. Fabrik. A.-G.; Chem. Abs., 1936. 30. 3256. 

’“British P. 419,846, 1934, to N. V. Koninkltjkc Vereen Tapijtfabrieken; Brit. them. Abs. B. 
1935, 98; Chem. Abs., 1935, 29. 3176. 

“•R. A. Duncan, Ind, Bng, Chem., 1934, 26, 24; Chem. Abs., 1934, 28, 1144; Brit. Chem, Abs. 
B, 1934, 285. 

’•H. Siebenburger, U. S. P. 2,060,254, Nov. 10, 1936, to Society of Chemical Industry, Bask. 
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extent. If the sulphonation be carried out by treating the higher alcohol to be 
sulphonated with the addition product of a liquid organic base (such as pyridine or 
dimethylaniline) and sulphur trioxide, practically all sulphonation will take place at 


Fig. 262. 

Comparison of Quantities of Soap 
Flakes and of Sodium Lauryl Sul¬ 
phate Required for Washing in 
Water of Varying Hardness. 
(R. A. Duncan) 
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the hydroxyl group of the alcohol, according to this investigator. From analytical 
figures, it was found that the product obtained by this type of procedure consists 
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only of the sulphuric acid e.ster salt, while the double-bonded alcohols might be 
sulphatcd similarly without addition at the unsaturateil linkage. The properties 
of these sulphate detergents parallel fairly closely those of the sulphonate detergents 
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and are used in much the same ways as wetting and detergent agents in textile uses 
and as emulsifying and demulsifying agents. Thus, Neville and Jeanson^-^ re¬ 
ported that the sulpho detergents react similarly in their absorption rates in 
alkaline and acidic solutions and in their effects on dye absorption. Using wool 
as a standard fabric and w’orking with both Gardinol CA (a sulphate) and Igepon 
T (a sulphonate), it was found that these substances may, under varying conditions, 
aid or retard dye absorption, while the absorption of the wetting agent itself 
varies widely with the pH value of the solution, being so rapidly absorlx'd in 
strongly acid solutions as to be uneconomic. 

Aside from the sulphation of the high molecular weight alcohols, other methods 
have been proposed for producing the sulphated type of aliphatic substance. Thus 
Kalischer and Biehler^22 niake the sulphated aliphatic acids and esters by treating 
the corresponding aliphatic hydroxy or unsaturated acid with the product obtained 
by reacting acetic anhydride with oleum. Bertsch^'-^-^ suggests treating similar 
aliphatic acids, such as ricinoleic, with a low-weight alcohol such as isobutyl, and 
a sulphating agent, or, alternatively, using isobutylsulphuric acid as sulphating 
agent. 

The detergent action of the sulphates has been used in de-inking waste paper. 
It is proposed that a substance such as sodium lauryl sulphate be used with a 
halogenated hydrocarbon solvent or wdth fuller’s earth. The treatment may be 
carried out in a hollander, the solution separated for reuse, and the washed pulp 
remade into paper.Leathermann'-^ uses the wetting properties of the sulphate 
salts in fireproofing a fabric. The cloth is saturated with a 1 per cent solution of 
scxlium lauryl sulphate, wrung out and impregnated with sodium stannate. .After 
drying it is immer.sed in an aqueous ferric chloride solution. Washed and re-dried, 
it is then impregnated with chlorinated rubf)er and can lx‘ dyed if desired, h'llis'-'* 
reports that the solubility of sulphate detergents in water, as well as their cleansing 
action, is increased by incorporation of water-soluble mineral-oil sludge sul- 
phonates. He proposes that the sulphate derivatives l)e prepared from alcohols 
obtained on the oxidation of paraffin wax. The detergent compositions may Ik* 
admixed also w4th hydroformed or hydrofined naphthas. 

The sulphates are frequently used as constituents in agents designed to break 
water-in-oil emulsions. An ammonium salt of oleic hydrogen sulphate has been 
proposed for this purpose'-^ and also such substances as the sulphuric acid ester 
of a high molecular weight alcohol (of from 12 to 26 carbon atoms or the 
sodium salt of a sulphate derived from tetradecyl alcohol. 

^ H. A. Neville and C. A. Jeanson, HI, Am. Dyestuff Reptr., 19.13, 22, 541. hl8; J. Rli\t 
Ciiem.. 1933, 27, 1001; Chem. Abs.. 1933, 27. 5986; J. Inst. Pet. Tech, 20, 25A. 

Kalischer and F. Bichler, German P. 606,770, 1934, to 1. G. Farbenitul A.(*r.; Chem. Ah*. 
1935. 29, 2976. 

>=* H. Bertsch. U. S. P, 2.032.313, Feb. 25. 1936. to H. Th. Bohmc A. r;.; Chem. Ahs., 193o. 
20, 2577. See also, German P. 549,667, 1930, to I. G. Far))enind. A. (i. 

British P. 438,403, 1935. to Oeut.nche Hydrierwerkc A. G.; Chem. Abs.. 19.36. 30, 32.37. 

.Vi. Leatherman, U. S. P, 1,961,108, May 29, 1934, to United States of America; Brit. Chem 
Abs. B, 1935, 304; Chem. Abs., 1934, 29, 4597. 

** Carleton miU, U. S. P. 2,071,512, Feb. 23, 1937, to Standard Oil Development Co. 

M. DeGroote, B. Reiser and A. F. Wirtel, U. S. P. 1,926,715, .Sept, li, 1933, to Tretolite 
Co.; Brit. Chem. Abs. B, 1934, 748; Chem. Abs.. 1933. 27, 5960. 

’• M. DeGroote and L. T. Monson, U. S. P. 1,938,323, Dec. 5, 1933, to Tretolite Co.; Brtf. 
Chem. Abs. B, 1934, 870: Chem. Abs.. 1934, 2f, 1178. 

**• M. DeGroote, U. S. P. 1,943,815, Jan. 16, 1934, to Tretolite Co.; Brit. Chem. .4bs. B. 1934. 
870; Chem. Abs., 1934, 28. 2173. 



Chapter 47 

(>liemical Action of Nitric Acid and Various Other 
Reagents on Saturated Hydrocarbons 

riu* saturated paratVin and cvclupavatltin hydrocarbons Imve often been regarded 
as very stable and inert substances which remain unaffected by most chemical 
reagents since all the carbon atoms in such hydrocarbons have their valences satis¬ 
fied by hydrogen and other carbon atoms and therefore they would not be expected 
to undergo the numerous addition reactions characteristic of olefins and acetylenes. 
'I'he results of many investigators have indicated, however, that the progressively 
higher meml>ers in a homologous series of the saturated hydrocarbons, and espe¬ 
cially some of the branched-chain members, l)ecome more reactive toward many of 
the reagents which act upon aromatic hydrocarbons. Furthermore, the paraffins 
as a rule are especially susceptible to pyrolytic decomposition which not only re¬ 
sults in the production of unsaturated and saturated comjK)unds of lower molecular 
weight, but also the intermediate formation of free radicals which are usually 
much more reactive than the corresponding hydrocarbons. 

F.ven after it was generally conceded that the higher paraffins were not inert 
iKxlies, this was still more or less the l)elief with respect to the low'er (gaseous) 
members of the series, because, even though many of the liquid and solid paraffins 
were directly nitrated as early as IHHO, this reaction had not l)een effected wdth the 
lower members (methane, ethane, propane and butane) as late as 1932. How¬ 
ever, these lower members were successfully nitrated, in the vapor phase, about 
1933. .Apparently the gaseous cycloparaffins have not as yet l)een nitrated. Another 
reaction which appears to l>e of increasing importance to the paraffin hydrocarbons 
is the Friedel-Crafts reaction, which for many years was believed to be restricted 
entirely to aromatic compounds. .All these and other factors should serve to create 
acUlitional interest in the chemi>try of the paraffin hydrocarlx^is in the future. 

Nitration of Paraffin and Cycloparaffin Hydrocarbons 

Although considerable work has been done on the direct nitration of the liquid 
and solid paraffin hydrocarbons since Meyer and Stiiber^ first prepared nitro- 
paraftins in 1872 (from alkyl iinlides and silver nitrite) it was not until about 1933 
that direct nitration of the gaseous paraffins was successfully accomplishes!. Hass. 
Htxige and V^anderbilt'^ investigated the reaction of methane, ethane, propane and 
the two butanes wdth nitric acid in the vapor phase. Of these, they were able to 
nitrate all except methane. Small amounts of nitromethane were formed, however, 
during the nitration of the immediate hoinologiies of methane. 

» V. Mever and O. Stiibrr. Bcr., 1872. 5, 20.t; y.C.5.. 1872. 25. 474; Chem. Zentr.. 1872. 258. 
Alto V. Meyer and co workers. Bcr.. 1872. 5. .199, 514. 1029, 1034; J.C.S., 1872. 25. n82. 804; 
1873. 26, 261; Ckcm. Zentr., 1872. 420. 580; 1873, 145, 146. 

• H. B. Hast. E. B. Hodge and B. M. V’’anderbUt, U. S. P. 1,967,667. July 24, 1934. to Purdue 
Research F*oundation; C'kcm. Ahs., 19,14. 28, 58.10; Brit. Chem. mAbs. B, 1935, 618; Ind. Bno, C'Ai’tn.. 
1936, 28, 339; /. Inst. Pet. Tech . 1936. 22. 203A; Chem. Abs., 1936. 30. 2918; Brit. Ckcm. Abi. A. 
1936, 587. H. B. Ha»»s and E. B. HoftRe. U. S. P. 2.071,122, Feb. 16. 1937, to Purdue Ke.search 
Foundation. 
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In the apparatus as shown in Fig. 264, hydrocarbon gases pass, at the rate of 150 
liters per hour, through the flowmeter and then bubble through hot, concentrated nitric 
acid, the latter being added to the flask, as needed, from the dropping funnel as indicated. 
The mixed vapors of nitric acid and hydrocarbon then ^ss into the glass reactor (con¬ 
sisting of a series of U-bends) immersed in a eutectic mixture (molten) of sodium 
nitrite and potassium nitrate. The products issuing therefrom are recovered in con¬ 
densers and a fog trap. 

Hass and co-workers carried out their nitrations, ])oth in batch and continuous 
processes, using concentrated nitric acid and the hydrocarbons under various pres¬ 
sures and at temperatures above the critical temperatures of tlie reactants so as to 
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Fig. 264.—Apparatus for Nitration of Ga.scous Paraftin Hydnxarbons at Atmospheric 
Pressure. (H. B. Hass, P'. B. Hmlge and B. M. Vanderbilt) 


overcome certain difficulties .such as immiscibility of the materials used. In the 
continuous process the hydrocarbon vapr^rs were bubbled tbrougli hot concentrated 
nitric acid and the mixed vapors conducted into a reaction tul)e which was im¬ 
mersed in a molten salt bath heated to the desired temperature. After reaction the 
products were led into a condenser unit and finally into a fog trap and later 
separated by fractional distillation (Fig. 265). Oxidation always accompanied 
nitration and this was believed to result in the conversion of the paraftins to fatty 
acids which were then nitrated with the subsequent loss of carbon dioxide to give 
lower nitroparaffins. They also found that the isomeric products formed by nitra¬ 
tion varied considerably with the temperature and permitted a certain measure of 
selectivity. For example, at 150°C. in sealed tubes, 2-niethyl-2-nitropropane was 
the only nitro compound resulting from the nitration of i.sobutane, but, under 
atmospheric pressure and at 420®C., this isomer comprised only 7 per cent of the 
nitro compounds formed. No catalyst was found which aided nitration. Silica 
gel and platinum promoted oxidation rather than nitration. 
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The apparatus as shown in Fig. 265 operates in a manner similar to that of Fig. 2M 
except that superatmospheric pressures are employed. The main portion of the apparatus, 
including the reaction coil, however, is constructed of stainless steel instead of glass. The 
reactants (hydrocarbon and concentrated nitric acid) are introduced under pressure, the 
latter material being supplied by a stainless-steel pump. The products are recovered by 
condensation. 



( i>urtrs\ Industrial and linqinccring Chemistry 

I'Ki. 2(»S.—Apparatus for Va|X)r-Phase Nitration of Paraffin Hydrocarbons at Super- 
atmosphcric Pressure. (H. 15. Hass, K. B. Hodge and B. M. X’anderbilt) 


In Table 204 are shown the results of some of their experiments using a 2:1 molar 
mixture of hydrocarbon and nitric acid. The yields in the last column are based 
on the nitric acid used. 


Table 204. —Nitration of Gaseous Paraffins, 420^C., I Atm, 


Hydro¬ 

carbon 

Ace¬ 

tone 

Nitro- 

methane 

Nilro- 

ethane 

l-Nitro- 

propane 

2-Nilro- 1-Nilro- 
propane butane 

2-N»tro- 

butane 

l-Nitro- 

isobutane 

2-Nitro- 

(sobutane 

Yields 

Methane . . 

_ 


_ 

_ 

^ C em — 

_ 


_ 

0 

Ethane.... 


10 20 

80-90 

- 


— 

- 

— 

9 

Propane... 

— 

g 

(26?) 

32 

33 — 

— 

--- 

— 

21 

Butane.... 


6 

12 

a 

27 

so 

—- 

— 

28 

Iftobutane. 

. 5 

s 

-- 

— 

20 — 

— 

6S 

7 

25 


In Figs. 2f>6, 267, and 268, are shown the rectification carves obtained with the products 
resulting from the nitration of isobutane, butane, and propane, resi)ectively. at 420®C. and 
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atmospheric pressure. Since the distillations were carried out under reduced pressure, 
the boiling points appearing on the curves have been corrected to 760 mm. 

Although the direct nitration of methane appears pot to have been attained, 
higher nitro compounds of methane have l^een prepared by nitration of compounds 
in which the methyl group occurs, for instance acetic anhydride. Krauz and 
Stepanek^ described a process which is said to give yields of tetranitromethane as 
high as 95 per cent. 

Fuming nitric acid, 65 parts, was distilled with 25 parts of phosphorus pentoxide, and 
the resulting nitrogen pentoxide added fo 100 parts of acetic anhydride. The mixing was 
accomplished very slowly, with constant stirring, while the temperature was maintained at 
0®C by ice cooling. The mix was then permitted to stand in ice water for 24 hours, an<l 
subsequently at laboratory temperature for 8 days. At the end of this period, it was 
I)oured into a large excess of cold water. Tlie oil resulting was immediately .separated, 
and washed with a 0.5 per cent aqueous solution of sodium bicarbonate, then with pure 
water, and dried with anhydrous sodium sulphate. By freezing out at 13®C., a yield of 



Fir.. 266. 

Rectification Curve for Products ol 
Isohiitane Nitration at 420®C. (H. B. 

Hass, K. B. HfKlge and H. M. Vander¬ 
bilt ) 
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95 per cent was obtained, the investigators reix)rtcd. An attempt was made to prepare 
tetranitromethane by nitration of dimethylketone, but Krauz and Stei)anek rei)ort ob¬ 
taining a silver salt during the pnx'ess which was unusually explosive. Jt \\as thought to 
be a salt of acetylmethylnitrolic acid. 

Wyler^ reports an analogous process of nitrating acetic anhydride to tetranitro¬ 
methane, but this investigator finds that nitric acid may be used in place of nitrogen 
pentoxide, if catalysts .such as phosphoric acid, phosphorus pcmtachloride, sulphuric 
acid, or sulphuryl chloride are present. 

Nitration of many of the liquid paraffin hydrocarbons (for example, the peti- 
tanes, hexanes and heptanes) can l>e effectecl with nitric or fuming nitric aci< 1 .‘* 
Aliev and Gutuirya*^ found that saturated hydroairbons do not react with hydrate<l 
aluminum nitrate [Al(NO;<);i 9H^01 ^tt 95-HX)°C. Konowalow,'^ however, ni¬ 
trated 27 ‘diniethyloctane (possibly at a higher temperature) by heating it with 
this aluminum salt in an open vessel. Shoruigin and 'I'opchicv^ treated hexane, 
at 10-80®C., with nitrogen tetroxide (N 2 O 4 ) diluted with carbon dioxide and 
obtained small yields (5-10 per cent) of 2-nitrohexanc. Ultraviolet light was 


»C. Krauz and J. Stepanek, Chem. Obsor, 1935. 10. 137; Chrm, Abs., 1936. 30, 3403. 

• Wyler, U. S. P. 2,057,076, Oct. 13, 1936, to Trojan I’owder Co.; Chem. Abs., 1936, 30, 
*247. 

»Methods for nitrating such hydrocarbons are discussed by Carleton Kllis, "The Chemistry of 
Petroleum Derivatives." The Chemical Catalog Co.. New York. 1934. 

• P. M. Aliev and V. S. Cutuirya, Ukraht. Khcm. Zhur., 1934, 9, 10; Chem. Abjt., 193.5. 19 . 
1770. 

^ M. I. Konowalow, J. Rkjj. Phyx. Chem. Soc.. 1906, 38, 109 , 124; J.C.S., 1907, 92 (I). I; 
Chem. Zenit.. 1906. 2, 312. 

• P. P. Shoruigin and A. Topchiev, Bet.. 19.34, 67, 1362; Chem. Ahs.^ 1934, 28. 6706. 
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found to have no effect on the reaction. When toluene was nitrated under these 
conditions phenylnitroinethane 



and the ring-substituted inononitrotoluenes were obtained. The total yield of 
nitro compounds was increased by the use of ultraviolet light, although the relative 


I-ir.. 2r,7. 

Kcctification Curve of Products Formed in 
Nitration of Butane at 420®C. (H. B. Hass, 

F. B. Hodge and B. M. V'anderbilt) 
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proportions of the two types of products remained practically unchanged. They 
found also that cyclohexane reacted, at 30®C. and 80'’C., with nitrogen tetroxidc 
(N 2 O 4 ) diluted with carbon dioxide, to give 20-25 per cent yields of nitrocyclo- 
hexane, and that the reaction was unaffected by ultraviolet light. Platonov and 
ShaikincP treated »-pentane, »-hexane. and ii-heptane with nitric oxide (XO) at 
450-500°C'.. using as catalyst kaolin mixed with the oxides of aluminum, cerium. 



I*' 10 . 268. 

Kectification Curve for Prmiucts of I’ro- 
paiic Nitration at 420'’C. (H. B. Hass 

1C B. Hodge and B. M. Vanderbilt) 
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and thoriinn. The products consisted of ammonia, nitric oxide, nitrogen, carlnm 
monoxide, methane and unsaturated hydrocarbons. At 250-300®C., in the presence 
of vanadium iK*ntoxide or platinum black, as catalysts, water, carbon monoxide, 
nitrogen, and unchanged hydrocarbons were formed. No carboxylic acids were 
detected among any of the products.'*' 

• M. S. Platonov and S. P. Shaikind. J. Gen. CUem. {L'.S.S.R.), 19J4, 4, 434; Brit, CArm. Abs. 
A, 1934. 1329. 

R. H. McKee and R. M. Wilhelm {Ind. F.ng, Cbrm., 1936, 28, 662; CArm. Abs.. 1936, 30, 
SI80) report that nitre^en dioxide may l>e employc<l in nitrating l>enzene in the vapor phase, and 
MtAte that in thia reaction ailica gel nerves effectively as a catalyst. Yields an high as 83 per cent 
(Ulicd on benaene conaumed) arc aaid to reault, and the production of by productii nas not fouml 
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Nametkin and Nifontova^^ nitrated highly refined fractions of Grozny and 
American paraffin waxes with dilute nitric acid (sp. gr. 1.075) in sealed glass 
tubes at 125-130®C. From this they obtained a tertiary nitro compound 
(C 24 H 49 NO 2 ) melting at 29®C., a secondary nitro compound (C 24 H 49 NO 2 ) melt¬ 
ing at 45® to 48®C., and an oil consisting of a dinitro compound [C24H48(N02)2]* 
From this they concluded that these samples of paraffin wax contained about 25-30 
per cent of isoparaffins. These same investigators^^ report that dilute nitric acid 
acts on another paraffin wax to yield a secondary nitro compound, C 2 «H 53 N 02 , a 
smaller amount of the tertiary compound C 22 H 45 NO 2 , and some of the dinitro 
compound C 22 H 44 (N 02 ) 2 * This wax consisted largely of n-alkanes, with not more 
than 10 per cent iro-alkanes. 

Properties of Nitro Compounds of Paraffin and Cycloparaffin 

Hydrocarbons 


Of the three types of mononitro compounds, namely, primary, secondary, and 
tertiary, possessing the groupings shown below, 

\ 1 

—CH,NOi CHNO, —C—NO, 

/ I 

primary secondary tertiary 


the first two are differentiated from the third by solubility in aqueous or alcoholic 
alkali solutions, in which the tertiary compounds are insoluble. This is due to the 
fact that the primary and secondary nitro compounds tautomerize in the presence 
of alkalies to the corresponding isonitroparaffins.^*^ The structures of the sodium 
salts of these are shown below, in which form they are stable. 


O 


—CH=N 


\ 

ONa 


0 


/ \ 


ONa 


primary isonitro 
form 


secondary isonitro 
form 


If solutions of the salts of the isonitro compounds are acidified the first-formed 

O 

vellow isonitro compounds |! rapidly change'^ to the colorless and 

(==C==N~OH) 

stable normal form (=CH—NO 2 ). A study of the Raman effect of the nitro- 
methanes'* has substantiated the normal form as the one in which these compounds 
ordinarily exist. 

The mononitro compounds of the lower paraffins are generally colorless liquids, 
possessing boiling points considerably higher than the corresponding hydrocarbons, 
usually distil without decomposition, and arc sparingly soluble in water. The 
dinitro and trinitro compounds, also usually colorless, are high-boiling liquids or 
crystalline solids and many can be distilled with steam. Hunter and Marriott*® 

to be excestive. Silica gel appear* to have functio^d as a dehydrating catalyst, as it docs in 
numeroua other reactions (e.g., esterification of acetic acid and alcohol). The product consist^ 
largely of niononitrobenzene, though some nitrophenol was obtained, particularly in runs conducted 
at temperatures above 330*C. A temperature of 3I0*C. and an excess of nitrogen dioxide were 
required for the best yields. Some nitrogen dioxide was reduced to the monoxide, hydrogen being 
released as water. The monoxide may be reoxidized to nitrogen dioxide, however, by air oxidatim. 

S. Nametkin and S. S. Nifontova, J. Applied Chem. (U.S.S.R.), 1933, 6, 248; Brit. Chtm. 
Abs. B, 1933, 692. 

«S. S. Nametkin and S. S. Nifontova, /. Applied Chem. (VS.S.R.), 1936, «, 462; Chem. Abi.s 
1936, 30, 7818; Brit. Chem. Abt. B. 1936, 627. 

«J. U. Nef, Ann., 1894, 2S0. 263; J.C.S.. 1895, 68 (1), 3; Chem. Zentr., 1894, 2, 729. 

A. F. Holleman, Ber., 1900, 33. 2913; Chem. Zentr., 1900, 2. 1104; J.C.S., 1901, 80 (1). 3. 

Medard, J. chim. phye., 1935. 32. 136; Chem. Abs., 1936, 30, 1302, 

L. Hunter and J. A. Marriott, J.C.S., 1936, 285; Brit, Chem. Abs. A, 1936, 460; Chem. Abt., 
1936, 30. 2929. 
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found, however, that nitrocyclohexane was somewhat unstable. Decomposition 
was most rapid and complete in open vessels, but occurs also in sealed tubes, yield¬ 
ing adipic acid in 1 to 4 weeks. Nitromethane, and some of the polynitro com- 
))ounds, are not easily explosive, but Hass and co-workers^^ report that nitroethane. 
nitropropane, and the higher homologs are non-explosive. The corresponding 
mononitrates (e.g., methyl nitrate), on the other hand, are explosive according to 
Deniges.^** Some of these nitric acid esters decompose explosively when warmed 
to yield, among other things, aldehydes and oxides of nitrogen. The rate of decom¬ 
position is, however, greatly decreased by an atmosphere of carbon dioxide. Thus, 
in a current of carbon dioxide, methyl nitrate, the most explosive of the series, 
could be distilled without explosion. The nitrates of secondary compounds, such 
as isopropyl nitrate, yielded the corresponding ketone and nitrogen oxides, this 
decomposition too being retarded by the presence of carbon dioxide. 

The primary and secondary nitroparaffins are further differentiated by their 
ability to form nitrolic acids and pseudonitroles, respectively, when treated with 
alkaline solutions of sodium nitrite and subsequently acidified.^® It has been 
shown that aqueous solutions of nitroethane are indifferent toward nitrous acid.^® 
When freshly prepared solutions (from sodium nitroethane and hydrochloric acid), 
which contain isonitroethane, are used, however, a reaction occurs to give ethyl- 
nitrolic acid. 


O 


CH,CH,NO, 

nitroethane 

\ 


(-l-NaOH) 


-y CH,CH=N 




ONa 


o 


/ 


(acidify) 




CH,CH=N 

\ 

OH 

. isonitroethane . 


XO2 


(-fHONO) 
-^ 


CHiCH 


\ 

XOH 

ethyl nitrolic acid 

Primary nitroparaffins, with nitrous acid, give nitrolic acids which are red in 
.solution. On the other hand, the secondary nitroparaffins yield pseudonitroles, 
which are blue in solution, while the tertiary nitro compounds do not react. These 
reactions are represented as follows: 


RCHNOjNa 


(NaNOt-fHCl) 


R' 


R 


CNO^Na 


RC 




Y 

NOt 


\ 

NOH 

nitrolic acid 


I (NaNOi+HCl) 

Y 

R' NO2 

V 

/ \ 

R NO 

pseudonitroU 


H. B. Hats, E, B. Hodge, and B. M. V'anderbilt, Ind. £mj/. Chem., 1936, 28. 339; Ckcm. Abs.. 
1936, SO, 2918; J. Inst. Pet. TaU., 1936, 22, 203A; Brit, Chem. Abs. A, 1936, 587. 

G. Deniget, Compt. rend., 1936, 202, 1998; Chem. Abs., 1936, 30, 6/03; Brit. Chem. Abs. A, 
1936. 1094. 

»1. Ttcherniak. Ann., 1876, 180, 166; J.C.S., 1876, 29. 903. V. Meyer, Ann., 1875, 175, 88; 
J.C.S., 1875, 28. 557. 

“A. Hantfch and H. Kissel, Ber., 1899, 32, 3137; J.C..S., 1900, 78 (1), 89; Chem. /entr., 1900, 

1. ns. 
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The nitrolic acids are colorless or yellow bodies with acidic properties. They 
decompose slowly at room temperature and rapidly with the aid of heat to give 
the corresponding carboxylic acids, nitrogen tetroxide and nitrogen. With concen¬ 
trated sulphuric acid they give carboxylic acids and nitrous oxide.^^ These re¬ 
actions are illustrated by the following examples: 

2RCH(NO)Na - >- 2RCOOH -f NO, + 1}N, 

(heat) 

RCH(NO)NO,->- RCOOH 4- N^O 

(H,SOi) 

On reduction with tin and hydrochloric acid,-- or sodium amalgam and water in 
the cold, they yield carboxylic acitls, nitrous acid, and ammonia, with tin* inter¬ 
mediate formation of hydroxylamine. Wieland-^ obtained acethydroxylamine- 
oxime, HO—NH—C'( C'H.i) = \OH, by the reduction of ethylnitrolic acid with 
so<iium amalgam. Propyl pseudonitrole yields dimethylketoxime-'^ when reduced 
with aluminum amalgam or ammonium sulphide. On oxidation with chromic 
acid the pseudonitroles are converted into dinitro compounds.-'' h^urther, the ni¬ 
trolic acids and pseudonitroles are capable of diazotizing aniline.-*’ The silver 
Nidts <jf nitrolic acids react with alkyl i<Klides to form colorless esters-^ and the 
s«Mlium salts esterify with acid chlorides.-^ 

'I'he pnxlucts formed by reduction of the nitro compounds depend largely f)n 
the conditions of reduction. For instance, nitromethane, treatetl with hydrogen-*' 
at 150-180®C. in the presence of nickel, gives methylamine, whereas, if stannous 
chloride^*^ is employed as the reducing agent a mixture of methylamine atul methyl- 
hy<lroxylamine is obtaine<l. Nitroethane,-*^ and also the primary mononitro com¬ 
pounds of hexane, heptane, and octane**- furnish the corresponding primar\ amines 
on reduction with iron and acetic acid. Konowalow*'* treated 2-nitrohexane ssith 
zinc and acetic acid and obtained a mixture of 2-hexylamine and hexanone-i. 
From 2-nitro-2,3-dimethyIbutane and 2-nitro-2,5-flimethylpentane, with tin and 
hydrochloric acid, he prepared the corresponding amines. On the other hand, 
l-nitro-2,7-dimetliyloctane gave a mixture of the corresponding primary amine and 
the aldehyde 

(CH,)2CHCH2CH*C:H2CHjCH(CH,)CHt) 


when reduced under similar conditions. 2-Nitro-2,7-dimethyloctane, with tin and 
hydrochloric acid, furnished the corresponding amine. The secondary nitro com- 
lK>und (3- or 4-nitro-2,7-dimethyloctane) yielded a mixture of the secondary amine 
and the ketone when reduced in this manner. 


^ V. Meyer, /Inti., 1875, 175, 88; J.C.S., 1875. 28, 557. K. Drmolr, Ann.. 1875. 175, Hi; 

1875, 28, 561. J, Tseherniak, Bcr., 1875, 8, 114; Clicm. Zentr., 1875, 16i; J.C.S., 1875. 

28. 560. 

^ V'. Meyer and 1. Lr)cher, Ann., 1876. 180. 170; J.C.S., 1876, 29. 904. 

»H. Wieland, Anpt., 1907, 353, 65; J.C.S., 1907. 92 ()). 494. 

»*A, Schofer, Bcr., 1901, 34, 1910; J.C.S., 1901, 80 fl). 495. R. Scholl and K. L.iruNiemer. 

Bcr., 1896, 29. 87; J.C.S., 1896, 70 (1) 198; Chem. Zentr., 1896. 1. 488. 

»V. Meyer and J. Locher, Ann., 1876, 180, 13.1; J.C.S., 1876, 29, 904. (I. Born, Bcr., 189ri. 

29, 90; J.C.S., 1896, 70 (1), 198; Chem. Zentr., 1896, 1, 485. S. S. Nametkin, J. Rhss. Phys. Chem. 

Soc., 1910, 42, 585; J.C.S., 1910. 98 (1). 829. 

^ A. Schofer. he. cit. H. Wieland, Brr.. 1909, 42, 816; J.C.S . 1909. 96 (1), 217. 

^ O. Graul and A. Hantzach, Bcr., 1898, 31. 2854; J.C.S., 1899. 76 (I), 187; Chem. Zentr. 
1899. 1, 28. 

»»V. Meyer, Ber., 1894, 27, 1600; J.C.S., 1894, 66 (1). 4.16; Chem. Zentr., 1894. 2. 281. A. 
Werner and H. Buas, Bcr., 1895, 28. 1280; J.C.S., 1895, 68 (I). 456; Chem. Zentr., 1895. I, 96, 
* P. Sabatier and J. B. Senderen*. Compt. rend., 1902. 135, 225; Chem. Zentr., 1902. 2. 6.16; 
J.C.S., 1902. 82 (1), 701. 

** K. Hoffmann and V. Meyer. Ber., 1891, 24. 3528; J.C.S., 1892, 62, 291. 

V. Meyer. Bcr., 1S72, 5, 399- J.C.S., 1872. 25, 682, 

*»R. A. Worstall, Am. Chem. J., 1898, 20, 202; 1899, 21. 218; J.C.S., 1898, 74 (I), 346; 1899 
76 (1), 399. 


*• M. I. Konowalow, J. Russ. Phys. Chem. Soe., 1893, 25, 389. 472; 1905, 37. 551: 
109. 124- J.C.S., 1894, 66 (1). 159, 265; 1905, M (1). 764; 1907. 92 (1), 1. Ber., 
1852; J,C.S., 1895. 68 (1). 633; Chem. Zentr., 1895, 1. 760. 


1906, 38. 
1895, 28. 
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Markownikow*^ found that the reduction of 3“nitro-2,2-dimethylbutane and 
3-nitro-2,2-dimethylpentane, with tin and hydrochloric acid, yielded amines, but 
that the corresponding isonitro compounds (as the alkali salts) added to stannous 
chloride and hydrochloric acid gave rise to ketones, ketoximes being formed as 
intermediate products. Thes0 reactions are represented by the following example: 


(Sn+»C1) 

(CH3)aCCH(NOi)CH3->- 

I 

! (KOH) 

^ (SnCli-hHCl) 

(CHjjaCCCH, -V 

i! 

NOsK 

^hydrolysis) 

(CH3),CCCH3 -y 

H li H 
()• i| () 

H NOH H 


(CH3)3CCH(NH2)CH, 

(CH,)3CCCH3 

il 

NOH 


(CH3)3CCCH. 

. . 

L OH OHJ 

i (-HXJ) 

Y 

(CH,)3CCCH3 


-f HA’OH 


O 


Amines and ketones result from the reduction of the nitro derivatives of the 
cycloparaffins. Thus, Markownikow-^'’ reported that nitrocyclohexane is trans¬ 
formed by zinc and glacial acetic acid into cyclohexanone but when the reduction 
was carried out with tin and hydrochloric acid cyclohexylamine was obtained. 
Nametkiiv*** prepared the corresponding amine from 1-nitro-1-methyIcyclohexanc 
and tin and hydrochloric acid. On the other hand, when 3-nitro-l-methylcyclo- 
hexane was reduced under similar conditions 3-amino-1-methylcyclohexane and 
l-methylcyclohexanone-3 resulted. 

Other reactions of primary and secondary nitro compounds are their conden¬ 
sations with aldehydes (aliphatic,aromatic,^® and chloro-,^*-*) and with methyl 
alcohol.**® These condensations may be illustrated by the following typical courses 
of reaction: 


(K,CO,) 

RCH.NO, -f K'CHO - 


(K:CO-.) 

RCH.NO, 4 - CHaOH —>- 


R'CHOH 


R'CHOH 

t 

RCHNOa 

-l-RTHO 

v_ 

1 

RCNOj 




R'CHOH 

C1U)H 


CH,OH 

1 

RCHNC). 

4 CHaOH 

->• 

RCNO 3 



CH,()H 

1900. 33, 

1905; J.C.S., 

1899, 76 a 


78 (1). 469; Cktm. Zentr,, 1899. 2 , 180; 1900. 2 , .^ 11 . 

vW. B. Markownikow, Ann., 1898. 302, 1; Chem Zentr., 1898. 2. 972; 1899, 76 (I), 22. 

•^S. S. Namrtkin, Russ. Ph\s. Chan. Soc., 1910. 42, 691; J.C.S.. 1910, 98 ( 1 ), 830; Chem. 
Zentr., 1910, 2, 1377. 

’’L. Henry. Comtt. rend.. 1895. 120 . 1265; 121 , 210 ; J.C.S.. 1895. 68 , 637; 1896, 70, 4; Chem. 
Zentr., 1895. 1. 156. 526; Rcc. trav. chim.. 1897, 16, 189; J.C.S., 1898, 74. 4. J. Pauwels. Rec. 
trav. chim., 1898. 17, 27; J.C.S., 1898, 74 {{), 506; Chem. Zentr.. 1898. 1 . 926. 

«B. Priebi, Ber., 1883, 16. 2591 ; J.C.S., 1884. 46. 313. Ann.. 1884. 22S, 319; J.C.S.. 1885. 
48, 160; Chem. Zentr., 1884, 973. M. Holleman. Rec. ttav. chim., 1904, 23, 283; J.C.S., 1905, 88 
(1). 42; Chem. Zentr.. 1905, 1, 89. 

F. D. Chattaway and P. Witherington. J.C.S., 1935, 1178; Brit. Chem. Abs. A, 1935, 1224; 
Chem. Abs., 1935, 29. 7377. F. D. Chattaway. J, N. Drewitt and G. I>. Parkes, J.C.S., 1886, 
1294; Chem. Abs., 1936, 30. 8149. 

J. PauweU, BhU. acoa. roy. Belgique, 34 (3), 645; Chem, Zentr., 1898, 1 , 193. 
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The alkali salts of the nitroparaffins react with halogens,replacing the hydro¬ 
gen atoms attached to the car^n atom holding the nitro group. By chlorination 
with hypochlorous acid, nitromethane yields chloropicrin.^^ Primary nitro com¬ 
pounds, when heated with concentrated hydrochloric acid at 150°C. or with phos¬ 
phoric acid at 100®C., yield the corresponding carboxylic acids.'*® This reaction 
is shown below: 

RCHjNO, + HCl + H,0 —> RCOOH + HONH, • HCl 

On the other hand, secondary nitropropane^^ is totally decomposed when heated 
with concentrated hydrochloric acid at 100°C. Fuming sulphuric acid decomposes 
nitromethane^® to give carbon monoxide and hydroxylaniine but acts on nitro- 
ethane^® to give symmetrical ethane disulphonic acid. Concentrated ammonium 
hydroxide acts on nitromethane, below 10°C., to give the ammonium salt of metha- 
zonic acid.^^ The alkali metal hydroxides act much more vigorously and the re¬ 
action is accompanied by considerable decomposition. To methazonic acid has 
been attributed the structure shown below: 

HN-CH. 

() 

I! 

O-C=N~OH 

An interesting reaction involving tetranitromethane consists of the introduction 
of nitro groups into the aromatic nucleus^** in the presence of pyridine. For ex¬ 
ample, w-nitro-N-dimethyl-/>-toluidine is formed from N-dimethyl-/>-to]uidine by 
this treatment. This was the first method used for nitration of the aromatic com¬ 
pounds in an acid-free medium. Reactions of nitroparaffins with diketones,^® diazo 
compounds,®^ alkylmagnesium iodides®* and carbon disulphide®® have been re¬ 
ported. Taylor and Vesselovsky,®® in studying the thermal decomposition of ni¬ 
tromethane, found that the main reaction consisted of a unimolecular splitting into 
nitrosomethane'and oxygen. Rice and Ro<lowskas®* studied the thermal decompo¬ 
sition of ethyl nitrite, on the other hand, by heating the compound in a furnace 
under low pressure, and passing the resulting gases over metallic mirrors. Thus, 
the gases of decomposition were passed over a mirror of tellurium, in several in¬ 
stances. When pure ethyl nitrite was decomposed, the exhaust gases did not attack 
the mirror. On the other hand, w'hen an inert diluent gas was added, the mirrors 
were rapidly removed, even when the furnace temperature was no higher than 
425®C. The tellurium was found to have been taken up by free methyl radicals, 

«ij. Tscherniak, Ann., 1876, 180, 123; J.C.S., 1876. 29, 901. A. Hantzsch and H. Kissel, Bet,, 
1899, 32, 3137; 1900, 78 (1). 89; Chem. Zentr., 1900, 1, 115. 

W. D. Ramage, U. S. P. 1,996,388, April 2, 1935, to Grc.it Western Electro chemical Co.; 
Chem. Abs., 1935, 29, 3354. 

«V. Meyer and J. Lochcr. Ann., 1876, 180, 163; J.C.S., 1876. 29, 903. A. Geuther, Bet., 1874, 
7, 1620; Chem. Zentr., 1875, 98; J.C.S., 1875, 28. 445. 

**W. R. Dunatan and E. Goulding, J.C.S., 1900, 77. 1262; Chem. Zentr.. 1901, 2, 184. 

«A. Pfungst, /. pr. Chem., 1886, (2) 34, 27; 1886, 50. 862; Chem. Zentr., 1886. 644. 

<*V. Meyer and C. Wurster, Ber., 1873, 6. 1168; J.C.S., 1874, 27. 146; Chem. Zentr., 1873, 727. 

^ W. R. Dunstan and E. Goulding, toe. cit. 

«E. Schmidt and H. Fischer. Ber., 1920, 53, 1529; Chem. Abs., 1921, 15, 86; J.C.S., 1920, 118 
(1), 726. 

«*S. Fujise, O. Takewchi, T. Kamioka and K. Tiba, Ber., 1935, 68. 1272; Chem. Abs., 1935, 29. 
6216; Brit. Chem. Abs. A. 1935, 1126. 

••V. Meyer and G. Ambuhl, Ber., 1875, 8, 751, 1073; /.C.S., 1875, 28, 1202; 1876, 29, 84; 
C^em. Zentr., 1875. 486, 678. 

«J. Bewad, Ber., 1907, 40. 3065; Chem. Abs., 1907. 1. 2469; Chem. Zentr., 1907, 2, 681. 

wfe. Freund. Ber., 1919, 52, 542; J.C.S., 1919, 116, 309; Chem. Abs., 1919. 13, 2526. 

•• H. A. Taylor and V. V. Veaselovsky, /. Phys. Chem.. 1935. 39, 1095; Chem. Abs., 1936, SO, 
364. See also E. W. R. Steacte and D. S. Caloer, /. Chem. Physics, 1936, 4 , 96; Chem. Abs., 
1936, 30, 2088. 

O. Rice and E. L. Rodowskas, J.A.CS., 1935, 57. 350; Chem. Abs., 1935, 29, 1772; BrU, 
Chem. Abs. A, 1935, 471. 
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yielding dimethylditelluride, when 1 per cent ethyl nitrite was carried in carbon 
dioxide. 

The investigators believe the reactions involved proceed as follows: 

(1) CH,CH,ONO —NO + CH,CH,0— 

yielding the free radicle CH 3 CH 2 O— and the stable molecule NO. This primary 
decomposition then is followed by; 

(2) CH,CH,0- —HCHO -h CH,— 

(3) CH,~ -h CH,CH,ONO CH 4 + CH,CH(ONO)— 

(4) CH,CH(ONO)- —> NO -f CH,CHO 

The fact that pure ethyl nitrite did not remove the metallic mirrors was accounted 
for on this basis by the presumption that reactions ( 1 ) and ( 2 ) occur in the fur¬ 
nace, and are immediately followed by reactions (3) and (4), thus destroying the 
free methyl groups before the mirrors were reached. Diluting the ethyl nitrite, then, 
would reduce the rate of reaction (3), the only bi-molecular reaction of the series, 
and permit the methyl groups to exist until the mirror was reached. Since the 
experiment with the tellurium mirror yielded pure dimethylditelluride, it seems 
probable that only the methyl free-radicals escaped the furnace. 

Hass and co-workers,®® reporting on the toxicity of a sample of nitrated pro¬ 
pane (containing also nitromethane and nitroethane in addition to the two nitro- 
propanes), state that its vapors are less toxic than the vapors of benzene, aniline, 
carbon disulphide, carbon tetrachloride or nitrobenzene. 

Nitro Compounds of Petroleum and Their Applications 

The increasing use of the Diesel engine has been accompanied by the desire to 
produce lower-igniting and faster-burning fuels. Although this can be influenced to 
a considerable extent by selecting fuels of the desired composition, nevertheless 
extraneous substances have also been added which often cause marked changes in 
the ignition characteristics of a fuel. Such substances are usually explosive or 
easily ignitable at relatively low (engine) temperatures. They are generally em¬ 
ployed in concentrations of less than 5 per cent in most fuels, and, by means of 
their explosions or low-temperature ignitions, are able to more completely disperse 
the injected fuel spray and furnish additional heat which aids in the combustion of 
the fuel charge. These substances are often referred to as ignition-temperature 
depressants, or accelerators, or promoters, and impart better ignition qualities to 
fuels. They are also said to suppress detonation and to decrease delay in inflam¬ 
mation.®® 

The substances which have been used or suggested as ignition promoters in¬ 
clude the low molecular weight aliphatic nitro compounds and alkyl nitrites,®^ the 
alkyl nitrates®® and the latter mixed with organic peroxides.®® 

f-'* H. B. Hass, E. B. Hodge and B. M. Vanderbilt, !nd. Bng. Ckem., 1936, U, 339; Ckem, Abs., 
1936, 30. 2918. 

•• M. Aubert, P. Clcrget and R. Duchene, Compt. rend., 1935, 201, 879; Brit. Ckem. Abs. B, 
1936, 133. 

N. E. Loomis. U. S. P. 1,820,983, Sept. 1. 1931, to Standard Oil Development Co.; Ckem. Abs., 
1931, 25, 5980; Brit. Ckem. Abs. B. 1932, 636. F. Hofmann and K. Gieseler, German P. 574,678, 
1933; Ckem. Abs., 1933. 27, 4666. 

«C. J. Simt, British P. 294,129. 1927; Ckem. Abs., 1929, 23, 2020; Bnt. Ckem. Abs. B. 
1928, 70J. W. Helmore, British P. 366,947, 1930; Brit. Ckem. Abs. B, 1932, 378. Imperial 

Chemical Industries Ltd., French P. 730,238. 1932; Ckem. Abs., 1933, 27, 401. D. T. /ones, 

British P. 374,481, 1932, to Imperial Chemical Industries Ltd.; Ckem. Abs., 1933, 27, 4070; Brit. 
Ckem. Abs. B, 1932, 827. R. Stansfield. Proc. World Petr. Congr., 1933, 2, 256; Brit. Ckem. Abs. 

B, 1934, 949; Ckem. Abs., 1934, 28. 3867. M. £. Weber and J. Spiltor, Belgium P. 405,078, 1934; 

Ckem. Abs., 1935. 29, 3497. 

••W. Helmore, British P. 354,398, 1931; Brit. Ckem. Abs. B. 1931, 1002; Ckem. Abs., 1932, 26. 
2851: British P. 352,550, 1931; Ckem. Abs., 1932, 26. 3906; U. S. P. 1,849,051. March 8. 1932; 
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Salzberg and Peterson®^ have suggested the use of compounds of the type 
RR'NN :0, in which R and R' are alkyl radicals. Thus dibutyl- or di-methyl- 
nitrosoamine may )h‘ used. Besides being used in hydrocarbon fuels, the alkyl 
nitrates have been added to alcohol fuels,in amounts less than 1 per cent, t<» 
improve their burning proi)erties, Griffith and Hill*^- have suggestccl substances 
which contain halogen atoms and nitrate groups on adjacent carbon atoms, the 
nitrate of 9,10-bromohydroxystearic acid l)eing an example. 

Some investigators, however, have subjected fuels to nitrating treatments in¬ 
stead of adding extraneous substances to promote ignition. Wingett*^-^ distilled a 
fuel, under a pressure of 300 pounds per square inch, in the presence of a small 
quantity of a mixture of sulphuric and nitric acids. The resulting material was 
.said to be more sensitive to low temperature ignition than before nitration. 
Cirevel®^ treated a gas oil (boiling range 270-360°C., sp. gr. 0.80-0.87) with nitric- 
acid (expKrdiently with fuming nitric acid) and, after the conclusion of gas evolu¬ 
tion, neutralized the unused acid with sodium bicarbonate. This oil, either alone 
or mixed with other petroleum fractions, was suggested as a motor fuel, pre¬ 
sumably for motors equipped with spark or similar ignition means and hence not 
relying on compression to cause ignition. By distillation (with steam or under 
reduced pressure) decolorization of the nitrated oil was accomplished. 

Winand*^^ describes a fuel designed especially for submarine engines, which 
must operate without direct access to the atmosphere. This fuel consists of a 
mixture of tetranitroethane and mono-, di-, or trinitrobenzol, without the addition 
of hydrocarbon material. Nitromethane has been employed for the removal of 
carbon deposits from internal combustion engines.®^’* A mixture consisting of 
nitromethane, benzol and ethyl alcohol is injected into the cylinders which have 
been previously heated to 15()°F. After remaining for 2 hours the engine is started 
and the carlx)n blown out the exhaust. Hass and co-workers'^^ investigated the 
possibility of using the nitropropanes and nitrobutanes as Inccjner solvents. They 
found that, when dissolved in an alcohol such as 1-butanol, these nitro comiK)unds 
IK)ssessed dilution ratios equal or .superior to those of the ester solvents (butyl and 
amyl acetates) and that lac(|uers containing these compounds exhibited good blush 
resistance. They further report that tests indicate the nitroparaffins possess pos¬ 
sible value in the .solvent refining of lubricating oils. Fitch'*^ has descriln-d the 
production of a resinous substance from oletin material and sulphur dioxide which 
is soluble in nitromethane.'^^ The solution prepared in this way is said to contain 
a high percentage of solids, and to |K»ssess a high viscosity. 

Drinl>erg and a.ssociates^" prixluced varnish resins by nitrating paraffin oil. 


Chfm. Abs.. 19.12, 26, 4466. all to Imperial Chemical liHliistrien I.id, Ilritinh I* 4211 972 191S- 
Drit. Chem. Abs, B, 1935, 71.1; Ckem. Abs., 1935, 29. 7055; (ierm.in 1*. 617.429 19.15 ~tArm Abs' 

19J5, 29, 8294; hoth to, BataafMrhe Petroleum Maat5»chappij. 

L. Salzberg and W. K. Peterson, C. S. P. 2.009.81S. July .0), 1935. to E I du Punt df 
Nemours & Co.; Chem. Abs., 1935. 29. 6405. 

Penhale, Brilith P. 178,373, 1922: Chem. Abs., 1922, 16. .1195. 

« R. H. Griffith and S, G. Hill, British P. 436,027, 1935; them. Ahs., 1916 30 1980- Hrit 

Chem. Abs. B. 1935, 1083. ’ ‘ ‘ 

N. Wingett, U. S. P. 1.185,747. June 6. 1916, to W. A. Haggott; 2.S t /. 1916 35 828 
A. Grevel, German P. 379,966, 192.1; J.S.C.I.. 192.1, 42. ]lhf>A. 

P. Winand, U. S. P. 914,624, March 9, 1909; Chem. Abs., 1909, 3, 1690; J.S.Cl., 1909, 2t. 


••W. G. I^vell and T. A. Boyd. V. .S. P. 1.825.358. .Septemirer 29. |93l. to (ieneral Motors 
Research Corp.; Chem. Abs., 1932, 26, 284; Brit. Chem. Abs. B, 1932. 586 

C7rem’,‘l936. 28. 339; Chem. Abs., 

IVJo* wVg 


30, S683. 


L. fl. Pitch, U. S. P. 2,045,592, June 30, 1936, to l^hillips Petroleum ('o.; Chem. Abs., 19.16, 


•See Chapter 25. 

122jA*L.%'!r‘93S; n. fs'jIS”""*''’''* ‘'™' •' them. I9.U, 7, 
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petrolatum, and gas oil with 30®Be nitric acid, both alone and mixed with 73®Bc 
sulphuric acid at temperatures of 120°, 130° and 200°C. Such resins were soluble 
in acetone, amyl acetate, benzene and chloroform, and yielded transparent films on 
evaporation of their solutions. A brownish resin was obtained from the un¬ 
saturated compounds of petroleum and fuming nitric acid. In preparing tar emul¬ 
sions for use in paving compositions, Daimler*^^ used “humic acids'" as emulsifying 
agents. These acids were made by the nitration of coal or pitches and were 
soluble in alkalies, giving brown solutions. Nitrated petroleum fractions have 
also been used as dyes, plasticizers and as intermediates in the production of 

motor fuels .“^2 

Applic.\tions of Friedel-Crafts Reaction to Paraffin and Cycloparaffin 

Hydrocarbons 

Hopff’'* obtained a ketone by the action of acetyl chloride on pentane in the 
presence of aluminum chloride to which he assigned the structure corresponding 
to 2 -acetylpentane, 

CHaCH,CH,CHCH, 

u 

1 

CH, 

I^'iter, however, Xenitzescu and Chicos'^'* showed, by oxidizing this substance 
to the corres[)onding acid, that it was actually 2-acetyl-3-methylbutane. Hence, 
they postulated the following mechanism: 

(AlCIi) -H, 

w-CJh,->- (CH,),CHCH,CH, —(CH,),C==CHCH, 

-fCiijc:oci -fH* 

->- (CH3)sC(C1iCH(CH,CO)CH, —(CH,)jCHCH(CH,CO)CH, 

.Similarly, the ketone (CH 3 )oCHCH(CH 3 CO)CH 2 CH 3 was obtained from «-hex- 
ane. On the other hand, Zelinskii and Leder-Packendorff^^ treated a naphtha 
iKMizine, corresponding to the formula C 6 H 14 , with acetyl chloride and aluminum 
chloride and obtained a 22.5 per cent yield of a ketone mixture which they showed 
consisted of l-methyl-2-acetylcyclopentane and l-methyl-3-acetylcyclopentane. In 
this work they proved also tliat 2 -methylpentane was not the origin of the ketones 
formed since it failed to react with acetyl chloride in the presence of aluminum 
chloride. 

Carbon monoxide may be coiulensetl with the paraffins in the presence of alumi¬ 
num chloride, but whereas the aromatic hydrocarbons condense witli carbon monox¬ 
ide to yield aldehydes, the paraffins in this reaction yield ketones. A study of this 
reaction led Hopff and NenitzesciP^' to suggest that the reaction between n-butane 
and carbon monoxide proceeds as follows: 

ng. Daimler. U. S. P. 2,008,978, July 23, 1935, to I. G. Farbenind. A.-G.; Chem. Ahs„ 1935, 
29. 6()1(.. 

Carleton Elli*, “The Chemistry of Petroleum Derivatives,” Chemical Catalog Co., New York, 

1954. 

WH. Hopflf, Btr., 1931. 64, 2739; Chem, Abs., 1932, 26. 1236; Brit. Chrm. Abs., A, 1932. 44. 

C. D. Nenitaescu and 1. Chicos. Brr., 1935, 68. 1584; Chem. Abs., 1935. 29. 7279; Brit. Ckem. 
Abs. A. 1935, 1221. 

'’f* N. D. Zelinskii and L. r.eder-Packcnd''-0F. Aun., 1935, 518, 260; Chtm. Abs., 1935, 29. 6401; 
Brit. Chrm. Abs. B, 1935, 836. 

* H. Hopflf and C. D. Nenitiescu, Anffctt'. Chemit, 1936, 49, No. 13, 553. H. HopflF, C. D. 
Nenittescu. 1). A. Isacescu and I. P. Cantuniari. 1936, 69, 2244; Ckcm. Abs., 1937, 31, 366. 
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CH, 

(AlCh) / 

tl-C4HiO — 

—H,C CH 


\ 


CH, 

C4H,0 — 

C.H, + H, 


(Alci.) r ^ 1 

CO + HCl 

- >- HCOCl 


(rearrangement giving mixture of butanes) 
(mixed butanes dehydrogenated) 


Carbon monoxide (as formyl chloride) adds to the unsaturated compounds to pro¬ 
duce from isobutene, trimethylacetyl chloride: 

CH, Cl CH, Cl 

H,c— +H< 1 :=<) —>• H.c—<!:—c=o 

I I 

CH, CH, 

This product is reduced by hydrogen (arising from the dehydrogenation) to tri- 
methylacetaldehyde: 


CH, Cl 


CH, H 


H,C—C - 0=0 + H, —H,C—C -C=0 + HCl 

^H, CH, 

Under the influence of aluminum chloride, rearrangement takes place yielding 
methyl isopropylketone: 

CH, H CH, 

I ! (A1C1,) 

H,C—C-C=KJ - ^ H,C—C-CH 

I II \ 

CH, O CH, 

while from «-butene and formyl chloride, mcthylethylacetyl chloride is formed: 

CH, Cl 

H,C=CHCH,CH, + HCOCl —H(i:—C=0 


This in turn reacts with unchanged isobutane to yield isobutyl-jcf-butyl ketone: 
CH, Cl H3C 0 CH, 

i f (AlCU) j 

HC-C =0 4-H,C—CH(CH,),-HC-C -C-~CH -f HCl 

I / I: : 

C,H» H,C H, CH, 

CH, 


By interaction of the various products present in the reaction mixture, there 
arise, in addition to the principal product of the interaction of carbon monoxide 
and n-butane, isobutyl-^ec-butyl ketone, a complex mixture of methylethylacetic 
acid, trimethylacetic acid, and ter-butyl-isopropyl ketone. 

Cyclohexane, in the presence of aluminum chloride, undergoes a primary isomeri¬ 
zation to methylcyclopentane which then loses hydrogen and adds acetyl chloride 
to form a chloroketone.^^ The latter is simultaneously hydrogenated to give 

"C. D. Nenitzetcu and G. C. Vantu, BuU. soc. ckim., 1935, (5) 2. 2209; Chem. Abt„ 1936 
30, 1749. 
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l-methyl-2-acetylcyclopentane. This isomerization of cyclohexane to methylcyclo- 
pentane, according to Nenitzescu and Cantuniari,^® is not due, however, to the 
smaller strain of the cyclopentane ring because the strain-free cyclohexane ring 
appears to be the more stable. No acetylcyclohexane is formed in this reaction. 
Cyclohexene,on the other hand, gives acetylcyclohexane (methyl cyclohexyl 
ketone) when treated with acetyl chloride and aluminum chloride in carbon disul¬ 
phide at —20° C. 

Paraffin hydrocarbons have also been shown to react, in the presence ol alumi¬ 
num chloride, with phthalic anhydride to form keto-acids, with ethylene oxide to 
produce alcohols, and with phosgene and hydrogen to give aldehydes and ketones.®^ 

Other Reactions of the Paraffins and Cycloparaffins 

Looker, Kester, Hass and Friend®^ studied the action of nitrosyl chloride 
(NOCl) on the paraffin hydrocarbons, both in the presence and in the absence of 
light, and obtained a number of products. The reactions were carried out in the 
liquid and also in the gaseous phases, and at elevated temperatures and pressures. 
Since not only nitrosyl chloride but also the products of reaction were very cor¬ 
rosive, the apparatus used was lined with tantalum. Both gaseous and liquid 
paraffins were suitable as the hydrocarbon materials. In the case of the action of 
nitrosyl chloride on butane three types of reactions occurred: (1) chlorination, 
giving mono- and polychlorides with the latter predominating; (2) oxidation, 
giving fatty acids, including butyric, propionic, acetic and formic acids; and (3) 
nitrosation, which resulted in the formation of oximes. Nitrosyl chloride mixed 
with butane produces a slow evolution of gas which finally results in 2 layers, the 
lower one being miscible, and the upper one immiscible, with water. After the 
reaction is complete, as indicated by the disappearance of the reddish color (due 
to unreacted nitrosyl chloride), the mixture is refluxed with the strong hydrochloric 
acid formed during the reaction so as to hydrolyze the oximes to aldehydes and 
ketones, and the nitriles to fatty acids. Following hydrolysis, the water-miscible 
layer is fractionally distilled to give methyl ethyl ketone, acetic acid, propionic acid 
and butyric acid. A residue composed of ammonium chloride and hydroxylamine 
hydrochloride remains. The water-immiscible layer is fractionally distilled to give 
1-chlorobutane, 2-chlorobutane, 1,1-dichlorobutane, 2,-2-dichIorobutane and other 
polychlorobutanes. Certain lachrimatory substances are also formed which are 
thought to be chlorinated ketones. 

That light has a strong influence on the course of the reaction between nitrosyl 
chloride and paraffins has been substantiated by the work of Mitchell and Carson®2 
on the color changes ensuing during the reaction between n-hexane and nitrosyl 
chloride. In bright sunlight, the two compounds react to yield a brown oil, which, 
on steam distillation, yields about equal proportions of methyl-/i-butyl ketone and 
methyl-ii-propyl ketone. When the reaction was carried out in the absence of 
bright sunlight, a blue color developed slowly, then gradually disappeared, but very 
little of the oil as from the first experiment was obtained. An absorption-spectrum 
study of this reaction mixture showed that there were very powerful absorption 

C. D. Ncnit»c!»cu and J. P. Cantuniari, Bcr,, 1933. 66, 1097; Brit. Chem. Abs. A, 1933, 941; 
Chem. Abs., 1933. 27, 4780. 

^ C. O Nenitzescu and J. P. Cantuniari, Ann., 1934, 510, 269; Ckcm. Abs., 1934, 28, 5413; 
Brit. Chem. Abs. A. 1934. 773. 

*• See, Carleton Ellis. "The Chemistry of Petroleum Derivatives," The Chemical Catalog Co.. 
New York. 1954. 

•» C. D. I-ooker, E. B. Kester. H. B. Hass and W. Z. Friend. V. S. P. 1.923.630. August 22, 

1933, to The Baltimore t»as Engineering Corp.; Chem. Abs., 1^33, 27, 5337; Brit. Chem. Abs. B, 

1934. 533. Also, private communication from E. B. Ke>ter. 

• S. Mitchell, and S. C. Carson, J.C.S. 1956, 1005; Brit. Chem. Abs. A. 1936, 1090; C^iem. Abs., 
1936, SO, 6703. 
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bands in the violet and ultraviolet, and also bands located in the blue and orange 
(headed at 4780 A and 6000 A respectively). On removing the hydrogen chloride 
and nitrosyl chloride from one of the blue solutions (by blowing nitrogen through 
it) it was found that a strong absorption band existed in the red. headed at about 
6600 A. The reaction was then carried on in tubes immersed in cylinders of 
copper sulphate solution, which served as filters to remove the red rays from light 
passing through them, and the apparatus exposed to sunlight. Under these con¬ 
ditions, the reaction was arrested at the blue stage, and little oil was formed. When 
the evolution of hydrogen chloride ceased, the solutions were again saturated with 
nitrosyl chloride and exposed. This operation was repeated three successive times, 
and the resulting blue solutions washed with dilute sodium bicarbonate solution, 
dried, and fractionated under reduced pressure. The blue liquid concentrated in this 
way, was found to constitute only a few cubic centimeters in each liter of hexane 
reacted. Analytical data indicated that this liquid, which was quite stable when 
kept in the dark, consisted of 2,2-chloronitrosohexane and 3,3-chloronitrf)sohexane. 

Lelgemann®^ produced a gasoline substitute from high boiling paraffin material 
by reacting the latter with nitrosyl chloride at temperatures between 120° and 
370®C. in the presence of iron and aluminum chlorides. About 4 to 5 ounces of 
nitrosyl chloride and 5 to 12 pounds of a mixture of equal parts of the metallic 
chlorides were used with each 100 pounds of charging stock. The hydrocarbon 
charge was heated to the temperature of incipient cracking and the nitrosyl chloride 
introduced at that point. 

Rice®^ prepared lead alkyls from paraffins by heating the latter to 500-1000°C. 
at sub-atmospheric pressures and passing the products over finely divided lead, 
after which they were rapidly cooled to —80®C. and finally to —VXYC. to separate 
the lead alkyls thus formed. Heptane, for example, gave mainly the methyl and 
ethyl derivatives when treated in this manner. Nenitzescu and Isacescu^'' investi¬ 
gated the behavior of cyclohexane toward inorganic halides in the presence of 
aluminum chloride at 65-70®C. Arsenic trichloride, silicon tetrachloride, stannic 
chloride, sulphur monochloride, thionyl chloride and sulphuryl chloride all con¬ 
verted cyclohexane into bicyclohexyl. Phosphorus trichloride gave un^aturated 
compounds, whereas mercuric chloride, silver chloride, chromyl chloride and phos¬ 
phorus oxychloride did not react. Candea and Murgulescu^^' studied the action of 
metallic halides on methane at much higher temperatures. At 9(X)°C\ a *X) i)er cent 
yield of hydrochloric acid was obtained from calcium chloride and methane, while 
at 700® and 1000® C. the yield was 60 per cent. Also, by careful regulation of the 
conditions, they obtained 60 per cent yields of hydrochloric acid from sexlium chlo¬ 
ride and methane. Reactions of the saturated hydrocarbons with sulphur, sulphur 
monochloride, antimony chloride (SbCl.-i), chlorosulphonic acid and chromyl 
chloride have also been reported.^^ 

■•W. Lclfcnuinfi, U. S. P. 1,936,633, November 28. 1933; Chrm Abs., 1934. 2S. 1516; Brit. 
Cktm, Abs. B, 1934. 823. 

•♦F. O. Rice, BritUh P. 407,036, 1932; Brit. Chem. Abs. B. 1934, 444; Chrm. Abs.. 1934, 

4847. 

•C D. NeniUeicu and D. A. Itacescu. Brr,, 1934, 67. 1,191; Chrm. Abs., 1934. 28. 7251; Brit. 
Chem. Abs. A. 1934. 995. 

••C Canda and 1. G. Murguletcu, Chimie et industric. 1935, 33, 800; Chrm. Abs.. 1935. 29. 
5226; Brit. Chem. Abs. B, 1935, 534; t4me Congr. chim. ind., Parin, 1934. 8; Chrm. Abs.. 193,5. 

29, 6369. 

* See, Carleton Ellii, **Tlie Chemiiitry of Petroleum Derivatixe-.” ('hrmical (afaloif 0».. New 

York, 1934. 



Chapter 48 
Naphthenic Acids 

Oxy^aMi-containiiij? compounds comprise only a small fraction of the constitu¬ 
ents of mineral oils and are reported to be of two types, namely, phenolic bodies, 
Mich as cresols, xylenols, or di- and triethylphenol, and naphthenic acids.^ The 
latter, present in the larp^er proportion, are the carboxylic derivatives of cyclo- 
parafhn hydrocarbons and have found technical applications, particularly in the 
form of their alkali and heavy-metal salts. Although naphthenic acids occur to 
some extent in practically all crude petroleums, or their distillates, the chief sources 
are Russian, Rumanian and, to a lesser degree, Polish oils, the German and Amer¬ 
ican crudes yielding comparatively small quantities. Schmitz^* states that the 
acidity of certain crude oils in the region of Apsheron (Russia) is: 

Acidity, 


Balakhanui light oil . 0.08-0.16 

Balakhanui heavy oil. 0 20 

Sabountschy. 0 10-0.20 

Bibi-Eybat. 0 07-0.16 

Ramany. 0.08-0.18 


• Analyses made m IV33 and 1934. 

riie content of naphthenic acids is fre(|uently not greater than 2 per cent and is 
often less than 0.1 per cent, but even on the basis of 0.1 per cent the potential 
world-annual production is estimated at 200,000,000 kg. or approximately 50,000 
tons. 

The proportions of naphthenic acids in various fractions of a Balakhanui lubri¬ 
cating oil distillate and a heavy Balakhanui crude oil, as reported by Blagovidov 
and Terteryan,^ arc indicated in Table 205. 

Taiilk 205. Proportions of Naphthenic Adds in Balakhanui (hi. 

% Naphthenic Acids 


Faction 

Lubricating 

Distillate 

Heavy ('rude 

Kerosene. 

0 8.3 

0 60 

Light gas oil 

1.54 

1 ()() 

Heavy gas oil. 

1.65 

2 48 

Spindle oil. 

1.57 

2 <)8 

Machine oil. 

1 16 

2 68 

Cvdinder oil. 

0.82 

1 90 


(ias oils from Texas and California petroleums are reported to contain 0.35-0.36 
l)cr cent acids, and some Louisiana and Gulf Coast crudes as high as 0.67-0.70 per 

' r \ niaim Chem. 1935, 59. 485; Clutn. Jhs.. 1935. 29. 5429; Brit. Clicm. Abs. B, 1935, 

(,18 ■/ inst Bet. Ti'ch.. 1935. 21. 298A. Sec .ilso. K. Schmiu. Mat. ^irasscs, 1919, 12 (140), 5273. 
AlC). C/i.-.M. 7 .r. 1935. 96. 487; ./. Inst. Bet. 7VWi.. 1935. 21. 299A. 

*• E. Schiiiit*. pnxatc t\*mmunii'ation. 

»!. E. Blagovidov A. B. Terteiyan, .4rrr. AV/f, A'/mr., 1933, No. 11-12. 128; Chem. Abs., 
1914 28 7491 For n discu^^ion of the couMitwtion and proi>erties of naphthenic acid-i, see E. Schmiti. 
WM. 4. !i0; <Vum, .Ihs.. I'lM, S, 1J41. 
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cent.3 According to Goldberg and Ter-Akopova,^ determination of acidic constitu¬ 
ents should be made by extraction with alcoholic sodium or potassium hydroxide 
as results obtained with aqueous solutions of alkali are likely to be unreliable be¬ 
cause of the formation of emulsions. 

Examination of some commercial naphthenic acids from the alkali wash of a 
West Texas (U.S.A.) pressure distillate was made by Williams and Richter.® 
These investigators found that the acidic constituents consisted for the most part 
of phenolic compounds, phenol, o-, tn-, and />-cresol, 1,3,5-xylenol, and 1,4,2-xylenol. 
Some ethyl mercaptan was also present. In addition, the following aliphatic acids 
were isolated; isovaleric, n-heptylic, n-octylic, and n-nonylic. These results seemed 
to indicate that cyclic carboxylic acids are not present exclusively as many of the 
earlier workers believed. A study of the mixed acids from a Texas oil was made 
by Cosciug,® who attempted to separate them according to the method of v. Braun 
and Wittmeyer."^ Only a very small quantity of one acid, having the formula 
QH 14 O 2 and boiling at 138-142°C. (12 mm.), was secured. The major portion 
of the acidi(^ bodies, however, appeared to be derivatives of the isomeric hydro¬ 
carbons whose constitutions corresponded to CioHjg. 

Although the formation of naphthenic acids in petroleum distillates has been 
attributed largely to oxidation (by air-blowing) during the alkaline wash of re¬ 
finery operations, nevertheless some results obtained by v. Braun and Wittmeyer® 
show that these acids pre-exist in the crude oil. A fraction (boiling 180-260®C.) 
was extracted with liquid sulphur dioxide and the soluble and insoluble portions 
separated and subjected to an alkaline wash. If the acids were due only to oxida¬ 
tion during this latter operation, then different products should be obtained from 
the two portions, v. Braun and Wittmeyer found, however, that three times as 
great a quantity of acids were extracted from the sulphur dioxide-soluble portion 
as from the other. Even though it was impossible to isolate individual acids, 
nevertheless comparisons of mixtures of the same boiling range and of their de¬ 
gradation products by the amine-olefin or the progressive degradation method® in¬ 
dicated their similarity in properties and constitution. These investigators con¬ 
cluded, therefore, that naphthenic acids were present in the crude distillate prior 
to oxidation. Attempts to separate the acids into closely related substances by 
extraction with liquid sulphur dioxide at —10® to —20®C. were not successful. 

Extraction of Naphthenic Acids from Petroleum 

Extraction of crude petroleum oils or distillates with alkali usually affords the 
largest yields of naphthenic acids. Loss of acids may result from the partial re¬ 
fining of distillates or still bottoms, destruction during distillation, unsatisfactory 
treating procedures, or partial transfer to acid sludge when sulphuric acid is em¬ 
ployed as the refining agent.^® Methods for the recovery of naphthenic acids ap- 

•V. L. Shipp, Oil Gas 1936, 34 (44), 56; Chem. Abs., 1936, 30. 5401; J. Inst, Pet. Tech., 
1936, 22, 367A. 

* D. (joldberg and M. Ter-AJeopova, Aster. Sejt. Khoa., 1933, No. 10, 76; Chem. Abs., 1934, 
2t, 7491. 

* M. WiHiama and G. H. Richter. J.A.C.S., 1935, 57, 1686; Brit. Chem. Abs. B, 1935, 1081; 
Chem. Abs., 1935, 29, 7629; /. Insi. Pet. Tech., 1935, 21, 407A. 

•T. CoMiof. Ann. sci. nniv. Jassy, 1935. 20, 341; Chem. Abs., 1936, 30, 2733. 

J, V. Braun and H. Wittmeyer, Ber., 1934, 67, 1739; Chem. Abs., 1935, 29, 585; Brit. Chem. 
Abs. K 1934, 1359. 

•J. V. Braun and H. Wittmeyer, Ber., 1934, 67, 1739; Chem. Abs., 1935, 29, 585; Brit. Chem. 
Abs. A, 1934, 1359. 

•For a review of these methods, see Carleton Ellis, “The Chemistry of Petroleum Derivatives.” 
The Chemical Catalog 0>.. New York. 1934. 

^D. Goldberg, E. Shaverdova and V. Masumyan, Aaer. Neft. Khoa., 1934, No. 2, 72; Chem. Abs., 
1934, 7493. Set alto, B. Ruibak and E. Alftinova, Aaer. Seft. Khoa., 1934, No. lO-ll, 100; 

Chem. Abs., 1935, 29, 7630. For a method of analysis of alkali sludge, see B. M. Ruibak, Aaer. 
Neft. Khoa., 1935, No. 4, 84; Brit. Chem. Abs. B, 1936, 819; Chem. Abs., 1935, 29, 6745. 
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pear to be of two general types (1) treatment of the oil with aqueous alkali at 
elevated temperatures, acidifying the solution, extracting with a low-boiling dis¬ 
tillate, and separating acids and distillate by fractional distillation. (2) The oil 
is distilled in the presence of an alkali, for example, calcium or sodium oxide, 
and the resulting soaps freed from hydrocarbons by extraction with 80 per cent 
alcohol, the soaps being soluble in this solvent. Further purification may be 
effected by aeration of the acids in the presence of cobalt naphthenate. 

Washing crude Baku lubricating oil distillates at 60-70®C. with 4 per cent 
aqueous sodium hydroxide is reported to effect as high as 96.7 per cent neutraliza¬ 
tion.^® The alkali sludge so obtained was black in color and contained about 36.8 
per cent unsaponifiable material. The treated oil, however, yielded a higher pro¬ 
portion of ash than the untreated. Crude oils having 0.9 to 1.2 per cent petroleum 
acids can be washed with alkali in like manner, though the addition of 1 per cent 
of kerosene naphthenic acids may be required to break the emulsions which are 
formed. Also, it has been pointed out that the removal of naphthenic acids from 
a residual oil stock and the separation of the latter into distillate fractions may be 
accomplished in a one-stage operation.A concentrated aqueous solution of so¬ 
dium hydroxide is incorporated in the oil and the mixture is conducted through a 
heating coil at about 400®C. In order to maintain the substances in the liquid 
phase the heating is effected at high pressures. The heated mixture is then led 
rapidly into the center of a fractionating column, the latter being kept under a high 
vacuum. The oil which remains unvaporized flows to the lower portion of the 
fractionating column and is distilled by further heating. Vaporized oil in the 
center of the column is fractionated to condense a lubricant cut which may be re¬ 
moved as a side stream. Tarry matter, naphthenic acids and caustic soda are 
removed at the bottom of the column. Alkali sludge from crude oil often con¬ 
tained 50-60 per cent of oil or unsaponifiable matter. Analysis of the organic por¬ 
tion of such sludge (from Bibi-Eibat crude oil) indicated its composition to be 0.23 
per cent asphaltogenic acids, 63.52 per cent naphthenic acids, 0.96 per cent as¬ 
phaltenes, 4.07 per cent resins, and 31.16 per cent oil. The removal of unsaponifi¬ 
able matter from alkaline sludge is said to be effected by extracting the sludge with 
a gasoline boiling at 325®C. (end point).Countercurrent operation is said to 
result in smaller loss of oil and higher yields of acids are secured if the alkali wash 
precedes refining with sulphuric acid. The use of 10 per cent aqueous calcium 
chloride for breaking oil and alkali emulsions is suggested bv Robinson.'® 

The following procedure is recommended by Gelhke:" Waste alkali (from 
refining mineral oils) is dehydrated and lixiviated with dry acetone and the extract 
is cooled and allowed to stand until clear. Afterwards the solvent is removed 
from the clear solution by evanoration. 

Removal of naphthenic acids and phenols may be accomplished by bringing a 

" Y. Mayor. Chimir ft industrir. 19^5. 34. S26; /. Jnst. Pet. Tech.. 1936. 22, 28A; Brit. Chrm. 
Abt. B. 1935. 1036; Chem. Ahs.. 1935, 29, 7967. See also. V. E. Parkhomenko. Ncft, 1932. 3 (7>. 
14; Chem. Abs., 1936. 30, 3976. 

** In commercial operations sodium hydroxide is often employed The u«;e of «:odium carbonate 
is described by R. S. Prozumentik and G. K. Izmailov. Ascr. Xeft. Kho:., 1934, No. 3, 8; Chem. Abs.. 
1934. 28. 7506. 

’•A. S. Veiikovskii and A V. Drurhinina. Neft. Khos., 1933. 25. 48: Chem. Abs.. 1934, 28. 301; 
Brii. Chem. Abs, B, 1934, 308. Sec also. A. R. Terterv.m and I. F. Bla»rovidov, Arer. Nrft. Khos., 
1933. No. 4. 46; Chem. Abs.. 1934, 28. 7492. B. M. Erlikh, Nett, 1935. 6 (5V 22; /. Inst. Pet. Tech., 

1936. 22. 366A; Chrm. Abs.. 1936, 30, 3981. Cf. A. V. Druzhinina and V. T. Brazhnikov, Neft. 

Khor.. 1935. 29. No. 9. 47; Chem Abs.. 1936 30. 8'JS«;. 

HW. B. I^jran. U. S. P. 1,998.765, April 23. 1935. to Texas Co.; Chem. Abs., 1935, 29, 3823; 

Brit. Chem. Abs. B. 1936. 358. 

»J. T. Rutherford. Canadian P. 357,654 and 357,655, 1936. to Standard Oil Co. of Calif.; 
Chem. Abs.. 1936. 30. 4312 

MJ. Robinson, U. S. P. 1.984.432. Dec. 18, 1934, to Standard Oil Co. of Ind.; Brit. Chem. 
Abe, B, 193S. 1127; Chem. Abs., 1935, 29. 916. 

Gelbke, German P. 595,987. 1934, to Sudfeldt & Co.; Chem. Abs., 1934, 28. 5191. 
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mixture of Steam and oil vapors in contact with a hot aqueous solution of sodium 
hydroxide.^® The temperature and concentration of the latter are such that an ap¬ 
preciable quantity of steam is neither evolved nor absorbed during the extraction 
step. The apparatus consists of a steel shell in which are placed trays. The lat¬ 
ter contain vapor jets covered by bells to insure an adequate time of contact be¬ 
tween the oil vapors and caustic soda solution. In the procedure gaseous oil and 
water are bubbled through the caustic soda solution to extract the naphthenic acids 


froctfo/tatiitf 



P'h., IW^). _tnr Ki in<»val <if Naphtlu nic Acids from I I>dnH*HrtMin 

(>ils. (!•'. M. Rogers) 


uliich may Ik drawn (dY at intcr\als. In place of the aciucous alkaline solution a 
MiNj)ension of soda-lime in a mixture of naphthenic soaps and oils has been pro- 
lK)sed.'® This extraction medium may l)e regenerated by the addition of caustic 
soda. Another procedure comprises conducting the oil vapors through a b<xly of 
molten, substantially anhydrous alkali.^*^ Thus, a mixture of steam and oil is heated 
to 750®F. in a pipe still (Fig. 269) and conducted to a flash drum, where the tarry 
constituents are removed. The vapor portion containing the naphthenic acids is 


'• R C. Wherler and P, W. Prut/.inan. 1'. S. Kri'^xiie 19.179. M.!)' 22. 19J4. to (i«tier.it Petroleum 
Coro, of Calif.: ). I»st. PW. Tnh.. 19.U. 20, Chem. .Abs., 1934. 28. 4S8ii. See ;»U>, f. S. P. 

I 784.262. Dec. 9, 19.10; C/irm. 1931. 25. 409; Hrit. Chi'm. Abs. B, 1931. 79.V 

’ »J. B. Hiboii, Dutch P. 36.230. 1935, to Baia.nNche Prtic»lruin Maat^hapiuj ; Cfitm. Abs., 19.tn, 
30 2743. 

M. Rocers. V. S. P. 2.007.146. July 2. 193.5. to Standard Oil Co. of Indiana; Chi'm. Ab.<., 
1935, 29, 5645; J. hist. Pet. Tab., 1935. 21, 383.A; Brit. Cbcm. Abs. B, 1936, 730. 
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then led to a bubble tower containing alkali plates and entrainment plates. Caustic 
soda is introduced at the top of the alkali plates to remove naphthenic acids and at 
the same time gas oil is admitted at the upper end of the bubble tower to maintain 
reflux. CampbelF^ suggests elimination of acidic constituents by scrubbing 
straight-run distillates with 15 per cent sodium carbonate solution. Phenols may 
be taken out subsequently by employing 10-20 per cent sodium hydroxide solution. 

In another process, petroleum fractions containing naphthenic acids and phenols 
arc extracted with liquid sulphur dioxide.^'^ The extract is then admixed with 
s(Klium carbonate to form naplithenates and phenolatcs. .Sulphuric acid is in¬ 
corporated in an amount sufticieiit to acidify the mixture. The latter is neutralized 
with sodium carbonate. In this manner sodium naphthenate is said to be formed, 
while the phenols are unaffected. These substances may then he separated by 
fractional distillation. 

Several methods have been described for working up the oily still bottoms ob¬ 
tained on the distillation of lubricating oils, or other petroleum fractions, from 
alkalies. In one of these, the bottoms are heated with water under pressure and 
the mixture then cooled under the same condition. In this manner l>oiling of the 
water is prevented and consequently the formation of emulsions. The hydrocarbon 
and aqueous soap layers are withdrawn separately.--* Recovery of the acids may 
he accomplished by acidifying the soap solution with a mineral acid, adding xylene 
and distilling to remove water, and extracting the residue with ethyl alcohol.^^ In 
other instances the water-free alkaline still bottoms are treated with concentrated 
sulphuric acid to liberate naphthenic acids and these extracted with a solvent.^® 
Dilute acid (3-5 per cent) has l>een recommended instead of concentrated for the 
decomposition of alkaline bottoms and after separation of the solution of naphthenic 
acids in oil (adding gas oil if necessary to effect demulsification) the latter may be 
subjected to cracking to furnish a motor fuel.-® This process is illustrated dia- 
grammatically in Fig. 270. It has been pointed out that alkaline sludge may be 
treated with calcium hydroxide and gas oil to effect the removal of naphthenic 
acids.^^ The latter are converted to copper naplithenates which are said to dis¬ 
solve in the gas oil. In this manner two layers are said to be formed; the lower an 
aqueous solution of sodium hydroxide, the upper the naphthenic soaps in gas oil. 
The soaps may then he converted into free acids by incorporating sulphuric acid 
in the upper layer. Also, it has been recommended that alkaline sludge be emulsi¬ 
fied with W'ater in the jiresence of a light oil which serves as a diluent.The 
emulsion is then acidified with sulphuric acid to free the naphthenic acids, which 
separate together with the diluent oil. The latter mixture is removed, the diluent 
separated, and the naphthenic acids subjected to vacuum distillation. A flow dia¬ 
gram of this process is indicated in Fig. 271. 

.S. E. Campbell, Refiner. 19.15. 14, .181; Chem. Jhs.. 1935, 29, 8.102 

” R. Wischin. C o*wres International du Petrol ( Bucharest 1907, 2, 622; Petroleum. 1908, 

3. 1062; Chem. Ahs., 1909. 3, 708; J.S.C.I.. 1908. 27. 850; Oesterr. Chem. Tech. Zta.. 1908, 27, 20; 
Chem. Abs., 1909, 3, 1078. D. R. Merrill and A. L. Blount. U. S. P. 2,000.244, May 7. 1935. to 

Cnion Oil Co. of Calif.; Brit. Chem. Abs. B, 1936. 486; Chrm. Abs.. 1935. 29, 4167. See also, 

B. Gurvich, Aeer. Neft. Khot., 1935, No. 5, 103; Chem. Abs., 1936. 30, .1987. 

»H. F. Angitadt, U. S. P. 1,931,880, Oct. 24, 1933, to Sun Oil Co.; Bnt. Chem. Abs. B, 1934, 
791; Chem. Abs., 1934, 28. 633. 

•♦G. Alleman. U. S. P. 1,931,855, Oct. 24, 1933, to Sun Oil Co.; Brit. Chem. Abs. B, 1934, 615; 
Chem. Abs., 1934, 28, 669. 

• R. Brunck, A. Kreutier and W. Boeck, U. S. P. 1,938,513, Dec. 5. 1933, to Deutsche Gasolin. 

A. -G.; Chem. Abs., 1934, 28, 1182; J. Just. Pet. Tech., 1934, 20, 115A. 

G. Kaufman and C. E. Lauer, II. S. P. 1,986.775, Jan. 1, 1935, to Te-\as Co.; Brit. Chem. Abs. 

B. 1935, 1127; /. Inst. Pet. Tech., 1935, 21. 137A; Chem. Abs.. 1935. 29. 1231. 

«Ya. S. Suaanov, Neft, 1935, 6 (4), 19; /. Inst. Pet. Tech., 1936, 22, 347A; Chem. Abs., 1936, 
SO, 3987. 

• R. F. Nelson and L. Zspf, U. S. P. 2,039,106, April 28, 1936, to Texas Co.; Chem. Abs., 1936, 
30, 4312. Cf. W. B. Hendrey, Canadian P. 357.660, 1936, to Texaco Development Corp.; Chem. Abs., 
1936, 10. 4312. 
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Wunsch*® prepared naphthenates in the following manner. Alkali sludge was 
dispersed in water and then thinned with an organic solvent such as benzene, amyl 
alcohol or carbon tetrachloride. Demulsification of the mixture was effected by 



Fig. 270. — Flow Chart for Manufacture of Motor Fuel and Acid-free Lubricating Oil 
from Heavy Hydrocarbon Stock Containing Naphthenic Acids. (G. Kaufman and 
C E. Lauer) 


heating to 90-100®C. and adding an electrolyte, e.g., sodium chloride, after which 
the mineral oil layer was removed. Although alkali sludge may be dissolved in 
water and entrained hydrocarbons extracted therefrom with a solvent oil, never- 




mhr 



Fig. 271. — Flow Scheme for Recovery and Refining of Naphthenic Acids from Petroleum 
Oils. (R. F. Nelson and L. Zapf) 


theless separation is not complete and some alkali naphthenates remain suspended 
in the solvent oil. A countercurrent system involving extraction of the oil sus¬ 
pension with water to remove alkali naphthenates and extraction of the aqueous 
solution with solvent oil to eliminate hydrocarbons is described by Hendrey.*® 

Also it has been reported that alkaline sludge may be combined with hydrogen 
fluoride to effect the separation of naphthenic acids.^^ The sludge is incorporated 
with calcium fluoride and sulphuric acid. The latter substances produce hydrogen 
fluoride 

CaFa-hH,S04 CaS04 + 2HP 

»J. A. Wunuch. U. S. P. 2.003,640. June 4. 1935; Chem. Abs., 1935. 29, 4932; Brit. Chem. Ahs. 
B, 1936, 585. The use of sodium chloricfe in recovering naphthenic acids it discussed by £. Schmita, 
Compte-rendn du congris du graissagt Strasbourg, 1931; Chem. Zentr., 1932, 2, 2768. Roumanian 
P. 5 067, 1920. 

W. B. Hendrey, Canadian P. 349,973, 1935, to Texaco Development Corp.; Chem. Abs., 1935, 
29, 4933. 

E. Schmitz, Chimie et industrie, 1925, Sept. Special No., 198: Chem. Abs., 1926, 20, 2743. 
German P. 370,606, 1921; J.S.C.I., 1923, 42. 643A; Chem. Zentr., 1923. 2, 1046. 
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which then interacts with the sodium naphthenates to free the naphthenic acids, 
RCOONa + HF RCOOH + NaF 

where R represents a cycloparaffin with an alkyl side chain. Sodium fluoride may 
be transformed into calcium fluoride by calcium hydroxide. In this manner a re¬ 
covery of 90 per cent of the caustic soda and 99 per cent of the naphthenic acids is 
said to be secured. 


Purification of Crude Naphthenic Acids 


The crude acids recovered by acidifying alkali sludge from refining of mineral 
oils are for the most part dark-colored, disagreeable smelling liquids boiling be¬ 
tween 120®C. (at 12 mm.) and 300®C. (at 0.1 mm.).^^ xhe impurities are pri¬ 
marily hydrocarbons and some phenolic bodies. Methods which have been pro¬ 
posed for the purification of these acids include fractional distillation, reaction 
with basic compounds, such as aniline, followed by separation of the salt formed, 
and extraction of naphthenic soaps (either in the dry state or dissolved in a sol¬ 
vent.)®^ Goldberg and Shaverdova,-^** however, report that acids of high molecular 
weights easily decompose when subjected to distillation. 

Deodorization may be accomplished by treating crude acids with oxidizing or 
reducing agents, or by heating their soap solutions to high temperatures under 
pressure. Bagirov^® suggested heating a mixture of alkali sludge (soaps) and 
kerosene with steam and simultaneously agitating with air. Afterwards the mix¬ 
ture is allowed to settle and the lower layer, consisting of soap and kerosene, is 
withdrawn. The kerosene can be separated by distillation. Rabinovich and 
Osenova^® described a method in which bleaching and deodorization of naphthenic 
acids is effected. The latter are dissolved in gasoline (50 per cent solution) and 
treated with small proportions of concentrated vsulphuric acid. After removal of 
acid sludge, the gasoline solution is further treated at S0-60®C. with 5-10 per cent 
of an adsorption agent (gumbrin^^''), filtered, and washed with an aqueous solu¬ 
tion of an electrolyte, such as zinc or calcium chloride. This procedure is said to 
yield a product which is more homogeneous and stable than the crude acids but 
possessing somewhat less acidity. The foaming power of the corresponding potas¬ 
sium soaps is also slightly lower than that from unpurified acids. 

It has been stated that the removal of color and odor from naphthenic acids may 
be accomplished by distilling a mixture of crude naphthenic acids to remove any 
carbonaceous materials.'^^ The naphthenic acids are then redistilled in the presence 
of copper oxide. In another procedure the crude acids are admixed with air and 
nitrogen dioxide at 245-300°The oxidizing agents are employed in an amount 
50 times as great as the volume of the liquid naphthenic acids. Also, the acids may 
be filtered through an adsorbent such as fuller's earth.*^® 

«J. V. Braun. Chem. Ztg., 19.15. 59 (4S). 4S5; Chcm. Abs., 1935. 29, 5429; Brit. Chem. Abs. B. 
1935. 618; /. Inst. Pet. Tech., 1935. 21. 298A. 

■■ For a description of the various methods of punlication, see Carleton Ellis. “The Chemistry of 
Petroleum Derivatives,” The Chemic.^l C.itak>R Co.. New York, 1934. 

»* D. (luldberg and E. Shaverdova. Asrr. \cft. Khos.. 1933, No. 11-12, 122; Chcm. Abs., 1934. 

28, 7491. 

»K. Bagirov. Neft, 1931, 2 (15). 19; /. In.tt. Pet. Tech., 1936. 22, 108A; Chcm. Abs., 1936. 
30. 3975. 

•A. Rabinovich and T. Osenova, Maslohotfw-Zhirot'oe Dclo, 1934, 10 (12), 41; Chem. Abs., 1935, 

29, 8304. 

••• Gumbrin is an adsorbent earth similar in type to floridin. For a discii^^ion of these and other 
adsorbents (and of permutites) see A. L. Lyubimov, Trans. Inst. Econ. Mineral. iV.S.S.R.), 1933. 
(10-year Vol.). 73- Chem, Abs.. 1935, 29. 2314. 

F. J. Ewing, U. S. P. 2,035.696, March 31, 1936. to Union Oil Co. of Calif.; Chem. Abs., 1936, 

30, 3443. 

* F. J. Ewing, U. S. P. 2.035.741, March 31, 1936, to Union Oil Co. of Calif.; Chem. Abs., 1936, 

30, 3443. 

•*F. J. Ewing, U. S. P. 2.035,742, March 31. 1936. to L’nion Oil Co. of Calif ; Chem. Abs., 1936. 

30, 3443. 
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Hendrey^^® recommends treatment with concentrated sulphuric acid followed 
by distillation under reduced pressure. This type of operation is intended to provide 
a decolorization of the carboxylic acid. 

Constitution and Chemical Properties of Naphthenic Acids 

Although the term naphthenic acids has been employed broadly to designate 
acids found in crude petroleum or its distillates, nevertheless it appears that such 
acids containing up to 6 carbon atoms per molecule are aliphatic, those possessing 
7 to 12 carbon atoms are monocyclic compounds, and those having more than 12 
carbon atoms are dicyclic.**^ In some instances the low-molecular weight acids 
found in distillates arc not present in the crude oil, thus indicating that such bodies 
are the result of pyrogenic decomposition. Furthermore, the main ring system, in 



bu.. 272. 

Prof. Julius von Ibaun of flvidcllKT};. Germany. 
His researches have inateriall> e.vteiuled our knowl¬ 
edge of the chemical constitution of naphthenic 
acids. 


the cyclic acids, is a cyclopentane ring and the carboxyl grouj) is predomiimtely on 
the end of an alkyl side chain attached to the single or a double ring structure. 

One method of ascertaining whether the carboxyl group is connected to the 
cyclopentane nucleus through a CHo or CH group is that descrilH'd by von Braun. 
The naphthenic acid is converted (by ethylamine) to its ethylamide derivative and 
the latter is chlorinated with phosphorus pentachloride. d'his resulted in the forma¬ 
tion of an imidechloride, —CHjCTCO^NC^H.-, or >CHC(C1) = which 

in turn further reacted (with phosphorus pentachloride) to yield di- or mono- 
chlorinatcd derivatives, respectively. 


~C(CU,C(Cl)==NC,Hs or >C(Cl)C(Cb==\C,H 4 


Hydrolysis of the chlorinaterl unidechlorides gave the corresponding di- or mono- 
chloro naphthenic acid. In this manner an acid of the tvpe RCH^COOH furnished 
the product RCCloCOOH,. and RCH(CH;,)COOH gave rise to RCCUCHa)- 
COOH. 


W. B. Hendrcy, U. S. F. 2.072,053, Feh. 23, 1937, to Tcxa«* Co. 

IT. Braun, Chem. Ztg., 1935. 59, 4K5; J. Inst. Prt. Tech., 1935. 21. 298A; Chrm. Ahs., 1935. 
29, 5429; Brit. Chem. Abs. B, 1935. 618, 

"J. V. Braun. F. and W. Munch. Ann.. 1927. 453. 113; Brit. them. Ahs. A. 1927. 547; 

Chem. Abs.. 1927. 21, 2875. /, v, Braun. Angcu'. Chem., 1934. 47. 611; Brit. Chem. Ab.f. A. 193*1. 
1094; Chem. Abs., 1934. 28. 72.52. .Sec aUo. M. Naphtali. Pcttchcm. Lmschau, 1933. 40, 219; 
Chem. Abs., 1934, 28. 746; Brit. Chem. Abs. B. 1934, 312. 
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The number of chlorine atoms present in 100 molecules of the chlorinated acid 
was called the chlorine number. This value can be readily calculated by the 
formula 


X M 
100 ~x*35.5 


•100 


in which x* is the percentage of chlorine in the product and M the molecular weight 
of the acid under investigation. Chlorine numbers of 200 and 100 denote acids 
consisting wholly of the types —CH 2 COOH and >CHCOOH, respectively, and in¬ 
termediate numbers indicate a mixture. Thus, a value of 180 means that the 
sample contains 80 per cent of acids having the —CHoCOOH group and 20 per 
cent of acids possessing the other group. 

Two methods^*-^ are available for determining the number of carbon atoms in 
the chain attaching the carboxyl group to the cyclic nucleus: (1) the amine-olefin 
and (2) the progressive degradation. In the former, the naphthenic acid is re¬ 
duced by hydrazoic acid to the corresponding amine, which in turn is converted to 
an olefin and the latter then oxidized. If an even number of carbon atoms were in 
the side chain the final product is an acid. An uneven number of carbon atoms 
gives rise to a ketone. In the second procedure, the acid is reduced to the alcohol 
from which the corresponding bromide, quarternafy ammonium base, and olefin 
are prepared successively. The last-named derivative is subjected to oxidation. 
Again the final product is an acid or ketone indicating an even or odd number of 
carbon atoms, respectively, in the side chain. 

The properties of naphthenic acids, in general, correspond to those of saturated 
aliphatic acids. The alkali salts are water-soluble and hydrolyze to about the same 
degree as the sodium or potassium soaps ot fatty acids. The alkaline-earth and 
heavy-metal salts are insoluble in water, but soluble in organic solvents such as 
benzol or benzine. The acids may be converted into acid chlorides and these in 
turn into such derivatives as esters or amides. Esters of naphthenic acids, par¬ 
ticularly those made from methyl alcohol, are well-known.'*^ Reduction of the 
acids, their chlorides, or esters leads to the formation of naphthenic alcohols.^'* 
Also, it has been stated that naphthenic acids will interact with acetic anhydride 
to furnish the anhydrides of the naphthenic acids."*^ 


Applications of Naphthenic Acids 


One use suggested for these acids is the breaking of various types of oil emul¬ 
sions. For example, in the neutralization ste]) following the acid treatment of cer¬ 
tain lubricating oil distillates very stable emulsions are formed. The latter may be 
avoided, however, by the addition of naphthenic acids to the oil.^® Demulsification 
of oil and water emulsions may be accomplished by employing a small proportion 
of a solution containing either 0.25 per cent naphthenic acids and 0.25 per cent 

♦* For a fuller description of these methods see, Carleton Kllis, “The Chemistry of Petroleum 
Derivatives,” The Chemical Catalog Co., New York, 1934, 

♦•For a comjMirison of the rates of esterification of i»araffinic and cycloparaffinic acids with eth>l 
alcohol, see G. D. Advani and J. Sudborough, J. Indian Inst. Set., 1923, 6 (3), 41; Chem. 

1923, 17, 3016; J.C.S.. 1923, 123 (1), 1009. 

♦♦For the reduction of tetramethylenc cartwxylic chhuide with sodium and moist ether, sec \V. H. 
Perkin, Jr., J.C.S., 1901, 79, 329; Chrm. Zentr., 1901, 1, 776. The reduction of ethyl tetramethylene 
carboxylate ia described by N. Ya. Demyanov, /. Russ. Rhys. Chem. Sac., 1910, 42. 837; Chem. Abs.. 
1911, 5, 3832; J.C.S., 1910, 98 (1), 838. Dther mcthmls for preparing n.iphthenic alcohols from the 
corresponding acids are given by Carleton Kllis, “The Chemistry of Petroleum Derivatives.” The 
Chemical Catalog Co., New York. 1934. 

♦«D. Holde, Chem. Vmschau, 1923, 30, 198; Chem. Abs., 1923, 17, 3615; J.S.C.I.. 1923. 42. 8Q(.A 

♦•Z. Nekrasov. Neft. 1933. 4 (3 4). 18; Prit. Chem. Abs. B. 193.S, 1032; Chem Ah^^. iw.t-;. 
29, 2722. 
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sodium chloride or 0.2 per cent acids and 0.2 per cent sodium hydroxide.^*^ In¬ 
corporation of the acids, or their salts, with low-grade mineral oils is said to 
increase the viscosity of such oils at ordinary temperatures but not at higher tem¬ 
peratures, e.g., 110-150®C.^® Improvement in the color stability of gasolines is 
secured by the introduction of 0.001-O.S per cent of naphthenic acids and 0.001-0.1 
per cent of a red dye of the Sudan type.^* 

According to Petrov,*^ artificial asphalts are obtained by heating petroleum 
acids to temperatures above 180®C. Swerissen®^ proposed adding an acid, e.g., 
acid sludge, to mineral oil residues containing naphthenic soaps and then subjecting 
the resulting mixture, containing the decomposition products of the soaps, to an 
oxidizing treatment to produce an asphalt. 

Emulsifying, dispersing or softening agents are reported to be obtained by 
treating naphthenic acids with a mixture of sulphuric acid and its glycerol esters.®'-^ 
The reaction products of glycerol and naphthenic acids have been suggested as 
wetting and washing materials.®^ Loose, powdered compositions of the latter type 
can be prepared by incorporating water-soluble naphthenates of polyglycerol with 
alkali sulphates, such as sodium, ammonium or potassium sulphate.®^ Alkali meta- 
or pyrophosphates may be added. Naphthenic or sulphonaphthenic acids are 
said to increase the detersive power of soap solutions, the distilled acids from pe¬ 
troleum being a particularly effective ingredient in detergents.®® Esters of naph¬ 
thenic acids,®® or of halogenated or alkyl substituted acids,®^ and partially ether¬ 
ized di- or polyhydric alcohols have been proposed as plasticizers for cellulose 
esters. 

Insecticidal sprays can be prepared in the following manner.®® A petroleum 
distillate (which may range from a light kerosene to a heavy lubricating oil) is 
emulsified with 5 per cent glyceryl naphthenate and water. A mixture of calcium 
caseinate (98 per cent) and aluminum sulphate (2 per cent) is dissolved in water 
and the solution incorporated with the emulsion to act as a spreader. The glyceryl 
naphthenate is reported to regulate the deposition of oil on jdant leaves and to 
retard or prevent its absorption. Also, naphthenic acids have been suggested as 
solvents for insecticidal compositions, the latter being prepared from mercaptans 
and disulphides occurring in petroleum.®® 

According to Teichmann,®®* esters resulting from the interaction of phenols and 

Ryazanovskir, Neft. 1933, 4 (17), 17; Chem, Abs., 1935, 29. 4563; Brit. Chem. Abs. B. 
1936, 227. E. Schmitz, Compte-rendu du congrts du graissage, Strasbourg. 1931; Chtm. Zentr., 1932, 
2, 2768. B. M. Erlikh, Neit, 1934, 5 (7). 26; Chem. Abs., 1936, 30. 3987. 

Hungarian P. 112,747, 1935, to Vegyipari e» Kereskrdclmi Kft, (.Successor to Ferenc Harsayni); 
Chem. Abs., 1935, 29. 8316. 

** E. G. Ulbricht, C!anadian P. 354,707, 1935, to Standard Oii Development Co,; Chem. Abs., 1930, 
so, 2363. 

«>»G. S. Petrov, Russian P. 31,130, 1933; Chem. Abs., 1934, 28, 3580. 

H. T. Swerissen, U. S. P. 2,026,073, Dec. 31, 1935, to Shell Development (!o.; Chem. Abs., 
1936, SO. 1226; J. Inst. Pet. Tech., 1936, 22. 107A. 

“Swiss P. 175,870, 1935, to Chemische Fabrik vorm. Sandoz.; Chem. Abs., 1936, SO, 193. 
French P. 794,163, 1936; Chem. Abs., 1936. 30. 4591. 

“French P. 767.788, 1934, to Farb- und Gerbstoffwerke Carl Flesch Jr.; Chem. Abs., 1935, 29. 
532. See also. British P. 433.206, 1934; Brit. Chem. Abs. B. 1935, 940; Chem. Abs.. 1936, 30, 539. 
G. A. Rubztov, Neft, 1935, 6 (6), 16; Chem. Abs., 1936, 30, 3980; /. Inst. Pet. Tech., 1936, 22. 
364A. Cf. V. E. Parkhomenko. Neft, 1936, 7 (3), 25; Chem. Abs., 1936. 30. 6179. 

“ R. F. Furness and A. Fairbourne, British P. 439,435, 1935, to Lever Bros., Ltd.; Brit. Chem. 
Abs. B, 1936. 204; Chem. Abs., 1936, 30, 3134. 

“A. Lomanovich and A. Filyukova, Vsesoyusnuii NIRMMI, 1933, 78; Chem. Abs., 1934, 28, 
5695. 

“British P. 432,271, 1935, to British Celanese. Ltd.; Brif. Chem. Abs. B, 1935, 1137. 

“G. ^hneider, U. S. P. 2,016,392, Oct. 8, 1935, to Celanese Corp. of America; Chem. Abs., 1935, 
29, 8000. 

“H. Knight, Canadian P. 349,144. 1935, to Emulsoids Inc.; Chem. Abs., 1935, 29, 3766. 

“T. P. Remy, U. S. P. 2.045,925. June 30. 1936, to Texas Co.; Chem. Abs., 1936, 30, 5716. 

“•C. F. Teichmann, U. S. P. 2.015,045, Sept. 17, 1935, to Texas Co.; Chem. Abs., 1935, 29, 
7572; Brit. Chem. Abs. B, 1936, 1118. 
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naphthenic acids may be dissolved in hydrocarbon oils or incorporated with oil- 
water emulsions to furnish insecticides and fungicides. On the other hand, Steik®'^** 
points out that the product obtained on heating the acids and castor oil at 270° C. for 
1 to 1.5 hours is a neutral mutual solvent for castor oil and mineral oils. 

Naphthenic Aao Soaps and Their Uses 

The alkali soaps of naphthenic acids compare favorably with those of fatty acids 
with respect to foam-producing and emulsifying qualities, degree of hydrolysis, and 
solubility in water. However, their application as detergent materials has been 
limited in many instances due to the disagreeable odor associated with them. It has 
been suggested that high-molecular weight acids be separated by distillation from 
those of low molecular weights as well as from resinous and asphaltic impurities, 
and that the soaps be subjected to a salting-out operation.®® As previously men¬ 
tioned, however, deodorization of naphthenic acids is often a very difficult task.®^ 

Comparisons of the capacity of solutions of sodium soaps of rosin, ricinoleic, 
oleic and naphthenic acids for carrying suspended particles of manganese dioxide 
through filter paper were made by Tyutyunnikov and Kas’yanova.®- This is 
analogous to the carbon number of soap solutionOf the soaps tested only 
sodium oleate effected passage of the dioxide particles through the paper. Measure¬ 
ments of the detergent (oil-removing) power of soap solutions (0.25-1.0 per cent 
concentration) indicated that naphthenic soaps were lacking in this property.®^ 
Nevertheless, the detergent action of ordinary (fatty acid) soap was decreased by 
incorporation of alkali naphthenates. On the other hand, addition of sodium car¬ 
bonate to naphthenate soaps (alone or mixed with rosin soaps) increased their 
washing power. Other investigators, however, report that sodium naphthenates 
exhibit properties somewhat inferior to ordinary soaps but better than rosinates.®® 
It has been noted that the presence of sodium carbonate diminished the amount of 
dye (Fast Yellow) adsorbed from an olein soap solution by carbon, did not affect 
the quantity removed from naphthenic acid soap, and increased the proportion ad¬ 
sorbed from rosin soap solution.®® The detergent properties of naphthenic acids are 
utilized in washing textiles.®^ For example, a cellulose acetate fabric was wetted 
with naphthenic acids. At the end of a contact period of 2 hours the fabric was 
treated at 75°C. in a bath of aqueous caustic soda (containing 1 g. of sodium hy¬ 
droxide per liter). In this manner a portion of the acid was said to be neutralized. 
The soap thus produced formed an emulsion with the free acid. Additional caustic 
soda was then incorporated to neutralize the hath and the fabric scoured at 75°C. in 
a bath containing 0.25 g. of sodium carbonate per liter of solution. The emulsion 

T. Steik, U, S. P. 2.068,088. Jan. 19. 1937, U> National Oil Products Co.: Chem. Ahs.. 
1937, 31, 1.S48. 

•A. Duimshitx, Masloboino Zhirovoc Dch, 193.^. 11, 260; C/irm. Abs., 1935. 29, 8380. E. Schniiti, 
Suit, soc, ind. AfnlUouse. 1913, 83, 373; J.S.C.l., 1913. 32. 936. 

•‘See for example, F. Ulier. Z. angew. Chem.. 1900. 13. 1273; J.SC.I., 1901. 20, 112. 

•• B. Tyutvunnikov and N. Kas’vanova, Allgcm. Ocl-u. Fett Ztg., 1933. 30, 11; Chem. Abs.. 1933, 
27. 4433; Brit. Chem Abs. B. 1933, 274. 

•• The carbon number is defined as the number of grams of carbon black carried through the pores 
of a filter paper by 1 kilogram of soap solution: J. \V. McBain, R. S. Harbonc and A. M. King. 
J.S.CJ., 1923, 42, 373T; Chem. Abs., 1923, 17. 3799. 

•* B. Tyutyunnikov, S. Pleshkova and A. Chernichkina, Ailpem. Oel u. Fett-Ztg., 1933, 30, 294; 
Chem. Abs.. 1934. 28. 3259; Brit. Chem. Abs. B. 1933. 7.>4. 

• Carleton Ellis, “The Chemistry of Petroleum Derivatives.” The Chemical Catalog Co.. New 
York. 1934. 

•• B. Tyutyunnikov and S. Pleshkova. Allgem. Oetu. Fett.-Ztg., 1934, 31, 59; Chem. Abs., 1934, 
18, 3608; Brit. Chem. Abs. B, 1934, 411. ' 

•‘British P. 442,325, 1936, to British Celancse, Ltd.; Brit. Chem. .-tbs. B, 1936, 451; Chem. Abs., 
1936, 30, 4690. 



1114 


CHEMISTRY OF PETROLEUM DERIVATIVES 


which formed was stated to contain any dirt in the fabric, so that the dirt was re¬ 
moved in the final scouring operation. 

The emulsifying properties®*^* of naphthenic soaps together with their disin¬ 
fectant®® and insecticidal value render them useful as substitutes for fatty acid soap^i 
in the preparation of petroleum emulsions for spraying compositions. Such emul¬ 
sions are said to cause less damage to foliage than lime-sulphur.®® An insecticide 
containing both naphthenates and sulphur is described by Berry.*^® Alkali wash 
liquors (from resin-forming light distillates) are acidified and the oily layer which 
separates is removed. Elemental sulphur is dissolved in it and then the naphthenic 
acids contained therein are neutralized with a base such as sodium carbonate. 

Substantially anhydrous sodium naphthenate, made from acids having an average 
molecular weight of 225 and a distillation range of 230-310®C., may serve as a 
demulsification agent when mixed with a small proportion of free acids.*^^ The in¬ 
fluence of sodium hydroxide and sodium sulphate upon naphthenic soaps has been 
studied.'^^ It was stated that aqueous solutions of naphthenic soaps, when treated 
with caustic soda and sodium sulphate, formed oil-in-water and water-in-oil emul¬ 
sions. If the temperature is low. the formation of a water-in-oil emulsion was 
said to be favored. Heating of this emulsion causes it to break, the soap Iieing 
transferred to the water. With oil-in-water emulsions, however, heating to 70-80°C’. 
will not effect a separation, since an increase in the temperature causes the stabiliza¬ 
tion of this type of emulsion. If the oil-in-water emulsion is cooled without agita¬ 
tion the emulsion is reported to break, the soaps entering the oil phase. An oil-in- 
water emulsion reported to be applicable as a lubricant in cutting threads in pipes 
or bolts has been reported.*^® The oil is prepared by heating 15 per cent of sodium 
naphthenate to 180-300°F. (82-149°C.). A small proportion of rosin (5 per cent) 
and the same quantity of ethylene glycol is then incorporated. 

Hendrey^®* describes the preparation of a soluble oil by mixing 16 parts of 
sodium naphthenates, 1 to 5 parts of pine oil and about 2 per cent of water. Kauf¬ 
man and Puryear*’^^ recommend a mixture of sodium stearate and sodium naph¬ 
thenate dispersed in a heavy mineral lubricating oil. A small proportion of alkali 
(0.32 per cent) and a trace of water may be included. 

Among the other uses for which naphthenic soaps have been suggested is the 
prevention of acid formation during the distillation of acid-treated mineral oil.*^^" 
A quantity of sodium naphthenate is added to the oil to take up any acid-reacting sub¬ 
stance which may be evolved during the distillation. Also, it has been pointed out 
that naphthenic soap may be incorporated with ethylene glycol to form a fluid 
which may be employed in hydraulic brake systems.^® 

For thr preparation of enniKions from diMiIlate<( containing naphthenic acidv, see 11. T. 'rcirri. 
E. M. Hughes and P. L. Carter, U. S. P. 2,056,913, Oct. 6, 1936, to Sun Oil Co.; Chem. Abs., 19.U., 
30, H600. 

Bacteriological tests made with neutral potassium naphthenates arc dcscril)ed hy D. J. Hachrach. 
Soap. 1934. 10 (11). 21; Chem. Abs., 1935. 29. 629; Brit. Chrm Abs. B. 19.15. 31. 

•N. S. Vuishelesskaya and M. M. Zarktn. Bull. Plant Protection (I’.S.S.R), 1931, 3, 21.5; 
Chem. Abs., 1933, 27, 5881; /. Inst. Pet. Tech., 1934. 20, 469A. 

A. G. V. Berry, U. S. P. 2.017,391, Oct. 15, 1935, to Trinidad I.easeholds. T.td.; Chem. Abs., 
1935, 29, 8220. See also British P. 428.542, 1935; Chem. Abs., 1935, 29. 6692; Brit, Chem. Abs. B. 

1935, 743. 

M. DeGroote and A. F. Wirtel, U. S. P. 1.940.391, Dec. 19. 1933, to Tretolite Co.; Chem. Abs.. 
1934, 28, 1516. See also. G. Maksimovich, Not'osti Tekh Neftedobychi, 1936, 4 (5), 6; Chem. Abs.. 

1936, 30, 6928; /. Inst. Pet. Tech., 1936, 22, 501 A. 

” R. M. Abramovich-Dvoretikaya. Azer. Nejt. Khoz., 1935, No. 2, 100; Chem, Abs.. 1935. 29, 
6409; Brit. Chem. Abs. B, 1936. 727. 

«0. W. Neukom, U. S. P. 2,060.425. Nov. 10. 1936. to Union Oil Co. of Calif. 

W. B. Hendrey, U. S. P. 2.058.788, Oct. 27. 1936, to Texas Co.; Chem. Abs., 1937. 31, 251. 

G. Kaufman and O. P. Puryear, U. S. P. 2,055,795, Sept. 29, 1936, to Texas Co.; them. Abs. 
1936, 30, 8600. 

B. Mead, U. S. P. 2,025,766, Dec. 31, 1935, to Standard Oil Development Co.; Chem. Abs., 
1936. 30, 1221; Brit. Chem. Abs. B. 1936. 821. 

^ M. R. Snerbino, U. S. P. 2.033,853, March 10, 1936, to Midland Steel Products Co.; Chem. 
Abe., 1936, 30, 3136. 
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Other Naphthenic Acid Salts 


Of the heavy metal salts, the lead, cobalt and manganese naphthenates (Soligen 
driers) a^e probably the best known. They are widely employed as driers in paints 
and are reported to be more effective than the corresponding linoleates or resinates.^® 
Knauss^^ considers that naphthenate driers differ from other types in that after 
precipitation of the anti-oxygens in the paint vehicle the remainder of the drier stays 
permanently in solution. 

Although naphthenic acids are found in practically all petroleum oils neverthe¬ 
less careful selection of the stock must be made to secure driers exhibiting the de¬ 
sired degree of solubility.According to Kisselev and Norina/** these driers are 
|>repared by adding a 10 per cent solution of the corresponding metallic salt to a 5 
per cent solution of sodium naphtlienate, the temperature being kept at 60° C. Acid 
naphthenates are said to be more soluble in oils than the basic or neutral salts both 
of which exhibit a prr)nounce(l tendency to |)recipitate from solutions in oils. 
Aqueous solutions containing a mixture of salts, e.g., lead nitrate and manganese 
chloride, may be employed and precipitation effected at the boiling temperature of 
the liquid.Another ])rocedure comprises reacting the metallic oxide with the 
acids in the presence of a liquid which is a .solvent for the resulting naphthenate.**^® 
Greenfiehl**^ points out that the acid fractions boiling between 280° and 300°C. are 
best for the ])roducti(jn of lead and manganese salts, and those boiling at 270°C. 
yield the l)eht cobalt salts. Meidert**- suggested the addition of 6-10 per cent of a 
saturated fatty acid (e.g., palmitic acid) to naphthenate driers. Also, it has been 
pointed out that the salts of naphthenic acid will combine with halogenated olefins 
to furnish a drying oil.*^^ 

Copper naphthenate is proposed as a component of priming coats intended as 
preservatives for wood,*^** Ollulose esters, such as the trilaurate. together with 
ferric, lead, or copper naphthenate dissolved in an aromatic hydrocarbon as a solvent 
are reported to be anti-rust paints for iron.**^ Aluminum naphthenate admixed with 
glyceryl naphthenate or partially esterified glyceryl oleate is added to mineral oil 
distillates to furnish insecticidal sprays.*'® FJectrical insulators may be obtained by 
immersing fibrous materials, e.g., tape or cords, in molten salts of naphthenic 
acids.*^ 

^ M. D. Curwcn. 0\l Colour I rndo J.. 88. 1711; Hrif. Chrru. Ahs. B, 19.^6. K^O; Chcm. Abs., 

1936. 30. 1590. Paitit Manuf.. 1936. 6, 3K; J. Inst. Pci. Tech., 1936. 22. lOoA. H. W. Chalfidfl. 
Paint Manuf . 1936. 6. 70; Chcfti. Abs.. 1936. 30. 3259. 

C. A. Knaiis*., O/f. nicest, fed Paint Prod. Clubs No. 136, 1.®'S; Chcm. Abs., 1934, 

28. 4612; Brit. Chcm. Abs. B. 1934, 726. 

A. Kld)stattel. Of. Piacst, Fed. Paint, Varnish Prod. Clubs No. 135, 112; Chcm. Abs., 1934. 
28. 3601; Kn/. Chcm Abs. B. 1034. 510. 

V. S. Kis«4clfv and L. I. Noiina. J. Khim. Prom.. 1033. 10, 22; J. Inst. Pet. Tech., 1934. 20. 
259A. For a di*>cn‘4si()n of thr application of naphthenic salts, sec E. Schmitz, Bull. soe. ind. Mul- 
house, 1913. 83. 373; J.S.C.I., 1913, 32, 936. 

** F. Pohl and B. ].senbeck, V. S. P, 1.974.507, Sept. 25, 1934. to I. Ci. Farbrnind. A. G.; Chcm. 
Abs., 1934, 28. 7561. 

(I. M. Fincher. V. S. P. 2.071,862. Feb. 23. 1937, to Socony Vacmini Oil Co. 

S. N. (Ireenheld. Paint. Manuf., 1935, 5, 154; J. Inst. Pet. Tech., 1935. 21, 275.\; Chem. Abs., 

1935. 29. 5670. 

F. Mcidert. C S. P. 1.976.182, Oct. 10. 1934. to T. (L Farhenind. -X.-Ci.; Chem. Abs.. 1934. 
28. 7561. See also V. S. P. 2.049,396. July 28. 1936; C/»rm. Abs., 1936. 30. 6586. 

** A. Va. Drinberir, Russian P. 39.293. 1934; Chem. Abs., 1936. 30, 36()8. 

S. Remington, Paint Manuf., 1936. 6. 8; Chcm, Abs., 1936, 30, 1594; Brit. Chem. Abs. B, 

1936. 195. .See also, H. C. Brvson. Chem. Trade J., 1936, 98. 44 5; Chcm. Abs., 1936. 30, 5823; 
/. Inst. Pet. Tech., 1936, 22, 366A. Oil Colour Trades J.. 1936, 89, 1912; Chcm. Abs., 1936, 
30. 5823. 

•»H. .Schladebach and U. H.ihle. U. S P. 1.983,006. Dec. 6, 1934, to I. G. Farhenind. A.-G.; 
Chem. Abs.. 1935. 29. 625. 

•• H. Knight, IJ. S. P. 1.949.799, Mar. 6, 1934, to Standard Oil Co. of Indiana; Chem. Abs., 
1934. 28. 3171. 

•• P. A. Gulkovskii and M. E. Kellennan, Russian P. 32,588, 1933; Chcm. Abs., 1934, 2B, 3500. 
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Ammonium naphthenate is suggested as a coagulant for bituminous emulsions*® 
and mixed with ammonium salts of petroleum sulphonic acids, which may be of the 
oil-soluble type,*® as a demulsification agent for petroleum emulsions,®® Butylated 
naphthalene sulphonic acid may replace the petroleum sulphonic acids.®^ In another 
method proposed for demulsifying petroleum emulsions, alkaline sludge containing 
free alkali is incorporated with the oil.®^ An undistilled heavy oil in the lubricating 
oil range and metallic salts of naphthenic acids are then added at 8S-90®C. 

Silicon carboxylates, derived from fatty or naphthenic acids, are said to be hy¬ 
drogenation catalysts.®* These may be prepared by reacting 1 mole of silicic-acetic 
anhydride with 4 moles of the carboxylic acid. Copper naphthenate is stated to be 
effective as a contact agent for the polymerization of butadiene.®^ When the di¬ 
olefin was heated in the presence of the naphthenic salt, it was said that 45 per 
cent of the dimer was formed, but that no higher polymers were secured. 

Metal salts of naphthenic acids have been used in the preparation of “extreme 
pressure” lubricants. Thus, a small proportion of aluminum naphthenate was in¬ 
corporated in a mineral oil together with graphite.®* The purpose of the naphthenic 
salt is to maintain the graphite, which is insoluble in oil, in a finely divided state. 
Also, the naphthenates are said to prevent formation of carbon on lubricated metal 
surfaces by peptizing the carbon and dispersing it in the oil. Another lubricant 
consists of a mixture of petroleum oil, sulphur and lead naphthenate.®® The addi¬ 
tion of tin naphthenate to oil intended for internal combustion engines is said to 
prevent oxidation and to increase the life of the oil.®^ 

Metal salts of naphthenic acids, particularly copper naphthenate, have been em¬ 
ployed as preservatives. In one instance, fishing nets were impregnated with a 
mixture of tar and copper naphthenate.®* It was stated that with this mixture the 
nets retained 70 per cent of their initial strength after immersion in sea water for a 
period of 10 months. Also it has been reported that a copper naphthenate may be 
prepared in the fabric which is to be impregnated. A saturated aqueous solution of 
copper sulphate was poured into aqueous ammonium hydroxide (containing 25 per 
cent of the hydroxide) and naphthenic acids incorporated in the solution.®® The 
product, which has a dark blue color, is then added to the fabric to be treated. It 
is stated that the ammonia evaporates, leaving a protective solid colloid which 
enables the fabric to withstand immersion in water for 6 months without losing 
its strength. 

The corrosive action of crude oil containing sulphur compounds or salts of mag¬ 
nesium and calcium during distillation is said to be minimized to a large extent by 


•• H. Limburg, U. S. P. 1,984,023 and 1,984.024, Dec. 11, 19.14, to Patent and Licensing Corp,; 
Brit. Ckem. Abs. B, 1936, 53; Chem. Abs., 1935. 29. 905. 

•M. DcGroote and A. F. Wirtel, U. S. P. 1,940,394, Dec. 19, 1933, to Tretolitc Co.; Chem. Abs.. 
1934. 2«. 1516. 

••M. DeGroote, U. S. P. 1,940,396, Dec. 19, 1933, to Tretolitc Co.; Chem. Abs., 1934, 28, 1516. 
See also U. S. P. 1,940,395, Dec. 19, 1933; Chem. Abs., 1934, 28, 1516. 

« M. DeGroote and A. F. Wirtel, U. S. P, 1,940,392, Dec. 19. 1933, to Tretolitc Co.; Chem. Abs., 

1934. 28. 1516. See also U. S. P. 1,940,393. Dec. 19, 1933, to Tretolitc Co.; Chtm. Abs., 1934, 
28. 1516. 

“W. B. Hendrey and I. A, Ebaugh, U. S. P. 2,014,936, Sept. 17, 1935, to Texas Co.; Chem. 
Abs., 1935. 29. 7634; Brit. Chem. Abs. B, 1936, 681. 

"A. Hintermaier, U. S. P. 2.017,000, Oct. 8, 1935, to Henkel & Cie. G.m.b.H.; Chem. Abs., 

1935. 29. 8241. German P. 597,326, 1934; Chem. Abs., 1934. 28. 5080. 

•*A. I. Savel'ev, O. G. Arbtdan and A. V. Zlatogurskii, Sintet Kauchuk, 1936, No. 4. 18; Chem. 
Abs., 1936, 30, 7385. See also Chapter 26. 

“French P. 797,625, 1936, to Standard Oil Co, of Calif.; Chem. Abs., 1936, 30, 7324. 

30 *5^3Morway, Canadian P. 358,686, 1936, to Standard Oil Development Co.; Chem. Abs., 1936, 

E. W. J. Mardles, Petroleum Z., 1936, 32 (24); Motorenbetrieb u Maschinen .^rhmieruna. 1936. 
9. 6; Brit. Chem. Abs. B, 1936, 728. 


“W. R. G. Atkins, J. Marine Biol. Assoc. United Kingdom, 1936, 20. 627: Brit. Chem Abs B 
193o, 490; Chem. Abs., 1936, 30, 3653. W. R, (i. Atkins and J. Purser. J. Marine Biol. Assoc. 
United Kingdom, 1936, 20, 643; Chem. Abs., 1936. 30, 3917; Brit. Chem. Abs. B. 1936 490 
•• L. K. Adamyan, Neft, 1935, 6 (13), 16; J. Inst. Pet. Tech., 1936, 22, 367A. * ** 
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the addition of zinc naphthenate to the crude oil.^^ The naphthenic salt was pre¬ 
pared 6 y dissolving 1 volume of alkali sludge in 2 volumes of water at 90®C. and 
then incorporating zinc chloride in the solution. The resulting zinc naphthenate was 
removed from the mixture and dissolved in a gas oil heated to 95®C. The naph¬ 
thenate solution was then incorporated in the crude oil before distillation of the 
latter. 

Naphthenic salts of alkaline earth metals have been suggested as dispersion 
agents for carbon black to be employed in printing inks, lithographic varnishes or 
lacquers.^®^ The carbon black is placed in an aqueous solution of sodium naph¬ 
thenate and an alkaline earth salt added. In this manner the alkaline earth naph¬ 
thenate which forms is said to be precipitated, carrying with it the carbon black 
in a finely dispersed state. The color, luster and gloss of the latter are said to be 
improved by the adsorption of magnesium, calcium, barium or strontium naph- 
thenates.^*^^* The naphthenates of such metals as zinc, lead, iron, titanium, nickel 
and copper are said to be efficient wetting agents in aiding the dispersion of pig¬ 
ments in printing ink vehicles. 

SuLPHONATION OF NaPHTHENIC AcIDS 

As a rule, naphthenic acids are soluble in concentrated sulphuric acid (with the 
evolution of heat) and are thereby sulphonated only to a limited extent. Gur- 
witsch'^^a states that treatment (of acids from kerosene) with 100 per cent of con¬ 
centrated sulphuric acid for 1 hour at room temperature effected only 1.8 per cent 
sulphonation. The derivatives thus formed were readily separated from the un¬ 
reacted bodies by washing with water. Pyhala^®^ reported that the acids from 
Russian kerosene distillates (which had not been refined wdth sulphuric acid) had a 
neutralization value of 230 and contained 0.1 per cent sulphur. When these were 
sulphonated the neutralization value rose to 240 and the sulphur content to 3.64 per 
cent. The disagreeable odor of the acids increased with sulphonation and this, 
Pyhala considered, supported his contention that sulphur compounds were the cause 
of such odor. 

According to Lidow,'®^ sulphonation can be effected in the following manner: 
100 parts of acids are agitated at room temperature for 2 days with 36.3 parts of 
sulphuric acid ( 66 ° Be.), Afterwards the oily layer is washed with an aqueous so¬ 
lution of sodium sulphate or chloride, water alone furnishing a persistent emulsion. 
The product is then neutralized with sodium hydroxide solution (18® Be.) and may 
l>e employed as a substitute for Turkey-red oil. Davidsohn,'^® however, failed to 
obtain sulphonated materials by this method and suggested another procedure. To 
100 g. of acids are slowly added 300 g. of fuming sulphuric acid. After several 
hours the mixture is washed with an aqueous solution of sodium chloride. The 
resulting dark colored liquid, of disagreeable odor, had an SO 3 content of 7 per 
cent, and yielded fairly stable emulsions wdth water. 

From the results of comparative dyeing tests Ulzer^^® concluded that sul- 

S. M. Silakov, .Vr//, 1934. 5 (17), 15; Chem. Abs., 1936. 30, 3979; /. hist. Pet. Tech., 1936. 
22, 208A. 

British P. 443.470. 1936. to Krebs Piumcnt and Color Corp.; /. Inst. Pet. Tech., 1936, 22, 
222A; Chem. Ahs.. 1936. 30, 5376; Bn#. Chem. Abs. B, 1936, 485. See also Chapter 8. 

lou A. A. Brizeolara, E. L. Duhring and A. M. Erskine. U. S. P. 2,062,159, Nov. 24, 1936, 
to E. I. dll Pont de Nemours h Co.; Chem. Abs., 1937, 31, 824. 

J. I,. Burton, Am. Ink Maker, 1937, 15 (3). 22. 

I. (lurwitsch and H. Moore, "The Scientific Principles of Petroleum Technologr>'," D. Van 
\ostt.ind Co.. Inc.. New York, 1932. 

»«K. Pyhala, Petroleum, 1914. 9, 1506; J.S.C.I., 1914, 33. 781; Chem. Abs., 1915, 9, 372. 

*0* J. P. I.idow, quoted by J. Davidsohn, Z. angew. Chem., 1914, 27, 2; Chem. Abs., 1914, 8, 1024. 

Davidsohn, Seifcnscider-Ztg., 1915, 42, 285; Chem. Abs., 1915, 9, 1698. 

'"•F. l iter. /. amgetv. Chem., 1900. 13. 1273; J.S.C.h, 1901, 20, 112. 
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phonated naphthenic acids were not nearly as good as Turkey-red oil from castor 
oil, particularly as the former yielded a much less fiery red color. On the other 
hand it has been reported that in para red dyeing sulphonaphthenic acids were more 
effective in promoting dispersion of the color lake and reducing surface tension of 
the naphthol solution than castor-oil soap or soluble oil.^^^ 

Wetting, cleansing and emulsifying agents may be prepared by the action of 
sulphonating agents, e,g., chlorosulphonic acid, on mixtures of naphthenic acids and 
aromatic hydrocarbons or their amino, halogenated or hydroxy derivatives.In 
place of the latter compounds, alcohols, mercaptans, ketones or carboxylic chlorides 
may be employed. Metallic salts of sulphonaphthenic acids are suggested as sizing 
materials for rayon yarns^^^' and as addition agents for lubricating oils.^^®“ 

Naphthenic Alcohols 

As previously mentioned, these alcohols may be obtained by catalytic reductioti 
of the corresponding acids. A study of such compounds so prepared from (a) pe¬ 
troleum naphthenic acid and (b) from a spindle oil fraction was made by Lederer.**® 
Although the alcohols in both instances were mixtures, nevertheless he concluded, 
from their boiling point curves,that the product (boiling 165-274°C.) from the 
petroleum acids consisted principally of undeka- and dodeca-naphthenols, while those 
(boiling 335-375®C.) from the spindle oil were mainly eikosan- and heneikosan- 
naphthenols. The acetyl number and average molecular weight for the lower-boiling 
alcohols were 268 and 169, respectively, and these same values for the other mate¬ 
rial were 162 and 309, respectively. Lederer considered the constitutions of the 
alcohols were further substantiated by comparison of their physical properties (e.g., 
specific heat, viscosity, and interfacial tension against water) with those exhibited 
by 8-hexadecenecarboxylic acid, 9-octadecanol, octadecadiene, cyclohexanol, methyl 
cyclohexanol, and tetralin. The tendency of the.se two naphthenol fractions towards 
autoxidation was greater than that shown by oleyl alcohol or octadecene, but less 
than that for tetralin and cyclohexanol. 

The rates of e.sterification of some polymethylene alcohols with acetic anhydride 
were investigated by Menschutkin.^'^ fjis procedure was to dissolve equimolecular 
quantities of the alcohol and anhydride in benzene, and then heat the solution (in 
sealed tubes) for 24 hours at 100®C. At the end of this period, the proportion of 
acetic acid formed, according to the reaction 

ROH -f (C 2 H 3 O,)./) —>- ROOCCHa + CH,COf)H 

was determined by titration. The esterification constant (C) was calculated using 
the formula 



in which A = 1(X), x = per cent of e.ster formed, and t the time in minutes. His 
results for some pentamethylene alcohols are given in Table 206. 

Menschutkin also noted that secondary alcohols from cyclic hydrocarl)ons were 
esterified more rapidly than secondary alcohols from aliphatics. This was illus- 

P. P. Sazanoff, McUiand Textilber., 1927, 8 , 275; CUem. Abs., 1927, 21, 2068. 

German P. 623.108. 1935. to Oranienburger chem. Fab. A.-G.; Chem, Abs.. 1936. 30, 2288. 

«»R. Bdhme, German P. 577,831, 1933, to A. Th. Bohme Chem. Fabrik; Chem. Abs., 1934, 
28. 658. 

Tietig, U. S. P. 2,063.473. Dec. 8, 1936; Chem. Abs.. 1937, 31. 854. 

*^E. L, Lederer, Fettchem. Umechau, 1935, 42, 46, 75; Chem. Abs., 1935, 29. 7967. 

»"«**'"* 0 ^ boiling point analysifi is described by E. L. I^erer. Petroleum Z., 7935, 31 
(6), 1; Chem. Abs., 1935. 29, 5637. 

Menschutkin, J.C.S., 1906, 89, 1532; Chem. Zentr., 1906, 2, 1724. 
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Tabi.r 206 .—Esterification Constants for Some Pentamelhylene Alcohols. 
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'rAHM-: 207. -Rates of Esterification of Aliphatic and Cyclic 
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trated by comparison of the esterification constants for methyl propylcarbinol and 
cyclopentanol, and for methylhexylcarbinol and cyclohexanol or cycloheptanol (see 
Table 207). 

Naphthenic alcohols have been suggested as solvents or emulsifiers in the prepa¬ 
ration of pastes for carbon papers or ribbons.^^® Chlorination or sulphonation fur¬ 
nishes wetting or dispersing agents.^Esters of these alcohols and halogenatcd 
non-aromatic acids may be condensed with sodium derivatives of hydroxy com¬ 
pounds,^^® e.g., sodium phenolate, or with tertiary amines,^ such as pyridine, to 
furnish products having saponaceous properties. Esters resulting from interaction 
of naphthenyl alcohols and polycarboxylic acids, anhydrides or chlorides are re¬ 
ported to be effective as plasticizing agents for cellulose esters and ethers. 

'*• French P. 757.735. 1933, to Deutsche Hydrierwerke A.-(I.; Chem. Abs., 1934, 28, 3234. 

See Carleton Ellis, ‘‘The Chemistry of Petroleum Derivatives,” The Chemical Catalog Co., 
New York, 1934. 

Kirstahler and W. J. Kaiser. U. S. P. 2,010,727, Aug. 6, 1935, to Henkel & Co. G.ro.b.H.; 
Cfiem. Abs., 1935, 29, 6607. Also British P. 408,749, 1934; Chcm. Abs., 1934, 28, 5469; Brit. Chem. 
Abs. B, 1934, 534. 

“•British P. 408,754, 1934, to Henkel & Co. G.m.b.H.; Chem. Abs., 1934, 28, 5469; Brit. Chem. 
Abs. B, 1934, 534. 

H. J. Barrett and W. A. Lazier, U. S. P. 2,047.664. July 14, 1936, to E. I. du Pont de Nemours 
& Co.; Chem. Abs., 1936, 30, 6007. 



Chapter 49 

Analysis of Natural Gas and Cracking Gas 

Around the determination of the proportion of gases in mixtures there has 
grown up a considerable measure of technology. Exact determinations call for 
familiarity with the subject resulting from a sufficiently long experience on the part 
of the operator. Even so, reported gas analyses are frequently of a doubtful nature. 
For earlier work and data see “The Chemistry of Petroleum Derivatives," 1934 
edition. 

Natural gas, which is found to some extent in association with crude petroleum, 
consists essentially of a mixture of homologous hydrocarbons of the paraffin series. 
In the “dry” gases methane is the predominating constituent, while the “wet" gases' 
contain the higher homologues of methane in substantial amounts.^ Besides gaseous 
and readily liquefiable hydrocarbons natural gases contain varying proportions of 
non-hydrocarbon gases, including nitrogen, carbon dioxide, hydrogen sulphide and 
helium. Carbon monoxide, liydrogen and unsaturated hydrocarbons are usually 
absent from natural gases. 

Another important type of petroleum gas is that obtained as a by-product in the 
commercial cracking of higher petroleum fractions for the production of motor fuels 
and to which the name “cracking gas" or “cracked gas" has been applied. This 
differs from natural gas in its content of unsaturated hydrocarbons and hydrogen.*"* 
Quantities of carbon monoxide are also present, particularly when cracking is con¬ 
ducted in the presence of steam or oxygen. 

d'he analysis of these complex mixtures of saturated and unsaturated hydro¬ 
carbons presents difficulties not encountered in the analysis of other gaseous fuels, 
such as coal gas or producer gas. In the latter, methane (associated with a small 
proportion of ethane) is the main saturated hydrocarbon constituent and ethylene 
the chief unsaturated component, so that absorption and combustion methods are 
adequate for a complete quantitative examination. In petroleum gases, however, at 
least three members of a homologous series occur together, and the precise analytical 
differentiation presents some difficulties, particularly in the paraffin series. 

The ordinary methods of gas analysis may be used with appropriate modifications 
to analyze petroleum gases, but only in some cases can complete information be 
obtained. Most of the non-hydrocarbon constituents, including carbon dioxide, 
hydrogen sulphide, oxygen and carbon monoxide, may be estimated by absorptions 
in appropriate liquid reagents. Absorption in sulphuric acid of varied concentra¬ 
tions may l)e employed to show the total unsaturated hydrocarbon content. As the 
ordinary combustion and explosion procedures of analysis can be applied only to 
mixtures of two paraffin hydrocarbons, they are generally inadequate in the ca.se of 
petroleum gases unless used in conjunction with some physical method of segrega¬ 
tion. Two physical methods which have been developed involve the partial or 

’ Thonc gases containing appreciable qu.intitie5 of easily liquefiable hydrocarlwn'i. 

If. M. Stanley. Proc. World Petroleum Conor., I.ondon, 193.^ 2, 830; J. lust. Pet. Tech.. 19.M. 
30. 243A; Brit. Chem. .ihs. B. 1934. 741; Chem. 1934. 28. 4871. See also Carleton Klli-*, 

"T^e ('hemistry of Petroleum Deriv.itives." Chemical ('atalog Co.. Inc.. New York. 10S4, 

" For the composition of cracking gas. see Chapter 3. 
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complete separation of each component hydrocarbon by fractional condensation and 
fractional distillation. Analytical methods for the analysis of petroleum gases may 
thus be divided into absorption procedures, combustion or explosion processes, and 
physical methods of segregation. In general all three methods are necessary for 
the complete, quantitative examination of complex gas mixtures. 

Analysis by Absorption 

The analysis of natural gas and cracking gas by absorption depends upon the 
renmval of an individual constituent, or a group of components, by treatment with 
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Courtesy Industrial and Hnatnerrinfj Chemistry 

Fig. 273.—.Apparatus for Study of Solubility of Carbon Dioxide in Salt Solutiotis. 
(K. A. Kobe and J. S. Williatns) 


appropriate liquid reagents in a definite order. Hy measuring the volume of gas 
remaining after each absorption, the composition of the mixture may 1 h' deter¬ 
mined, However, the choice of liquids is difficult in some cases, particularly when 
unsaturated hydrocarbons are present. Some of the reagents employed in gas analy¬ 
sis, such as sulphuric acid, are capable of absorbing several constituents. When a 
definite order of absorption is employed this difficulty can be avoided to some extent. 

The apparatus generally used consists of a gas burette or eudiometer enclosed in 
a water jacket (for temperature control) and containing a liquid levelling device 
(mercury, water or other liquid) for pressure control.^ The gas is conducted from 
the burette into a pipette which holds the absorbent liquid. At the ead of a definite 
period of time varying between 2 and 5 minutes, the gas is withdrawn and its vol¬ 
ume remeasured. By successive absorption and measurement the volume of the 
other constituents, and the percentage composition, may be found. In some cases 
the change in pressure at constant volume is observed rather than the change in 
volume. 

♦Carleton EUU, “The Chemistry of Petroleum Derivative-v.” The ('hemical r.itab)g Co.. Inc.. 
New York. 1934. For a review of the progrenfi of the natural and refinery ga!« induKtry. aee fJ. A. 
Burrell, Ind. Eng. Chem., 19.14, 26, 143; Chem. Abs., 1934, 28. 1840; /?ril. cfiem. Abs. B, 1934, 227, 
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In the description of the reagents for the absorption of the constituents of a gas 
mixture, the order of their use in analysis will be followed, at least in the case of 
the more common components, carbon dioxide, acetylene, other unsaturated hydro¬ 
carbons, and carbon monoxide. 

Carbon dioxide is absorbed in a concentrated aqueous solution of potassium hy¬ 
droxide prepared by dissolving 500 g. of stick potassium hydroxide in 500 cc. 
of distilled water.** According to Walter® sodium hydroxide may be employed in¬ 
stead of caustic potash. In this method the gases are conducted through a vertical 
tube in which they are mixed with a fine spray of caustic soda. The amount of 
carbon dioxide absorbed is determined by measuring the electrical conductance 
of the absorbent before and after passage of the gases. 

The choice of a confining liquid^ for gas analysis has received some attention. 
Kobe and Williams^ made a study of the solubility of carbon dioxide in a number of 
aqueous solutions which have been recommended for this purpose. The apparatus 
consisted of a gas burette containing mercury. Carbon dioxide was collected in this 
burette and measured. An absorption bulb partly filled with mercury was con¬ 
nected to the burette. (See Fig. 273.) The solution which was being tested was 
then poured into the absorption bulb, after which the gases were forced into the 
bull) and the mixture agitated. At the end of 15 minutes the carbon dioxide was 
withdrawn and its vf)lume remeasured. The results reported for a number of solu¬ 
tions may he seen in Table 208. 


Taule 2i)H. ~ Soluhiltty of Carbon Dioxide, at J5®C. and Total Pressure 7S3.5 mm., in Salt 

Solutions. 



Concentration 

Volume of Solution 

Carbon Dioxide Dis.sol\'t*d 

Salt U.sed 

Weight 

Ml. 

Ml. 

Ml./Ml." Soln. 

None 


24 54 

20 20 

0 823 

H,S()4 

5 

24 54 

18 30 

0 746 

H,S( >4 

10 

24 54 

17 60 

0 717 

NaCI 

10 

24 54 

13 52 

0 551 

NaCl '1 

HjS( >4; 

20 

.s 

40 54 

16 29 

0 328 

NaCl 

25 

49 54 

12.75 

0.257 

HCl 

2 




Na,S( )4 

H,Sf)4 / 
Na,P()4\ 
H,P()4 / 

20 

5 (vol.) 

49 54 

12 9 

0 260 

10 

7 

49 54 

13 89 

0.280 

CaCh 

40 

49 54 

7 82 

0 158 

MgCl, 

.K) 

49 54 

8 12 

0 164 

ZnCI, 

50 

49 54 

19 12 

0 386 

AlCh 

25 

49 54 

12.00 

0 243 

Ab(S( >4).. 

20 

49 54 

10.96 

0.221 


• .Millilitcri, <jf ('()? at 7r>() inm.. (hsb.»lvc<l per ml. of suluUon at 25°C. 


The investigators pt)iut out that a concentrated solution of calcium chloride dis¬ 
solves the least carbon dioxide hut has a number of disadvantages which render it 
objectionable as a confining litpiid. The solution is rather viscous, it is easily con¬ 
taminated with impurities, in which case precipitates are formed, and when spilled 
it does not evaporate and leave crystals but remains as a sticky liquid. Magnesium 
chloride solution is much less viscous. However, the magnesium compound has 
been observed to form a piccipitate of magnesium hydroxide when it comes in con- 

*' K. A. An<lr<*t*v .nnl .M. H. .\rim.m. J Chrm. (I S S' N }. 19.V^. 8. 1100; Abs.. 

I9J6. 30. 

• P. Walter, CItimie rt industric, .No., 210; Brit. ihem. Ahs. A, 19.14, 743; 

C/tem. Abs.. 1934. 28. 5(i31. 

^ Liquid over which the na'^es are collected. 

" K A. Kol>e .inti J. S. Williams. /»*«/. /:iio. f/icw.. Ana/. I-.d.. 193.S. 7, 37; J. Inst. /Vf. Tech.. 
193.'*. 21. 12(>A; Chem. Abs., 1935. 29, 135.i; Hrit. Chew Abs. B. 1935, 258. 
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tact with the concentrated caustic potash and soda absorbents. Sodium sulphate is 
reported to be the most efficient of the compounds studied, since the addition of 
sulphuric acid to the sulphate does not increase the solubility of the carbon dioxide 
in the latter. This incorporation of acid is necessary, as a confining solution, it is 
stated, must not be alkaline. 

Acetylene may be determined by absorption in an alkaline solution of potassium 
mercuric iodide prepared by dissolving 25 g. of mercuric iodide ahd 30 g. of potas¬ 
sium iodide in 100 cc. of water.® A small proportion of potassium hydroxide is 
added to the reagent just prior to use. 

Among the methods suggested for the estimation of acetylene are absorption in 
ammoniacal cuprous chloride'® or in a paste composed of cuprous chloride and 
aqueous caustic soda." However, since these substances also absorb olefins, di¬ 
olefins, and carbon monoxide to some extent, their application is limited. 

Oxygen is estimated by absorption in an alkaline solution of pyrogalloP^ or by 
yellow phosphorus.'^ Bruckner and Bloch'^ compared the activity of pyrogallol 
(1,2,3-trihydroxybenzene), sodium hyposulphite and 1,2,4-trihydroxybenzene. They 
report that the absorption rate and the total amount of ox>’gen absorbed in pyro¬ 
gallol is greatest when potassium hydroxide is mixed with the phenol in the pro¬ 
portion of 1.5:1 by weight. However, if the gases under analysis contain more than 
25 per cent of oxygen, the pyrogallol decomposes and carbon monoxide is produced. 
This difficulty is said to be eliminated by the use of 1.2,4-trihydroxybenzene (1,2,4- 
benzenetriol) and potassium hydroxide in the ratio 1 by weight. The rate of 
absorption in alkaline sodium hyposulphite, it is stated, is much slower than with 
either of the above reagents. One mole of the hyposulphite takes up only 0.94 moles 
of oxygen as compared with 1.5 moles for either of the trihydroxybenzenes, meas¬ 
ured over the .same period of time. According to Schmid'® the amount of un¬ 
combined oxygen in a gas may l)e determined in the following manner. An alkaline 
solution of potassium iodide containing a small proportion of sodium potassium 
tartrate (Rochelle’s Salt) is mixed with aqueous manganese chloride. The ga.ses 
are then held in contact with this mixture for a period of 2 minutes to effect the 
absorption of oxygen. At the end of the contact time, the solution is acidified to 
liberate unreacted iodine, and the latter titrated with sodium thiosulphate. 

Unsaturated hydrocarbons may be absorbed in a dilute solution of bromine in 
fuming sulphuric acid or in concentrated sulphuric acid containing 1 per cent of 
silver sulphate. Other procedures for the determination of the total quantity of 
unsaturated hydrocarbon gases involve use of an aqueous solution of bromine to 
minimize corrosion of mercury when the latter is employed as the confining liquid. 
Also fuming sulphuric acid is a rapid absorbent for all olefins but has the disad¬ 
vantage that it slowly absorbs paraffin hydrocarbons. 

Carbon monoxide may be estimated by conducting gases containing this sub¬ 
stance through a vertical tube in which it is mixed with an atomized stream of 
aqueous ammoniacal cuprous chloride. The amount of carbon monoxide absorbed 

• P. L«bcau and A. Damiens. Compt. rend.. 1913. 156, 557; Chem. Abs.. 1913. 7. 1468; 

1913, 104 (2), 349. 

P. Walter, Chimie et industric, 1934. April Special No., 210; Brit. Chem. Abs. A, 1934, 743; 
Chem. Abs., 1934. 28, 5631. 

“ E. A. Andreev and M. B. Neiman. /. Applied Chem. (I'.S.S.R.), 1935, 8, 1100; Chem. Abs., 
1936, 30, 5464. 

Carleton Ellis, “The Chemi.stry of Petroleum Derivatives.” The rhemic,!! rataloit Co Inc 
New York. 1934. 

E. A. Andreev and .M. B. Neiman, toe. cit. 

** H. Bruckner and A. Bloch, Gas- u. Wasserfach, 1935, 78, 645; them. Abs. 1935 39 7047* 
Brit. Chem. Abs. B, 1935, 947. 

“A. Schmid, BreunstoffChcm.. 1934, 15, 271; Brit. Chem. Abs. B, 1934, 818; Chem. Abs 1934 
28, 7073. 
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is determined by measuring the conductivity of the absorbing liquid before and 
after absorption.^® Bruckner and Grobner^^ point out that a neutral solution of 
125 g. of cuprous chloride and 265 g. of ammonium chloride in a liter of solution is 
best adapted for the determination of carbon monoxide. The rate of absorption of 
carbon monoxide in an acid solution of cuprous chloride is said to be increased by 
the addition of hydrochloric acid, but at the same time the total absorptive capacity 
decreases. According to these investigators, ammoniacal cuprous chloride shows a 
very low rate of absorption and absorbing capacity, irrespective of the amount of 
ammonium hydroxide present. Silver oxide has also been suggested as a reagent 
for the estimation of carbon monoxide.^® 

Hydrogen sulphide may be absorbed in pellets of manganese dioxide which have 
been soaked in phosphoric acid and from which all gas has been removed.^® In one 
test with 90 cc. of illuminating gas 75 per cent of the hydrogen sulphide was ab¬ 
sorbed by the reagent in 20 minutes, after which the remainder was taken up in a 
solution of copper sulphate acidified with sulphuric acid. Among the other reagents 
suggested are lead acetate^® and iodine solutions.^i When a gas sample is found 
to contain both hydrogen sulphide and sulphur dioxide, a comparison method is 
recommended.Hydrogen sulphide and sulphur dioxide reduce iodine according 
to the equations: 

H 2 S -f 21 -y- 2HI + S 
SO, 4 - 21 -h 2H,0 —2HI 4 - HjS 04 

The quantity of iodine reduced by conducting the gas under analysis directly 
through 0.1 N iodine is compared with that reduced when the same volume of gas is 
passed through 40 per cent potassium hydroxide (to absorb hydrogen sulphide 
and sulphur dioxide) and then through O.IN iodine in potassium iodide. In this 
manner other constituents which would also reduce iodine (e.g., olefins) can be 
quantitatively estimated. The difference in the number of cc. of iodine reduced in 
the two cases represents the volume of hydrogen sulphide and sulphur dioxide pres¬ 
ent. Roelen and Feisst-^ advocate the use of alkaline hydrogen peroxide for de¬ 
termining the sulphur compounds in gases. The gases are forced into a solution 
of 200 cc. of 0.5N sodium hydroxide and 100 cc. of 5 per cent hydrogen peroxide 
at the rate of 1(X) liters per hour.-^ A turbine stirrer rotating at 4(X)0 r.p.m. is 
said to maintain an efficient contact between the gas and the liquid at this rate. 
The sulphur compounds are converted into sulphates and may be determined gravi- 
mctrically. One reported disadvantage of this method is the fact that any sulphur 
present in the form of thiophene is not absorbed. 

Helium is usually determined as the residue after adsorption in charcoal of the 
gases in a specimen. In one form of apparatus a vertical gas burette is connected 

P. Walter, Chimic ct iudujtric, 1934, A^il Special S^o., 210; Chem. Abs., 1934, 28, 5631 ; 
Brit. Chem, Abs. A, 1934, 743. 

H. Bruckner and NV. Grobner, (»aj* n. IVasserfoch, 1935, 78, 269; Brit. Chem. Abs. B, 1935, 
590; Chem. Abs. 1935, 29, 4550. 

E. A. Andreev and M. B. Neinian. J. Applied Chem. (U.S.S.R.), 1935, 8, 1100; Chem. Abs., 
1936, 30, 5464; Bnt. Chem. Abs. B, 1936. 50. 

'"A. Landgraf, Chem. Fabrik, 1935, 8, 71; Chem. Abs., 1935, 29, 2693; Bnt. Chem. Abs. B, 
193.5, 390. 

» P. Walter, Cliimie et industrie, 1934, April Special No., 210; Brit. Chem. Abs. A, 1934, 743; 
Chem. Abs., 1934, 28, 5631. 

« A. Schmid, Brennstoff Chem., 1934, 15, 271; Chem. Abs., 1934, 28, 7073; Brit. Chem. Abs. B, 

1934, 818. 

^ A. Horn and E. Jakuba, J. Applied Chem. (U.S.S.R.), 1934, 7, 399; Brit. Chem. Abs. B, 

1935, 6. 

" O. Roelen and W. Fetsst, Brennstoff-Chem., 1934, 15. 187; Brit. Chem. Abs. B, 1934, 660; 
Chem. Abs., 1934, 28, 6278. 

** F. Heinrich and F. Petzold, Z. anal. Chem., 1929, 70» 120; Chem. Abs., 1929, 25, 1592; Brit. 
Chem. Abs. B. 1929, 231. 
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through the lower end to a mercury pump. At the u|)per end a glass tube leads to 
a bulb containing charcoal which is cooled witli liquid air. (Sec Fig. 274.) From 
this bulb the gases flow to the lower end of the burette. In the tube between the 
burette and bulb there is a Plueckner tnhe*^ consisting of two platinum wires con¬ 
tained in a capillary tube through which a spark is passed. The procedure consists 
of forcing the gas to be tested into the burette after the latter has been evacuated. 
The volume of gas is measured and passed over the cliarcoal to adsorb all tlie con¬ 
stituents except helium. The latter is then introduced into the burette and its 
volume measured.^** Anderson^^ suggests an analogous process in which natural 
gas is first conducted through a condenser tube which is surrounded by liquid air. 



Fio. 274. 

Diagram of Apparatus for Fstimation of Helium in Gase¬ 
ous Mixture.s. * ( F. K. F.. (iermann, K. A. Ga^jos and C. A. 
Neilson) 


A. H. Tubes containiriK c.ilclum chloride 

B. Pluecker tube 

C. Tube containing ch.ircoal 
I). Mercury 

E. McLeod gage 

F. Calibrated scale 
(i. Mercury tulie 
S. Side tul>c 
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In this manner water vapor, carbon dioxide, ethane and heavier hydrocarbon 
gases are condensed. 'Fhe remaining gas is then pumped through two connected 
tul>es containing activate<l coconut charcoal. On issuing from the second of thc.se 
tubes the gases are examined spectroscopically, and if helium alone is present the 
volume is measured. 


*A tul>r which may hr used to detect the presence of gases spectroscopic.illv. 

^ F. E. E. (iermann, K. A. (iago.H and C. A. Neil**»n. hid. linu- Chem., .^nat. lid., 19.14, 6 , 215; 
J. Inst, Het. Tech., 1934 , 20, 450A; Chem. Abs.. 19 . 14 , 28, . 1623 ; Hrit. Chrtn. Ah.*. A. 1934 , 7.50. 

C. C. Anderfton, Bnr. Mines, Information Circ., 1934. No. 6796; Chem. Abs.. 1934, 28, 6982; 
/. Inst. Pei. Tech., 1934, 20, 525A. Cf. B. M. Nakaahid/e, Acer. Nrft. Khos., 1884. No. 6, .10; 
Chem. Abs., 1934, 28, 6980; Brit. Chem. Abs. B. 1935. 225. 
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Biacet and MacDonald-® have described a method for the microanalysis of gases 
containing hydrogen, carbon monoxide, hydrogen chloride and ammonia. The sam¬ 
ples were confined in a burette over mercury and the volume of the constituents esti¬ 
mated before and after inserting the proper absorbent. (See Fig. 275.) A bead 
made by fusing together cupric oxide and potassium hydroxide on a platinum loop 
was said to be satisfactory for absorbing hydrogen completely in 15 minutes. Car¬ 
bon monoxide may be absorbed by the same reagent, hydrogen chloride by a solu¬ 
tion of concentrated potassium hydroxide in a sintered glass bead, and ammonia 
by a moistened phosphorus pentoxide bead or by concentrated sulphuric acid in 


Fio. 275. 

Sketch of Heater Kniployed in Micro¬ 
analysis of Gases. (F. E. Biacet and 
G. D. MacDonald) 


Courtesy Industrtal and [iti{jineertu<j Chemistry 



>intered gla>.s.-^ A bath of molten lead was employed to maintain a constant 
temperature. 


.\.\.\LYS1S l\\ t OMiaSTlON AND EXPLOSION 


When the al)>orl)able constituents of natural and cracking gase> have been re¬ 
moved, paraffin hydrocarbons, hydrogen and nitrogen remain, togetlier with some 
carbon monoxide and organic sulphur compounds. In the analysis of coal gas in 
which the paraffin is mainly metliane, determination of this gas is a relatively easy 
matter. Hydrogen is oxidized to water by copper oxide at 280®C. or by palladium 
sponge at 1(K)°C\ and the residual methane-nitrogen mixture is then exploded with 
excess of air.'^^’ However, with natural or cracking gas in which a number of 
homologous gaseous paraffins are present the above method is not directly applicable. 
It therefore becomes necessary to effect some fractionation of the constituents. A 
number of procedures for effecting such fractionation on an analytical scale will he 
di.scus.sed below. When the gas contains sulphur and carlxm monoxide, these must 
also be determined. The .sulphur content is ascertained first, the percentage of 
carbon monoxide being estimated together with hydrogen. 

Organic sitlplntr may he determined by oxidizing the sulphur compounds to 
sulphates. In this procedure, the gas is heated with an excess of air. converting the 

«• r. V). liiacet anil IL 1). MacDonalil. /m/. linn. Chem., Jimt. l\d., 6. .vU; Hut. i hem. 

Ahs. A, 1VJ4. 118S; them. Ahs., I'i.M. 28. For a mrthnil of handling and wciKliinK al)sor|>tion 

lubeM, *ce I). K. Havmatui. hid. hiiit. Chem.. Anal, lid., 8, .U2; J. Inst. Het. Teeh., 22, 

495 A; Chem. Ahs., iv.f6. 30. 7489. 

“•SemlfuAcd Rla»t particlo. 

* Carlcton Ellis, “The Chemi>try of Petroleum l)eii\aiixcN,*' The Chemical Catalog Co., Inc., 

New York, 1034. 
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sulphur compounds to sulphur dioxide. The latter is then absorbed in a sodium 
carbonate solution and is oxidized to sulphate by air according to the equations.®^ 

SOa -f* NajCOj —^ NaiSOs -f* COa 
2Na2SOa -f- O 2 —^ 2 Na*S 04 

Afterwards the excess alkali is titrated with standard hydrochloric acid solution, 
employing methyl orange as an indicator. If the sodium carbonate solution is made 
up by dissolving 3.306 g. of the anhydrous salt in a liter of solution, 1 cc. of the 
solution will be equivalent to 0.001 g. of sulphur. Then if the acid solution contains 
2.275 g. of hydrochloric acid per liter, 10 cc. of this solution will neutralize 10 cc. 
of the sodium carbonate solution. Using solutions of these strengths, the concentra¬ 
tion of sulphur in the gas in grams per 100 cubic feet is given by the expression 

c. , . , cc. NajCOi taken - cc. HCl used 

Sulphur concentration « 1.543 -^^- r -- 

cu. ft. of gas burned 

Carbon Monoxide, In addition to other well known methods, the gas may be 
determined by oxidation to carbon dioxide. According to Meyer and SlooflP- 
iodine pentoxide will convert the monoxide to the dioxide at 120-130°C. Methane 
is said to be inert to the oxidizing agent at this temperature. To separate the iodine 
(liberated during oxidation) and methane the temperature is reduced to —80°C. at 
which iodine is condensed. The temperature is further reduced by liquid air to 
condense the carbon dioxide and part of the methane. Since methane has a con¬ 
siderable vapor pressure at this temperature (of liquid air) it may be removed by 
a mercury pump. The carbon dioxide may then be vaporized and measured in a gas 
burette. To obtain the sum of carbon monoxide and methane, a second sample is 
burned to carbon dioxide and measured as indicated above. Meyer and Slooflf state 
that hydrogen reacts to some extent with the iodine pentoxide but does not influence 
the results within the limits of experimental error. 

Hydrogen usually is estimated by oxidizing this gas to water and measuring the 
reduction in volume (or, in pressure at constant volume). A method developed for 
this purpose consists in passing the gas mixture very slowly over fresh copper oxide 
maintained at ^ temperature of 280°C. in a silica tube.^* Treatment is continued 
until no further diminution in volume takes place, which usually requires about 30 
minutes. This method is reported to be satisfactory when methane is the main gase¬ 
ous paraffin constituent. Ethane and its higher homologues are said to be oxidized 
slowly in this manner, and, therefore, in the presence of large proportions of these 
substances, the method is unreliable. Among the other procedures suggested for the 
determination of hydrogen are oxidation in the presence of palladium in the form 
of a ‘‘sponge,'^ wire, or colloidal solution.®^ 

Determination of the Paraffin Hydrocarbons by Oxidation 

Methane may be determined by a slow combustion method employing cupric 
oxide.'**^* Walker and Christensen*® state that a serious objection to this procedure 

C. W, Wilson, lud. linp. Ckem., Anal, Ed., 19.13, 5, 20; Chem. Abs., 1933, 27, 1 137; Brit. Cham. 
Abs. B, 1933, 209. 

«G. Meyer and A, .Slooff, Her. trav. chtm., 1935, 14. 800; J. Inst. Pet. Tech.. 1936, 22. 91 A; 
Brit. Chem. Abs. A, 1936. 42; Chem. Abs.. 1936. 30, 699. 

•• J. G. King and J. Edgeombe, Dept. Sci. Ind, Research, Enel Research Tech. Paper, 1931, 
No. 33; Chem.. Abs., 1932. 26. 4160; Brit. Chem, Abs. B, 1932, 215. 

n Carleton Ellis, “The Chemistry of Petroleum Derivatives,” The Chemical Catalog Co.. Inc., 
New York, 1934. 

•••See, for example. P. K. Sakmin. Khimstroi, 1934. 6. 459; Chem. Abs., 1935. 29, 321; Brit. 
Chem. Abs. B, 1935, 341. V. A. Karzhavin, A. G. Leihush and E. A. Klevke, Zavadskaya Lab. 
1936, 5. 743; Chem. Abs.. 19.16. 30. 7495. 

*1. F. Walker and B. E, Christensen, Ind. Eng. Chem., Anal. Ed., 193.5, 7, 9; Chem. Abs., 1935, 
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is tlic danger of explosion. They suggest the use of a catalyst prepared by evapora¬ 
tion and subsequent thermal decomposition of 1.2 g. of cupric nitrate trihydrate and 
14 g. of cobalt nitrate hexahydrate on 40 g. of unglazed porcelain particles. When 
the gas under analysis is passed over the catalyst mentioned above and subsequently 
over cupric oxide at a rate of 20-25 cc. per minute, the efficiency of the catalyst is 
reported to be at a maximum at a temperature of 500-550°C. as indicated in Fig. 276. 
The optimum ratio of oxygen to methane was said to be 3 :1 by volume. In the 
procedure a single furnace with a compound combustion tube or two furnaces em¬ 
ploying separate combustion tubes with a manifold may be used. Platinum has also 
been recommended as a catalyst for the oxidation of methane at temperatures in the 
range 800-900Kobe and Brookbank^^ report that platinized silica gel has no 
effect upon the oxidation of methane at 350®C., but that some carbon dioxide can be 


Fig. 276. 

Influence of Temperature on Efficiency of 
Catalyst in Methane Determination. (I. F. 
Walker and B. E. Christensen) 
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obtained at 370®C., though the reaction is not complete even at the latter tempera¬ 
ture. The absorption of carbon dioxide by the catalyst is so small (1.35 cc. per 
gram at 0®C. and 740 mm. pressure) that it does not interfere with the results. A 
method for microanalysis of gases containing methane has been developed.**® The 
apparatus consists of a length of glass tubing in which a platinum wire has been 
fused, so that the latter extends I cm. beyond the end of the glass tubing. This is 
placed in the gas holder and the reservoir below this holder filled with mercury, 
1'hc gas containing the methane is then burned by heating the wire to a reddish 
orange glow. 

Ethane is also said to be resistant to oxidation when platinized silica gel is pres¬ 
ent as a catalyst. At a temperature of 230®C, this hydrocarbon was not oxidized 
but «it 270°C. some yields of carbon dioxide and water were secured. When the 

29, 1362; Brit. Chem. Abs. B. 1935. 261; J. Inst. Pet. Tech.. 19.15. 21. 125A. Cf. F. Schuster. 
(». Panning and H. Biilow, Gas- u. IVasserfach, 19.15, 78, 584; Chem. Abs., 19.15. 29, o732; Brit. 
Chem, Abs. B, 1935. 881. 

••I. Herrmann. French P. 764.552, 1934; Chem. Abs., 1934, 28. 5782. 

'■'IK. A. Kobe and E. B. Brookbank, Ind. Eng. Chem.. Anal. Ed.. 1934, 6. .15; fiiit Chem. .dhs. A. 
1934. 269; Chem. Abs . 1934. 28. 991; J. Inst. Pet. Tech.. 19.14. 20. 167A. 

^ F. F.. Hl.^cet .ind D. H. Volman, fnd. Eng. Chem.. Altai. Ed., 1937. 9, 44. 
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temperature reached 400® C. the reaction was still incomplete. Shepherd and Bran¬ 
ham^® conducted an investigation on the combustion of ethane to determine the 
amount of that hydrocarbon present in a sample of natural gas. The alkane was 
analyzed by a slow combustion method with excess oxygen and with a hot platinum 
spiral as contact agent. The contraction in volume of the gas upon burning, the 
volume of carbon dioxide produced and of oxygen consumed were measured. The 
volumes involved in the ideal gas reaction 

CtHu 4- 3.5 O* —>- 2COi 4-2.5 vol. contraction 
1 vol. 4- 3.5 vol. —>- 2 vol. 4- 2.5 vol. contraction 

were said to be at variance with the observed volumes. An empirical ccjuation 
which more nearly represents the results obtained was written as: 

CiH« 4- 3.513 O2 —>- I.994CO1 4- 2.52 vol. contraction 

1 vol. 4- 3.513 vol. 1.994 vol. -f 2.52 vol. 

This would indicate that the contraction and oxygen consumed were higher than the 
ideal values and the carbon dioxide produced was lower. The sources of error 


BuBBLt PO -ASBESTOS 
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Fic. 277.—Combustion Apparatus for Highly Volatile HydrcKarIxnis. (J. H. Hruun 

and W. H. M. Faulconer) 


which would influence the results include the solubility of carbon dioxide in the 
water in the apparatus and in the water formed in combustion, the solubility of the 
dioxide in the rubber parts of the apparatus, and losses of ethane by its solubility 
in the stopcock lubricant. To compare these results with those obtained from ex¬ 
plosion methods, a .series of analyses of pure ethane were made by explosion with: 
(1) commercial oxygen containing a .small proportion (0.76 per cent) of nitrogen; 

•• M. .Shepherd ami J. K, Branham. Bur. Standards /. Research. 19.1.^ 11, 78.1 (Re^arch Pai»«r 
So. 625); J. Inst. Pet. Tech., 19.M, 20, 240A; Chem. Abs., 1934, 28, 991; Brit. Chem. .4bs. A, 
1934, 276. 
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(2) pure electrolytic oxygen and (3) air.^® Relatively large differences were 
found between the various groups of analyses, with no group giving results which 
would correspond to the ideal ecjuations. Some of the errors which might have 
'\'iused these differences were examined. In the experiments in which commercial 
oxygen was used it was reported that oxides of nitrogen were formed in the ex¬ 
plosion and influenced the values for the volumes of contraction and of oxygen 
consumed. In each of the three cases incomplete combustion was proved by finding 
carbon monoxide in the products of burning, amounting to 0.3 per cent of the 
sample. Slight additional contraction was also noticed when, after removing the 
carbon dioxide, the remaining gas was passed over the heated platinum spiral of the 
combustion pipette. This was said to be either unburned ethane from the original 
sample or ethane dissolved in the rubber and lubricant of the apparatus. The con- 
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Fi(.. 277A .—Sketch of V’aporizing Tube Shown in Fig. 277. 


elusion was reached that this procedure is not particularly efficient since results 
showing the presence of 5 to 15 per cent of methane were secured from a gas w’hich 
was known to be pure ethane. 

C’omplete combustion of gas mixtures containing appreciable proportions of 
higher paraffins by passage over heated cupric oxide has been stated to be satisfac¬ 
tory. This method, although not quite quantitative, is said to furnish results of suf¬ 
ficient accuracy. Any carbon dioxide which is absorbed by the cupric oxide may 
l>e remo\ed by treatment of the h.ot oxide with a stream of air. When the hydro¬ 
carbons have been completely oxidized to carbon dioxide and water, the resulting 
gas mixture may be removed from the cupric oxide by evacuation and the carbon 
dioxide and oxygen determined by absorption. To minimize the danger of explo¬ 
sions in the combustion methofl for analysis of proi>ane, Bruun and Faulconer"*^ have 

f. R. Branham and M. Shepherd. /. Research Natl. Bur. Standards. 19.U. 13, 377 (Research 
Paper No. 715); Chem. Jhs.. 19.t5. 29, 427; Brit. Chem. Abs. B, 1934, 1093; /. Inst. Pet. Tech.. 
193.5. 21, 90.\. 

J. H. Rrunn and \V. B. M. Kaulconer, Ind. Eng. Chem., Anal. Ed., 1936. 8« 315; /. Inst. Pet. 
Tech.. 1936. 22, 497.\; Chem. Ahs., 1936, 30. 5467. 
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proposed controlled evaporation. The hydrocarbon is burned in a mixture of nitro¬ 
gen and oxygen, as shown in Fig. 277. The samples to be analyzed arc Brst 
cooled and enclosed in sealed Pyrex glass tubes drawn out into a fine capillary open¬ 
ing at one end. Each tube is then placed in a vaporizing tube (Fig. 277K) which 
has been cooled below the boiling point of propane (—42.2®C.). The tip of the 
sample tube is broken, and the rate of evaporation of the sample controlled by 
slowly lowering the cooling medium. If a residue remains in the tube after evapo¬ 
ration, it may be removed by heating the tube with an electric furnace. 

Koetschau and Schmitt**^ have described a combustion apparatus which is re¬ 
ported to be sensitive to gasoline concentrations of 0.1 per cent in air. It consists 
of a Wheatstone bridge with four wires which are in thermal equilibrium when sur¬ 
rounded by air. The mixture under analysis is burned by passage over one pair of 
wires which are electrically heated, while air is heated over the other pair in a simi¬ 
lar manner. Changes in the resistance of the first pair of wires, due to the extra 
heat derived from the combustion, cause deflection of two galvanometer needles, one 
on a scale graduated to show the percentage (to as low as 1 per cent) of gasoline 
in the air, the other on a scale graduated in divisions w'hich enable the detection 
of concentrations of 0.1 per cent. 

Analysis by Condensation 


Absorption and combustion analyses are in themselves quite inadequate for a 
complete analysis of natural gases or of complex mixtures such as gases from crack¬ 
ing plants and hydrogenation units. A physical separation is necessary to com¬ 
pletely determine the proportion of each of the alkanes, olefins and diolefins present. 
In general the mixed hydrocarbons are subjected to low-temperature condensation 
followed by fractional distillation. 

The analytical separation of any individual hydrocarbon by fractionation from a 
mixture of homologous hydrocarbons becomes more difficult as the series ascends.^* 
As the number of carbon atoms becomes greater, the vapor pressures of the indi¬ 
vidual hydrocarbons, hence their boiling points, tend to approach one another more 
closely. The difficulties associated with the fundamental analysis of hydrocarbon 
mixtures are thus quite obvious. Fortunately, there are only about 20 known 
gaseous hydrocarbons whose boiling points at atmospheric pressure are within a 
range of 170®C., and very few mixtures would probably contain them all. 

Tropsch and Mattox^^ reported that a mixture of hydrocarbons condensed from 
a gas sample at the temperature of liquid nitrogen may be distilled into composite 
fractions containing 2 or 3 and 3 or 4 carbon atoms per molecule. The separation 
is effected without the use of a fractionating column by simple evaporation at con¬ 
trolled low temperatures (from —195® to —105®C.) and correspondingly low pres¬ 
sures (1 mm. of mercury) and by fractional condensation in a series of glass bulbs 
each cooled to the proper temperature by liquid nitrogen and by aluminum blocks 
containing this substance. In the procedure advantage is taken of the high vapor 
pressure ratios existing between the constituents at low temperatures. This differ¬ 
ence of vapor pressure causes the rates of evaporation of each fraction to vary 


«R. Koetschau and G, Schmitt. Oct, Kohtc. Erdoel, Teer, 19.15. 11, 755; /. Inst. Pet. Tech.. 19.15. 
21, 399A; Chem. Abs., 1936, 30, 3992. See also S. Mischonsniky, Chim. Ar ind., 1934, April Spaclai 
No.. 258: Brit, Chem. Abs. A. 1934. 748; Chem. Abs., 1934. 28. 5631. 

••Carleton Ellis, “The Chemistry of Petroleum Uerivatives,’ The Chemical Catalog Co., Inc,, 
New York. 1034. 


H. Tropsch and W. J. Mattox, fnd. Eng. Chem., Anal Ed., 19.14, 6, 235; Chem. Abs., 1934. 28. 
5627; Brit. Chem. Abs. A. 1934, 1016. Cf. E. Berl and W. Forst. Z. anal. Chem., 1934, 08, 305; 
Brtt, Chem. Abs. B, 1934. 996; Chem. Abs.. 1935, 20, 80. 
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widely from that of every other fraction and makes possible the selection of tem¬ 
peratures such that the less volatile components possess in each case a negligible 
vapor pressure and the more volatile components relatively high vapor pressures. 
Since these condensation temperatures are fairly constant for the removal of each 
fraction, the separation may be accomplished by varying the pressure rather than 
the temperature. Another advantage reported to result from the use of low pres- 
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Fi(.. 278.—.Apparatus Assembly for Analysis cf Gaseous Hydrocarbon Mixtures. (H. 

Tropsch and W. J. Mattox) 

B. C, D. E, F. U tubes V'. Pi|)ette 

(i, H, I, J, K. Aluminum blocks cotUaininR Lc. Rc. Electrotnagnet^ 
liuuid nitrogen I)'. Auxiliary magnet 

.M, .\\ (.), S. Condensation tubes F'. Class joint 

P. y. K. Calibrated volumetric bulbs C'. Switch 

T. Burette H'. Switch 

C. Leveling Ixittlc Mi, Ms. .M*. Resi’^tances 

sures is the fact that the actual amount of the vapor phase over the liquid phase 
is quite small at low pressures, so that a negligible percentage of the vapor phase 
remains above the liquid at the completion of each condensation, an important con¬ 
sideration where limited amounts of gas are at hand. 

Hydrogen, carbon monoxide, oxygen, nitrogen and methane are removed from 
the condensable hydrocarbons at the ♦^mperature of liquid nitrogen (—195®C.) by 
reducing the pressure to 0.1 mm., and the percentage of these constituents may be 
determined by absorption and combustion, as described previously. Acetylene is 
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separated from the gas before condensation. The vapor pressure of ethane remains 
so low at the temperature of liquid nitrogen that none of it is removed with the 
methane distillate. Pentane and heavier hydrocarbons present in the gas mixture 
are quantitatively condensed from the butanes at a temperature of —105®C. and 
1 mm. pressure. F'ractionation of the remaining hydrocarbons into two composite 
fractions is made at 1 mm. pressure and at temperatures of —135 to —14()°C. and 
at —195°C. The components of these fractions are listed in Table 200. 

Tabi.e 209.— Components of Hydrocarbon Mixtures Obtained by Fractional Condensation 
Temperature of 


Condensation 

Fraction °C. Constituents 

1 . --195 Ethane, ethylene, propane, 7 )ropcne 

2 . —135 to -140 Propane, propene, butane, butene 

3 . —105 Pentane and higher 


Analysis of the first two fractions is made by density determinations, one on the 
mixture of paraffins and olefins and a second on the paraffins after tlie removal of 
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Fn;. 279.—Apparatus for Determining Gasoline Content of Gases. (M Tropsch and 

W. J. Mattox) 

E. U-tubex N. Volumetric bulb 

K. Dewar flank O. i^ewar flask 

G. U'tubes P. Aluminum block 

H. Dewar flank .S. Hole for introduction of 

j. Volumetric bulb lujuid nitroi<rn 
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the olefins by concentrated sulphuric acid activated by nickel and silver sulphates. 
The density of the olefins may be calculated from the change in the density of the 
fraction upon removal of these substances. The volume of each hydrocarbon and 
the per cent by volume of each hydrocarbon in the original sample may then be 
estimated from the known density of the two olefins, the known density of the two 
paraffins, and the volumes of olefins and paraffins. 

The third fraction contains hydrocarbons which are liquids at temperatures 
below 20°C. This portion is reported as gasoline, either as grams per liter of gas, 
as volume per cent or as gallons of gasoline per 1000 cubic feet of gas, each of the 
calculations being made from the volume and density of the vaporized fraction. The 
density determinations of Tropsch and Mattox were made with a Stock electro¬ 
magnetic gas-density balance which operates according to the principle of deter¬ 
mining specific gravity by measuring the buoyancy produced on a small hollow 
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Fig. 280.—Relation of Specific Gravity to Molecular Weight for Hydrocarbons «-Pentanc 
to «-Octane. (H. Tropsch and W. J. Mattox) 


(juartz ball (fastened to a scale beam) by the influence of the surrounding gases. 
This is illustrated in Fig. 278. One of the reported advantages of this method is 
that relatively small samples, 500 cc. or slightly less, may be completely analyzed. 

A somewhat similar procedure is suggested by the same investigators^^ for deter¬ 
mination of the gasoline (i.e., easily liquefied vapors) content of gases. The sample 
is condensed at the temperature of liquid nitrogen and at atmospheric pressure. By 
reducing the pressure to 0.1 mm. of mercury, methane and other difficultly con¬ 
densable gases (especially dissolved nitrogen) are removed. The condensate is then 
fractionated at — 105°C., a temperature at which the hydrocarbons above C 4 are 
liquid. The hydrocarbons C 5 and higher are then vaporized into a known volume 
wdierc the pressure and temperature can be measured. These gasoline vapors are 

H. Tropsch and \V. J. Mattox, /iid. Eng. Chem., Anal. Ed., 1934, 6. 405; Brit. Chem Abs B 
1935. 54; Chem. Abs.. 1935. 29. 327. 
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condensed by liquid nitrogen in a bulb which may be removed from the apparatus 
and weighed. The apparatus is illustrated in Fig. 279. From the weight of the 
gasoline and the pressure it exerts when vaporized in a known volume at a definite 
temperature, the average molecular weight of the sample is calculated. By means 
of a curve relating the molecular weights to the specific gravities of the pure hydro¬ 
carbons (see Fig. 280) the specific gravity of the gasoline is read. With the weight 
of the gasoline from a known volume of gas and the specific gravity of the gaso¬ 
line, the gallons of gasoline per 1000 cubic feet of gas at 60®F. (15°C.) and 30 
inches (760 mm.) of mercury may be calculated from the formula: 

19.39 X g(ti -f 273) 

SxP XV 

where G = gallons of gasoline per thousand cubic feet of wet gas at 60®F. (15®C.) 
and 30 inches (760 mm.) of mercury, g = weight of gasoline, grams, = tempera¬ 
ture of gas sample, ®C., .S' = specific gravity of gasoline at 20°C., P = pressure of 
gas sample, and V = volume (liters) of the gas sample. 

Sebastian and Howard**® suggest a method for the microanalysis of gaseous 
mixtures based upon the characteristic form of vapor pressure-temperature curves. 



Courtesy Industrial and Engineering Chemistry 

Fig. 281.—Idealized Pressure-Temperature Curves for Gases. (J. J. S. Sebastian and 

H. C. Howard) 


If p, the pressure, is plotted against the absolute temperature, a curve of the form 
shown in Fig. 281, Curve 1, is obtained. From this curve it may be seen that for 
small values of pressure the latter increases only slightly even when there is a 
considerable change in the temperature. As the temperature increases over a longer 
range there is a rapid rise in the pressure, which is followed by a sharp, alinost 
linear rise. The period of rapid change in pressure is designated by the investiga¬ 
tors as the initial vaporization temperature. If a closed system of one component 
is .studied, the relation of a vapor phase in equilibrium with its solid or liquid phase, 
is given by this curve. If, however, the system is sufficiently large so that the con¬ 
densed phase ultimately disappears, the curve takes the shape indicated in Curve 2. 
If T 2 represents the absolute temperature at which the condensed phase disappears, 
the curve beyond this point represents the expansion of the vapor with rise in tem¬ 
perature the value of which is comparatively small. 

If two substances form separate phases in the conden.sed states, and if the ini¬ 
tial vaporization temperatures are sufficiently far apart, the more volatile compound 


**J. J. S. Sebastian and H. C. Howard, Ind. Eng. Chem., Anal. Ed.. 1934. 6, 172: Brit. Chem Aht 
A. 1934, 743; Chem. Abs.. 1934, 2S, 3682; /. Inst. Pet. Tech., 1934. 20. 443A. 
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will be relatively completely evaporated from the condensed phase before the vapor 
pressure of the second becomes appreciable. By plotting the pressure against the 
absolute temperature a curve of the form of Curve 3 (Fig. 281) will be obtained 
from which the quantitative composition may be determined. The initial vaporiza¬ 
tion temperatures T 3 and T 4 are characteristics of the components and represent the 
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Fig. 282.—Apparatus for Microanalysis of Gaseous Mixtures by Use of Pressure-Tem¬ 
perature Curves. (J. J. S. Sebastian and H. C. Howard) 

A. Dewar flask with vacuum-jacketed tube connection 

B. Copi>er-con»tantan thermocouple in direct contact with freeiinp bulb 

C. Copprr-jacketed freezing tube placed in 2-mm.-thick copper shield 

D. Lower Dewar flask containing liquid nitrogen 

£. Electric heating coil in scries with rheostat and ammeter 

F. McLeod gage 

G, H, 1. Mercury reservoirs 

J, Kj O. Mercury cut off tubes 

L. Liquid nitrogen trap 

M. Mercury vapor pump 

N. Electric heater 

P. Connecting U-tube 

Q, S. Mercury-filled U tubes 

K. Expansion bulb 

T. SampliM reservoir 

tL V, Z. Two-way stopcocks for connection with atmosphere or suction 

X. Screw for closing off reservoir from McLeod gage 

Y. Ground glass stop|)er for holding weights 


qualitative composition. The ratio of pi to po gives the fraction by volume of the 
more volatile component present in the mixture, from which the quantitative com¬ 
position may be calculated. 

The procedure consists in condensing 1 ml. (cc.) of the gas under analysis in a 



1138 


CHEMISTRY OF PETROLEUM DERIVATIVES 


bulb cooled by liquid nitrogen. (See Fig. 282.) The apparatus is evacuated to 
10"® mm. and the temperature of the liquid nitrogen slowly raised, about 0.4® to 
0 . 6 ®C. per minute. The temperature and pressure are read at frequent intervals and 
plotted against each other. From these data the composition of the gases may be 
estimated. One of the limitations of the system is said to he in the fact that it has 
not been possible to determine saturated and unsaturated hydrocarbons of the same 
number of carbon atoms when both are present in the gas specimen. 

An explanation for the rather widely separated boiling points of methane and 
ethane, when compared with each other and with the remaining members of this 
homologous series, has been offered by Cox.^^ The reasons given for believing 
that methane and ethane are not homologous with other hydrocarbons of the paraffin 
series with regard to boiling point are: 

1. Methane contains a carbon-hydrogen bond of unique strength not found elsewhere 
in the series. 

2. Ethane contains a carbon-carbon bond also of unique strength not found elsewhere 
in the series. 

3. Propane contains no bonds that are not duplicated in the higher members of the series. 

If methane and ethane are treated as separate problem entities, it is stated that the 
remainder of the normal paraffin series can be related by the equation: 

log B = 1.07575 -f 0.949128 log m - 0.101 log*m 

where B is the normal boiling point in ®K. (assuming 0®C.=273.16°K.), m is 
the approximate molecular weight, and the logarithms are to base 10 . 

Low-Te.mper.ati’rk Fraction.ation Methods 

Among the outstanding advances in the analysis of complex hydrocarbon mix¬ 
tures by physical methods is the development of efficient fractionating columns 
capable of being used for the precise fractional distillation of small quantities of 
hydrocarbon liquids at temperatures down to the boiling point of liquid nitrogen. 
The types of apparatus which have been recommended for this procedure include 
those of Podblelniak, Frey and Yant, Davis, Schaufelberger, MacGillivray and 
Rosen and Robertson.^* The Podbielniak apparatus consists essentially of a vacuum- 
jacketed fractionating column designed for high efficiency at reflux temperatur(?s 
below atmospheric, together with an accessory apparatus for introducing gas or 
liquid samples into the column and for temperature and volume measurement. Re¬ 
frigerants such as liquid air, liquid carbon dioxide, brine, water and compressed air 
are employed to give the proper reflux ratio. In the column suggested by Frey and 
Yant controlled reflux was obtained by regulated heat withdrawal from the upper¬ 
most 10 cm. of a 50 cm. fractionating column. The effect was accomplished by cool¬ 
ing with liquid air through a 1 mm. annular space filled with hydrogen, whose pres¬ 
sure could be regulated. In this manner the rate of cooling could be controlled. 
The column described by Davis consists of glass tubing bent into a low pitch spiral 
of 30 to 40 turns. An immersion-type electrical heating device and a cooled receiver 
for condensation of the distillate vapors are employed. Schaufelberger advocates a 
reflux chamber separate from the fractionating column in an apparatus similar to 
that of Podbielniak. According to MacGillivray, a variable-pressure hydrogen 

R. Cox. Ind. Eng. Chem., 1935, 27, 1423; /. Inst, Fet. Tech., 1936. 22, 44A; Chem. Abs., 
1936, 30. 1277; Brit. Chem. Abs. A, 1936, 149. 

••For a description of the apparatus and procedure for analysis, sec Carleton Ellis, **The Chem* 
istiy of Petroleum Derivatives." The Chemical Catalof Co., Inc., New York, 1934. See also H. M. 
Stanley, Proc. World Petroleum Congr., London, 193j, 2, 830; J. Inst. Pet. Tech., 1934, 20. 243A; 
Brit. Chem. Abs. B, 1934. 741; Chem. Abs., 1934, ZM, 4871. W. A. McMillan. /. Inst. Pet. Tech., 
1936, 22, 616; /. Inst. Pet. Tech., 1936, 22, 496A; Chem. Abs., 1936, 30, 8586. 
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buffer will efficiently control the reflux ratio when the refrigerant is liquid nitrogen. 
The latter substance will not form explosive mixtures with hydrocarbons in the 
event of a leak as will liquid air. Rosen and Robertson point out that a column is 
not necessary in routine analysis of ternary mixtures but that the pressure and tem¬ 
perature of a vaporizing mixture may be plotted and the composition estimated by 
comparison with a master graph 

Lang*'*^ has described a modification of the Podbielniak apparatus which is re¬ 
ported to be efficient for the analysis of gas mixtures containing nitrogen, oxygen, 
hydrogen, carbon monoxide, carbon dioxide, methane, ethylene, ethane, propene and 
propane. The sample was introduced into a distilling flask, and any components not 
condensable at the temperature of liquid air and atmospheric pressure were pumped 
off into a 100 cc. burette. 

For receiving the fractions from the distillation a special 100 cc. burette was 
used. The burette, instead of being fitted with a compensator tube, was connected 
at the bottom through a side tube to an auxiliary leveling tube of the same base as 
the burette and located parallel to the burette. This leveling tube was enclosed in 
a water jacket. At the top the auxiliary leveling tube extended considerably above 
the gas burette and was open to the atmosphere, serving as a manometer to indicate 
the pressure of the gas in the burette with respect to the atmosphere. At the bottom 
the gas burette was also connected through a stopcock to a leveling tube. During 
the distillation a three-way stopcock at the top of the gas burette connected the latter 
to the distillation column. In this manner the auxiliary leveling tube in connection 
with the burette served as a manometer to show the distillation pressure. The rate 
of distillation can be controlled by opening the stopcock at the lower end of the 
gas burette. By regulating the reflux in the column the mercury in the gas burette 
and in the auxiliary leveling tube could be kept at the same level. 

When a fraction was to be separated, or when the burette was full, the three- 
way stopcock at the top of the burette was closed, the distillation interrupted by 
cooling and the volume read. Ihe three-way stopcock was then opened to a mercurv 
filled gas-sampling tube and the distillate transferred. 

The cut made at the ethylene boiling point range of the distillation curve 
( 115 C.) was said to contain hydrogen, carbon monoxide, nitrogen, methane and 

ethylene. This fraction was further analyzed by absorption and combustion, as de¬ 
scribed previously. The next cut was made between the ethane (—98°C.) and 
propene ( 61 C.) boiling point ranges. The difference in boiling points should 

be sufficient to give a sliarp break in the distillation curve, but in some cases it was 
necessary to add ethane to the sample to secure a clear ethane fraction which could 
further be separated into an ethylene-ethane portion and one of ethane-propene. 
1 he third cut contained the remainder of propene, propane and anv higher 
homologues. 

Kucken anfl Knick*’'' proposed a method for the microanalytical separation of low- 
boiling hydrocarbons, based u|)on adsorption of their vaptirs by activated charcoal. 
I'he latter is contained in one arm of a U-tube, whicl/is cooled to —103°C. by liquid 
ethylene. I he tube is then slowly raised into an electricallv heated furnace at 250°C. 
I he ga.ses which are evolved are continuously withdrawn from the other arm of the 
tube by a mercury pump and conducted to a collecting vessel. The pressures in the 
U-tube and collecting vessel, respectively, are read at frequent intervals and recorded 


^ to i* w I r®’ rV \9M, 28. u9^0- Brit. Cfu^. Abs. B, 19.U. 99.S. 

* ift i d 2®* Cftrm, Ahs. B. 19.15. 54. 

•'A F.nckfn a..<l H. Kn.ck, PrfnH.,lnffChem., 17, -Ml; Prit. Ckfm. Ab,. B. 19.16. 774. 
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as functions of the time of desorption. The gases are removed from the tube suc¬ 
cessively, the point at which each constituent is completely removed being marked 
by a minimum value of pressure in the tube. The proportions of constituents are 
then determined from the values for the pressure in the collecting vessel which cor¬ 
respond to the minimum values in the tube. The method has been reported as suc¬ 
cessful in the quantitative determination of a mixture of methane, ethylene, ethane 
and propane. 

Azeotropic Mixtures in Low-Temperaturk Fractionation 


The development of precision methods for the analysis of complex hydrocarbon 
gases obviously is fraught with considerable difficulty. This is true especially in the 
separation of ethylene from ethane by low-temperature fractional distillation 
methods.®^ In some instances further fractionation of this cut very often resulted 
in the isolation of an azeotropic mixture of acetylene and ethane of minimum boiling 
point. According to McMillan, a mixture containing 70 per cent of ethane and 30 
per cent of acetylene distilled at ~-94.5®C. until 73.5 per cent had come over, at 
which point the temperature broke sharply to —83.3°C., and the remainder of the 
ethane distilled at that temperature. With 70 per cent acetylene and 30 per cent 
ethane, a distillate amounting to 50.2 per cent of the mixture came over at —94.5°C., 
at which point the fractionating column froze solid with acetylene. When analyzed 
by catalytic hydrogenation of the acetylene over a reduced nickel catalyst, each 
of the azeotropic mixtures boiling at —94.5®C. gave 40.8 per cent of acetylene and 
59.2 per cent of ethane. Additional determinations on five other samples gave a 
boiling point range of —94,5 ± 0.1 °C. and a composition range of: acetylene, 
40.75 ± 0.25 per cent; ethane, 59.25 ± 0,25 per cent for the azeotropic mixture. 
These results offer an explanation for the presence of acetylene as shown by tests 
with various reagents even though no acetylene had been observed on fractional 
distillation of the sample. It is also reported to explain at least in part the appear¬ 
ance of so-called "‘carbon dioxide plugs” which develop from time to time in dis¬ 
tillation apparatus although the gases have been previously scrubbed with fresh 
caustic. The white solid which separates in such cases is usually not carbon dioxide 
but acetylene, which can be identified by Lebeau’s reagent (mentioned in the section 
in this chapter on absorption). 

Azeotropic mixtures have been employed in some cases to effect the separation 
of otherwise difficultly divided hydrocarbon portions. For example, the practical 
fractionation of a mixture of hydrocarbons having 4 carbon atoms to the molecule 
into a butene cut and a butane cut by distillation is said to be very difficult.*''* This 
is due to the small boiling point range (see Table 210). 


Table 210 .—Boiling Points of Butanes and Butenes, 



Isobutane. -12.4 

Isobutene. -6.7 

1-Butene. - 6.7 


B.P., X. 


«-Butane. -0.6 

2-Butene (/ron^.). 1.0 

2-Butene (cw). 3.7 


Moreover, the order of the hydrocarbons with respect to boiling point necessitates 
obtaining 4 fractions instead of 2. 

Separation is reported to be more readily effected by distillation in the presence 
of sulphur dioxide which forms azeotropic mixtures with the minimum boiling 
points at atmospheric pressure shown in Table 211 . 

«W. A. McMilUn, J.A.C.S., 1936, 51, 1345; Ckem. Abs., 1936, 30, 6702. 

•• M. P. Matuittk and F. E. Frey, Ind. Rng. Chem., Anat. Rd., 1937, 9, 111; Chem. Abt., 1937, 
31, 375.5; Brit. Chem. Abs. A (2), 1937, 173. 
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Table 211.— Boiiing Points of Azeotropes of Butanes and Butenes. 

Azeotrope B.P., ®C. Azeotrope B.P., ®C. 

Isobutane. -27 Isobutene. -17 

n-Butane. -21 2-Butene (mixture of 

1-Butene. -18 cw and frans forms) -16 

The order of the azeotropes with respect to boiling point differs from that of the 
hydrocarbons themselves for both the butane azeotropes are said to have boiling 



Courtesy Phillips Petroleum Co. 

Fig. 283.—Typical Isothermal Uistillation Curves for Binary Mixtures of Sulphur 
Dioxide with Butanes and Butenes at 3®C. (M. P. Matuszak and F. E. Frey) 

points lower than any butene azeotropes. If sulphur dioxide is added to a mixture 
of 4 carbon hydrocarbons in amounts equivalent to the azeotropes of the butanes 
present which lies between 59 and 62 per cent for cracked or cracking gas, and if 
the resulting mixture is then fractionally distilled, the butanes can be separated from 
the butenes. In this manner azeotropic mixtures of the butanes are formed, boil¬ 
ing between —27° and —21°C., while the butenes do not form azeotropes and boil 
between-“6.7° and 3.7°C. Thus there is a difference of about 14°C. between the 
highest boiling paraffin azeotrope and the lowest boiling olefin. 

Determination of Unsaturated Hydrocarbons in Gas Mixtures 

The quantitative estimation of unsaturated hydrocarl)ons in gas mixtures like¬ 
wise seems to be a matter of some difficulty, and can only be effected in few cases 
without some method of fractionation. Attention has been given to the analysis of 
olefin mixtures by absorption in various concentrations of sulphuric acid, with or 
without the addition of metallic salts. With sulphuric acid of appropriate concen¬ 
tration it is possible to effect an analytical separation of ethylene from its higher 
homologues because ethylene is ab.sorbed with most difficulty by sulphuric acid. 
However, the rates of absorption of propene and the two straight-chain butenes 
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approach one another so closely that any analytical separation of them by this acid 
seems to be rather impracticable. 

Determination of the total amount of unsaturated hydrocarbons in a pas mix¬ 
ture is identical with the problem of complete absorption of the ethylene which takes 
place only after a relatively long time, while the other unsaturated hydrocarbon 
gases require contact periods of much shorter duration. Bromine and fuming sul¬ 
phuric acid are the reagents usually employed for this purpose.•**■* Of the two, 
hromine water is reported to be more efficient, especially if the operation is carried 
out in a darkened pipette. Fuming sulphuric acid rapidly absorbs all unsaturated 
hydrocarbons, including ethylene, but simultaneously paraffin hydrocarbons also. 

Absorption of Olefins by Sulphuric Acid of Various Concentrations 

A number of methods have been proposed for the preferential absorption of vari¬ 
ous individual olefins by treatment with sulphuric acid of different concentrations. 
It has been suggested that 87 per cent sulphuric acid activated by silver and nickel 
sulphates he used for ethylene, 83 to 84 per cent acid for propene and 63 to 64 per 
cent acid for isobutene.®’’ 

Tropsch and Mattox®® have described a method for estimating ethylene, propene 
and butene in cracked refinery gases. Propene and butene are estimated by a 
method which consists essentially in determining the molecular weight of the origi¬ 
nal gas sample (dry and free of carbon dioxide and hydrogen sulphide) and also 
after the renjoval of propene and butene by 87 per cent sulphuric acid. These values 
are obtained with a Stock electromagnetic gas balance mentioned previously in tliis 
chapter. From the change in the molecular weight of the gas on the removal of 
propene and butene by the acid and the volume per cent of propene and butene 
removed, the molecular weight of these olefins is calculated and also the volunic per 
cent of propene and of butene in the original mixture is computed. IThylene is 
determined (after removal of other olefins) by absorption in a mixture comprising 
1 to 15 per cent of concentrated sulphuric acid saturated with nickel sulphate at 
2()®C. and concentrated sulphuric acid containing 0.6 per cent of silver sulphate. 
The apparatus^ consists of a gas burette connected to a Stock electromagnetic gas 
l)alance and to two absorption bulbs (Fig. 284). One-half of a 200 cc. sample is 
used for the molecular weight determination, while the other 1(X) cc. is treated to 
remove the propene and butene simultaneously. 

When ethylene is to be employed in the preparation of ethyl alcohol, it may be 
necessary to remove the higher olefins. According to Sakmin and Michnovska®^ 
the propene content of a gas mixture may be determined by absorption in sulphuric 
acid. In this method 80 cc. of the gas under analysis is forced into a gas burette 
and treated with 30 cc. of 87 per cent sulphuric acid. If less than 10 per cent of 
propene is present, the absorption is said to be complete in 10 minutes. 

Analysis of Gaseous Uns.aturated Hydrocarbons by Bro.mination 

Two general methods for the addition of bromine to olefins and diolefins have 
been reported. The first consi.sts of mixing the gaseous hydrocarbon mixture with 

**rar1eton Ellin, “The Chemistry of Petroleum Derivative’*.” The Chemical Catalog Co., Inc., New 
York. 1934. 

■•^Carleton Ellis, hr. cit. 

^ H. Tropnch and W. J. Mattox, Ind. Eng. Chem., /itial. lid., 19,14. 6, 404; Chrm. Abs., 1935. 
29, .119; Brit. Chrm. Abjr. B, 19.15, .192. See also M. B. Markovich and M. I. DementVva. Materiah 
v.t Cracking and Chemical Treatment of Products Obtained, Khimteoret (l.eninprad), 193S, No. 2, 
111; Chem. Abs.. 1935, 29. S77H. K. A. Andreev and M. B. Neiman, /. Applied Chrin. 

19.15. 8. 1100; Chem. Abs., 1936, 30, 5464. 

»P. K. .Sakmin and L. Michnovnka, Z. anal. Chem., 1935, 100. 264; Brit. Chem. Abs. B. 1935, 
442; Chem. Abs., 1935, 29, 3262. 
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bromine water, the second of treating the gas under analysis with potassium bro- 
mate, potassium bromide and sulphuric acid.®* The three latter substances evolve 
bromine slowly according to the mechanism: 

KBrO, + 6KBr + 3 H,S 04 — SKtSO, + 3H*0 + KBr + SBr^ 

The halogen thus produced adds directly to the unsaturated gases forming dibro¬ 
mides with monolefins and tetrabromides with diolefins. 



Courtesy Industrial and llnuinernnij Chemistry 

I'k;. 284.—Apparatus fur Delcrnilnatiun of Fropene and Butene in Ga.seous Mixtures. 

( H, 'I'rop.sch and \V. J. Mattox) 

The first method, that is, determination of olefins by the use of bromine water, 
is said to be attended with some difficulties.^® Among these are: 

1. If the gas contains a high percentage of unsaturated hydrocarbon gases, it is difficult 
on account of the slow diffusion of bromine vapors to get the latter sufficiently mixed 
with the gas to react completely with the olefins present. 

2. When mercury is u.sed as the confining liquid in the gas burette it is necessary to 
avoid contact of bromine fumes with this metal. 

3. When the percentage of |)araffins in the sample is high, the solubility of these gases 
in bromine water is sufficiently great to intrmluce serious errors in the determination of 
small amounts of olefins. 

4. When excess bromine vapors arc removed by absorption in sodium or potassium 
hydroxide after reaction with olefins, the evolution of oxygen by dccomiiosititm of the 
hypobromite formed must be avoided. 

The investigator reported that these difficulties can he overcotne to a large degree 
hv employing a solution saturated with both sodium chloride and bromine inste;\<l 
of bromine water as the ab.^orhing medium. In this manner the absorption of par¬ 
affins was .said to be reduced to a negligible amount. A pipette containing 25 per 

See. Carlcton K.llis, “The ('hrinivtrv »>f Petroleum Derivatives,'* The ('hemical ('ataloR ('o.. Inc.. 
New York. 1934. 

I. \V. T.anir. fnd hup. ( hem., .^naf. hd . I't.V"'. 7. 150: ( hem. .4h.v . 29. 4<>'44: Rnt Chem. 

B 1915, r»12. Cf. P. K. S.ikmin. Ca.<i ii. lt\is.rerfnrh, 19.15. 78. 490; /?nV. Chem. .-Iht B. I**!', 
7H9; (hem .4hj.. 19.15. 29. <>7.12, 
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cent caustic soda was attached to the bulb containing the absorbing solution. The 
caustic soda was placed in the apparatus to remove bromine fumes. The procedure 
consisted of bubbling the gas through the bromine solution, if the concentration of 
olehns was high. If low, part of the gas was bubbled through the solution and the 
remainder conducted into the excess bromine fumes, the object being to expose only 
a small quantity of the gas to the solution and at the same time to insure excess 
bromine in the gas. The brominated gas is then drawn through the caustic soda 
pipette by suction and forced through a tube to a caustic potash solution. In this 
way the excess bromine vapors are removed. To minimize the error caused by evo¬ 
lution of oxygen in the caustic soda pipette, fresh reagent was added frequently. 

Winbladh®^ suggests that cracked petroleum gases be treated with bromine water 
at —20 to —30®C. to form dibromides and tetrabromides, respectively, of the 
monolefins and diolefins present. The bromination products are collected in ice- 
cooled 10 per cent potassium bromide solution and distilled under 15 mm. pressure 
to separate the dibromides of ethylene, propene and butene from those derived from 
higher olefins. The residue, which contains the diolefin tetrabromides (as well as 
the higher dibromides), is agitated with hot ethyl alcohol. On cooling the mixture 
to 0®C. crystals of butadiene tetrabromide are said to be obtained. One portion of 
the distillate on shaking with a solution of disodium thioglycolate forms crystals of 
ethylenebisthioglycolic acid which may be dried and weighed. A second portion 
of this distillate is again fractionated into two cuts, the first boiling below 44®C. 
under 15 mm., the second boiling between 44 and 55°C. under 15 mm. The frac¬ 
tions were then treated with alcoholic disodium thioglycolate and caustic soda. The 
olefins other than ethylene may then be estimated by adding potassium bromate, 
potassium bromide and sulphuric acid to the two cuts from the last distillation. Ex¬ 
cess bromine is replaced by iodine from potassium iodide and the iodine titrated 
with sodium thiosulphate. The process is reported to be tedious, four days being 
required for a complete determination. In addition, the error in estimating the 
olefins other than ethylene is said to be as high as 5.5 per cent. 

Mulliken and Wakeman^^ point out that the bromide-bromate titration may be 
applied to the determination of mono- and diolefins. In their procedure they rec¬ 
ommend that the calculated amount®^ of standardized bromide-bromate solution be 
placed in a glass-stoppered flask and mixed with 0.5 cc. of the hydrocarbon mixture. 
Then 15 cc. of 10 per cent sulphuric acid are incorporated. The bottle is stoppered 
and shaken until the bromine color vanishes. Instead of disappearing, should a 
visible bromine color still remain after two minutes of shaking, 5 cc. of IS per cent 
potassium iodide are added and the liberated iodine titrated with 0.2N thiosulphate 
solution. If the color of the bromine disappears additional aqueous bromide- 
bromate is added until a yellow color persists in the solution. Potassium iodide is 
incorporated and the liberated iodine titrated with sodium thiosulphate. 

Special Methods of A.valysis of Unsaturated Gases 

For the determination of acetylene in gases which contain high percentages 
of that substance, Novotny®® suggested that the mixture be treated with silver 

•• R. Winbladh, Ing, Vetenskaps, Akad. Handl., 19J6, 138; Chem. Abs., 1936, 30. 3746; Brit. Chem. 
Ahs. B, 1936, 732. 

S. P. Mulliken and R. L. Wakeman, Ind. Eng. Chem., Anal. Ed.. 1935, 7, 59; Chem. Abs.. 1935, 
29. 1362; Brit. Chem. Abe. A. 1935, 324. 

the obeerved boiling point of the hydrocarbon mixture. 25*C. wat added. The amount of bro* 
mide-bromate solution theoretically neceaaary to titrate an olehn boiling at aucb a temperature waa 
calculated. This quantity of bromide-bromate aolution minus 2 cc. it employed. Hence, leaa than the 
amount theoretically neceaaary for the hydrocarbon at hand waa alwava uaed at the heginnine. 

•• D. P. Novotny, Cotleeiion Cteehoilov. Chem. Cammnnicationt, 1935, 7, 84; Brit. Chem. Abe. B. 
1935, .394; Chem. Abt., 1935, 29, 3940. 
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nitrate to form a precipitate of the silver nitrate complex of silver acetylide 
(C 2 Ag 2 N 08 ). The latter is filtered off and the excess silver nitrate titrated with 
O.IN ammonium thiocyanate or determined gravimetrically as silver chloride. 

A method for the estimation of gaseous olefins by catalytic hydrogenation has 
been proposed.®^ It requires that a measured volume of hydrogen be mixed with a 
known quantity of olefin»containing gas and the mixture passed over an appropriate 


Fu;. 285. 

Diagram of Apparatus for Analysis of Olefinic Gases. 
(VV. A. McMillan, H. A. Cole and A. V. Ritchie) 
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A|, Aj. TubcH for introducing sant))k> 
Di. Ii», Burettes 
F|. F|. Manometers 
Hj, Hj. leveling iKjttles 
J. Catalyst lut>c 
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catalyst at 20°C. and 1 atmosphere pressure. The resulting contraction in volume 
is a direct measure of the amount of olefin present. 

CwHjm -f Hj —^ ^ 2 

One volume of olefin reacts with 1 volume of hydrogen to form 1 volume of jwr- 
affin, and the change in volume on hydrogenation is from 2 volumes to 1. In the 
case of diolefins, the contraction is represented by: 

CnHu - 5 + 2H, —, 2 

W. A. McMillan. H. A. Cole and A. V. Ritchie. Ittd. Ena. Chem.. Anal. Ed., 1936. 8. 105, 
Drii. Chem. Abs. B, 1936. 435; J. Inst. Pet. Tech., 1936. 22, 301A. See also. K. P. Lavrovskii. 
A. F. Nikolaeva. P. V. Puchkov and G. M. Freiman. Neft. Kho:., 1935, 28 (8) 65, (9). 75; Chem. 
AbSj^ 1936. SO, 8588. W. J. C. de Kok, H. I. Waterman and H. A. van Westen, J.S.C.I., 1936, 55, 
225T; y. Inst. Pet. Teeh., 1936, 22, 438A; Chem. Abs.. 1936, SO, 7929. 
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The catalyst employed in such hydrogenations consisted of nickel saturated asbestos, 
prepared from nickel nitrate hexahydrate, asbestos and nitric acid. The apparatus 
consists of two water-jacketed burettes and compensators with a catalyst tube 
mounted between them (Fig, 285). The gases are measured, conducted over the 
catalyst and the contraction in volume noted. 



A. Burette 
H. Water jacket 
('. Thermometer 
1). Leveling bottle 
K. Absorber 
F. Water jacket 
Leveling bulb 
n. (ia» bulb 
L Leveling bulb 
L Iteating tube 
k. Reflux condenser 


Courtesy Industrial and I'.tiyiueering Chemistry 

Frc. 286.—Gas Burette and Absorption Tulx- Kniployed in Determination of Butadiene 
in (ias Mixtures. (H. Tropsch and \\’. J. Mattox ) 


According to Dillon, Young and Lucas^ mixtures of the three normal butenes 
can be analyzed by means of the densities of their dibromides and the reaction rate 
of these latter compounds with potassium iodide. Tlie method depends on the fact 
that each of the three butenes is quantitatively converted to the dibromide by treat¬ 
ment with bromine, and each of the dibromides has a different second-order reaction 
rate with jKitassium icKlide in methanol at 75®C. A combination of the reaction rate 
with the density is sufficient for the analvNis of any mixture of the three dibromides, 
and from this the content of the three butenes can be computed. To investigate the 
possibility of the dibromide mixture undergoing isomerization during the reaction 

• R. T. Dillon, VV. t». Young and H. J. Luca», J.A.C.S., 1930, 52, 1953; CUcm, Abs., 1930, 24, 
2979; Brit. Client. Abs. A, 1930, 888. 
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with potassium iodide, the stability of these substances was tested by distillation at 
atmospheric pressure.**** A sample of 111.5 g. of dibromobutane, containing the 
three types and having 1.5118, reaction rate constant (with potassium iodide) 
0.06(X) and = 1.7835, was reported to distil between 15*)-165°C., leaving no 
high boiling residue. The distillate was found to have njj* 1.5118, reaction rate 
constant 0.0598 and ^ 4 ^ 1.7828. The absence of change in the reaction rate con¬ 
stant was said to show that no isomerization had occurred. Traces of decomposition 
products due to the loss of hydrogen bromide were reported as the cause of the slight 


TZ ComUSTtONTubL 
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FiCi. 287.—Apparatus for Continuous Determination of Helium in Natural Gas by 
Thermal-Conductivity Measurement. (A. S. Smith) 


change in density, but it was stated that a distillation at reduced pressure would 
restore the density to its previous value. 

Tropsch and Mattox**" suggest the use of maleic anhydride for the estimation 
of butadiene. The reaction between these two substances is said to l>e rapid at 
1()0®C., which would seem to point out an advantage in using the molten anhydride. 
The apparatu'i consisted of a gas burette in connection with an absorption tul>e. 
(See Fig. 286.) Boiling water was circulated about the absorption pipette to main¬ 
tain the temperature at 100°C. The gas was forced through the absorlxmt twice and 
the diminution in volume noted. It is staled that the anhydride does not absorb 
niehns or acetylene if the concentration of the latter is less than 40 per cent. 

The use of a Wheatstone bridge for the determination of helium and argon in 

W. ( 1 . Young and S. Winstcin. J..4.CS., 1936, 58, 102; Brit. Chetn. Ahs. A, .110; (hem. 

ll^^Trousch^ and W. T. Mattox, Ind. Chem.. Anal. Ed., 19,14, 6, 104; Bnt Chem. Ahs. B, 

IV14 190* / Inrt. I*et. Terh^, 19.14, 20. 488A; Chem. Ahs.. 1934, 28. .1029. Sec al.so. ('.irlrton KUi^. 
**Thf Chemimry of Svnlhettc Repins.” Reinhnld Puldishing Corp.. New York, 1935. 
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natural gas is proposed by Gerling The gases were heated by two wires of the 
bridge and the change in thermal conductivity noted. The pressure, if it is above 
40 mm., is said to have no effect upon the thermal conductivity or resistance. The 
apparatus was originally calibrated with pure gases and is reported to be sensitive 
to 0.3 per cent of helium in a sample. To remove the hydrocarbons which are 
present, measured volumes of natural gas and oxygen are mixed and the hydro¬ 
carbons separated by combustion.^® In the procedure natural gas was led through 
an inlet flow meter at one 1. per hour at 0®C. and 760 mm., while oxygen entered at 
1.685 1. per hour under the same conditions. The two were admixed and conducted 
at a space velocity of 0.27 to 0.69 cc. per hour per cc. of reaction space through a 
quartz combustion tube. The latter contained cobalt oxide at 800®C. As the gases 
leave the combustion chamber, condensed water vapor is removed in a water trap, 
and carbon dioxide by scrubbing with caustic soda and ascarite.®®* The gas, in 
which the concentration of helium has been increased, is then analyzed by thermal- 
conductivity measurement. 

Benzene vapors may be determined colorimetrically. The sample of gas under 
analysis is treated with concentrated nitric acid to form m-dinitrobenzene. The 
mixture is neutralized and the nitrated benzene extracted with butanone. When 
caustic soda is added to the dinitrobenzene extract a violet color is reported to be 
produced, which may then be matched against known color standards.*^® 

«E. K. Gcrling, /. Applied Chem. (U.SS.R.), 1933. 6. 1153; /. Inst. Pet. Tech.. 1934, 20, 567A; 
Brit. Chem. Abs. B. 1934, 269; Chem. Abs., 1934. 28, 3872. Cf. W. J. Willenborg. British P. 424,053. 
1935; J. Inst. Pet. Tech., 1935, 21, 164A; Chem. Abs., 1935, 29. 5254; Brit. Chem. Abs. B. 1935, 
363. 

•A. S. Smith, Bur. Mines. Kept, of Investigations, 1934, No. 3250; Chem. Abs.. 1934, 28, 6594; 
Brit. Chem. Abs. B, 1935, 186. 

^ Ascarite is a mixture oC alkali and asbestos. See J. B. Stetser, Chemistry and Industry, 1924, 
637. T. B. Stetser and R. H. Norton, Iron Age, 1918, 102, 443; Chem. Abs.. 1918, 12, 2076. 

H. H. Schrenk, W. P. Yant and S. J. Pearce, Bur. Mines Rept. of 1 nvestination, 1935, No. 
3293; Chem. Abs., 1935, 29. 7869; Brit. Chem. Abs. B, 1936, 178. 



Chapter 50 

Analysis of Petroleum Distillates 

Petroleum oils consist of extremely complex mixtures of hydrocarbon material 
together with smaller amounts of organic compounds containing, e.g., nitrogen and 
sulphur, and still smaller proportions of inorganic substances (See Chapter 1). 
During the course of refining operations, it is usual to remove almost all of the 
non-hydrocarbon substances since these are considered present as impurities which 
are held to be injurious in the commercial products. It is convenient to treat the 
methods used in the quantitative evaluation of these different substances first and 
then proceed to a consideration of the measurement and significance of physical 
characteristics of petroleum fractions.^ 


Hydrocarbon Analysis 


As has been pointed out in Chapter 1. the petroleums obtained from different 
portions of the world differ in their composition to a considerable extent. One of 
the principal differences is in the type of the predominant hydrocarbons. Thus, the 
oils from Baku and Grozny contain a high proportion of naphthenic constituents 
whereas oils from Pennsylvania are very largely paraffinic. On the other hand, 
aromatic hydrocarbons seem to be the characteristic components of petroleums from 
Borneo. Olefins apparently do not occur to any appreciable extent in crude petro¬ 
leum, although they may form as much as 60 per cent of the gasoline resulting from 
vapor phase cracking ^ Because of the influence of these various types of hydro¬ 
carbons on the uses and properties of petroleum and its fractions, it is of importance 
to differentiate between them and to estimate their relative proportions in any given 
distillate. The problems presented in these distinctions are rendered more difficult 
by the complexity of the petroleum itself and the variation in reactivity of the differ¬ 
ent members of any homologous series. 

Polyakin’* has described a method by which he determines quantitatively the 
alkenes, aromatics, six- and five-carbon-ring-naphthenes and paraffins in gasoline. 

* See also, Carleton Ellis, “The Chemistry of Petroleum Derivatives,’* The Chemical Catalog Co., 
Inc., New York, 1934. D. A. Howes, /. Inst. Pet. Tech., 1930, 16, 54; Brit. Chem. j4bs. B, 1930, 

802; Chem. Abs.. 1930, 24, 4381. T. S. S. Brame, /. Inst. Pet. Tech., 1933. 19, 652; Chem. Abs., 

1933, 27, 4912. W. H. Thomas, ibid., 636; Chem. Abs., 1933, 27, 4912. C. Chilvers, ibid., 1934, 20, 
457; Chem. Abs., 1934, 28, 5641; /. Inst. Pet. Tech., 1934, 20, 449A. A. R. Bowen, ibid., 419; 
Chem. Abs., 1934, 28, 4581. B. Blajot, Pot. farm. mil.. 1931, 9, 225; Chim. ct ind., 1931, 26. 1074; 
Chem. Abs., 1932, 26, 1425. E. Hubendick, Tek. Fbren. i Finlasui Fdrhandl, 1931, 51, 99, 148, 183, 
221; Chem. Abs., 1931, 25, 5975. H. Schildwachter and H. Martin. Brennstoff-Chem., 1935, 16. 301 ; 

Brit. Chem. Abs. B, 1935, 980; Chem. Abs., 1936, 30. 3963. B. Hilliger, Proc. World Petr. Congr. 

London, 1933. 2, 431; ;. Inst. Pet. Tech.. 1934, 20. 313A {CJ. Petroleum Z., 1930. 26. Motoren- 
betficb und MaschincH’Sehmierung, 1930, No. 5, 3; No. 6. 9; (fhen%. Abs., 1930, 24, 4621). E. Kad- 
mer, Petroleum Z., 29, No. 16, Motorenbetrieb und Maschinen-Schmierung, 1933, 6, No. 4, 2; Chem. 
Abs., 1933, 27, 3592. \V. B. Hardy, Dept. Sci. Ind. Research, Lubrication Research Tech. Paper, 
No. 1. 1 0930); Chem. Abs., 1930, 24, 3894. H. H. Langdon, State Col. of Wash., Engr. Expt. Sta. 
Bull., 1933, 41; Chem. Abs., 1933, 27, 4065. M. Brutzeus, Compt. rend., 1935, 201, 423; Brit. Chem. 
Abs. B. 1935. 1031. 

* Carleton Ellis. “The Chemistry of Petroleum Derivatives,” The Chemical Catalog Co., Inc., 
New York, 1934. See also Chapters 1, 2, 3. 4, 5. this text. W. Tiraspolsky (Petroleum Z., 1934 
SO, No. 51, 1; Brit. Chem. Abs. B, 1935. 301) believes that the condensable constituents in the nat¬ 
ural gas from a well should be included in the analysis of crude oils. 

•Yu. Polyakin, Neft. Khos., 1935, 28 (8). 74; Chem. Abs., 1936, 30, 3989; /. Inst. Pet. Tech., 
1936, 22, 143A. 
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His procedure is to pass the vapors from a weighed sample (0.1 to 0.5 g.) through a 
series of absorption chambers and combustion tubes in which is maintained an at¬ 
mosphere of nitrogen. Unsaturates are absorbed by a solution of mercuric acetate, 
and after drying the residual vapors the aromatic hydrocarbons are removed by sul¬ 
phuric acid containing silver nitrate. The naphthenes with six-membered rings arc 
dehydrogenated to aromatic hydrocarbons by passage at 300°C. over platinized 
asbestos. The five-carbon-ring-naphthenes and the paraffins are unaffected by this 
treatment. The aromatics are absorbed in sulphuric acid, after which the penta- 
naphthencs and paraffins are adsorbed on activated carbon. The hydrogen from 
the dehydrogenation on platinized asbestos is burned at 300° C. in a tube containing 
cupric oxide, and the water absorbed by phosphorus pentoxide. 

In addition to methods which depend upon chemical analysis, analyses may he 
computed from data obtained in simple tests. For example, if v is the volume of 
unsaturated and aromatic hydrocarbons in a distillate, T the 50 per cent point (°F.) 
of the residue after treatment with sulphuric acid and d the specific gravity of the 
distilled residue, the percentage of paraffinic and naphthenic hydrocarbons has been 
calculated from formulas given by Minter 


Paraffin [ 'c = 


Naphthene % *= 


(l - (0.7126 + 0.0002447' - </) 

(0.'059r+0'.00()()i6f)100 

(l - (1 - 0.7126 + 0.0002447' - d) 

(0T659lT07000bl67Tl00 


Tilicbeev and Masina® have reported a method for the calculation of aromatic and 
unsaturated compounds in a gasoline which depends upon the determination of the 
aniline point before and after treatment with KattwinkePs reagent (phosphoric and 
sulphuric acids) and also after treatment with 98 per cent sulphuric acid. Further, 
the proportion of aromatic compounds may be determined by reacting unsaturates 
with bromine and separating the portion containing aromatics by distillation. In 
the latter distillate the aromatics are determined by sulplionation. Using sulphuric 
acid of specific gravity 1.84 to remove aromatics from 50 cc. of a gas oil, a some¬ 
what similar procedure for the analysis of gas oils has been described by van Dijk.* 
The naphthene content is subsequently calculated by using the specific refraction 
methods described later in this chapter. 

The estimation of aliphatic hydrocarbons in aromatic hydrocarbons^ .such as 
commercial benzene, has been outlined by Goettsch.^"^ One volume of the hydro¬ 
carbon and 5 volumes of 95 per cent ethanol arc mixed. Tf) 30 cc. of this mixture 
in a 50 cc. bottle, water is added from a burette until separation of the hydro¬ 
carbon just takes place. By reference to tables (based on determinations ^\'ith 
known mixtures), it is then possible to read off the per cent of aromatics in the 
original hydrocarbon mixture. 

A micromethod for the estimation of the hydrocarbons in cracked gasoline has 
been propo.sed by Bespolov and Generalov.’^ This procedure is very similar, in the 


*C. C. Minter. f^at. Pet. News, 25, No. 8. 25. 27; C/irm. Ahs.. 19.V1. 27, 2792; Brit. 

Chem. Ahs. B. 19.U, 773; /. Insl. Pet. Tech., \9i4. 20, 152A. 

^ M. I). Tilichecv ami M. P. Marina. Khimicheskii Sostav Nrftci i Kcftyainiikb Productov (A. AT. 
.^akhanov), Moscosv-Petrograd, 1931, 286; Ncft. Khos., 19.12, 23, 161; Chem. Abs., 193.1, 27, 2024; 
Brit. Chem. Abs. B, 19.13, 659. 

M. A. van Dijk, Met. Cas. 1933. 53, 449; Chem. Abs.. 1934, 28, 885. 

G. Gocttsch, Verjkroniek. 1933, 6. 14, 325; Brit. Chem. Abs. B, 1934. 948; Chem. /.entr., 

1934, 1, 1265; Chem. Ahs., 1934, 28, 3569. 

N. E. Beapdov and V. M. Generalov, Aser. Neft. Khoz., 1934, No. 11-12, 90; Chem. Abs., 

1935, 29, 7628. 
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separate tests used, to the method of Polyakin® previously described. The essential 
differences are that unsaturated compounds are absorbed in bromine dissolved in 
acetic acid rather than in mercuric acetate solution, and subsequent operations are 
not carried out in a continuous manner. 

The Use of Ultraviolet Light in Classification of Hydrocarbons 

The use of ultraviolet light in the artificial aging of gasoline and other petro¬ 
leum fractions has been discussed in Chapter 40. The characteristic fluorescence of 
different classes of hydrocarbons under the influence of light from either a mercury 
or iron arc light has been recommended as a possible method for distinguishing be¬ 
tween various hydrocarbons and waxes. Generally the fluorescence has not been 
sufliciently characteristic to permit of the identification of the several compounds 
studied in mixtures.® According to Balada^® the fluorescence of naphthenic oils is 
blue, of asphaltic oils brown and of paraffln-base oils a light milky-yellow. He sug¬ 
gested that it would be possible to follow the change from naphthenic (blue fluores¬ 
cence) to asphaltic (brown fluorescence) substances which takes place during 
oxidation of insulating or lubricating oils up to an asphalt content of about 0.40 per 
cent. This method is said to be capable of a reasonable degree of accuracy when 
applied to oils from the same source. 

Estimation of Alkenks 


The quantitative estimation of alkenes (ethylenic hydrocarbons) has been ef¬ 
fected by several reactions which are typical of this class of compounds.^^ Among 
the more usual methods may be mentioned absorption in sulphuric acid,^^ halogena- 
tion, reaction with mercuric salts or with other reagents such as ozone, sulphur 
monochloride^® and antimony trichloride.'^ 

Absorption of alkenes in sulphuric acid is complicated by the fact that acid 
strong enough to remove polymers of diolefins (which may be present due to the 
action of the acid) wilf also extract some of the aromatic hydrocarbons.'® It is 
suggested that the proportion of aromatic and olefinic hydrocarbons may be deter¬ 
mined collectively by absorption in 98.3 per cent sulphuric acid and individually by 
absorption of the olefins in a 6 per cent aqueous mercuric acetate solution.'® 

*Yu. Polyakin, loc. cit. 

• E. Galle, R. Klatt and W. Frirdl, Moiitan. Rundschau, 1035 . 27. (18); Chem Ahs., 1036. 30. 
427: Petroleum 7.., 1935, 31, No. 3(>. 1 ; Brit, Chem. Ahs. B. 1935. 080. See also, S. Bruckner and 
P. Meinhard, Petroleum Z., 1933. 29, No. 13. 8; Oumi Ahs., 1933, 27. 3597; Brit. Chem. Ahs. B. 
1933, 418. 

’«A. Balada. Petroleum Z.. 193.5. 31. No. 48. 11; Brit. Chem. Ahs. B. 1936, 83; Chem. Ahs., 
1936, 30. 3211; J. Inst. Pet. Tech., 1936, 22. 48A. 

.See Carleton Ellis. "The Chemistry of Petroleum Derivatives." The Chemical Catalog Co.. Inc., 
New York. 1934, and this l>ook. Chapters 24 -and 25. 

^A method for evaluation of |>etrolatuni bv rubbing \%ith sulphuric acid is described by V. O. 
.Schmatolla, Pharm. Ztg., 1933, 78. 1214; Chem. Ahs., 1934, 28, 855. 

** S. S, Nametkin and V. Zaborovskaya. J. Applied Chem. (V.S.S.R.), 1936. 9, 555; Chem. Ahs., 
1936, 30, 7828; Brit. Chem. Ahs. B, 1936, 627. Cf. also S. S. Nametkin and E. A. Robinzon, Seft. 
Khos., 1933, 24, 292; Brit. Chem. Ahs. B. 1934, 262; Chetn. Ahs., 1933, 27. 5953. 

** Antimony trichloride has been found to give color reactions with various types of unsaturated 
compounds. See S. Sabetay, Compt. rend.. 1933. 197. 557; Chem. Ahs., 1933, 27, 5714; Brit. Chem. 
Ahs. A, 1933, 1138. R. Dclaby, S. .Sabetay and M. Janot, Compt. rend.. 19.34, 198, 276; Chem. 
Ahs., 1934. 28, 2321; Brit. Chem. Ahs. A, 1934. 276. Cf. also V. E. Levine and E. Richman, J. 
Biol. Chem., 1933, 101, 373; Brit. Chem. Ahs. A. 1933. 987; Chem. Ahs., 1933. 27, 3975. Bioehem 

1933, 27, 2051; Chem. Ahs., 1934, 28. 3.392; Brit. Chem. Ahs. A. 1934. 199. 

'•J. Varga and I. Makray (BrennstoffChem., 1932. 13. 248; Bri>. Chem. Ahs. B. 1932, 826; 
Chem. Ahs., 1932, 26, 5196) have observed this also in studying the action of sulphuric acid on a 
benxine from cracked brown-coal tar. 

Sec for example N. DInSili, Th. lonescu and R. Verona. Bui. Chim. Soe. Romdne Chim., 1932. 
85, 107; Chem. Ahs., 1934, 28, 3569; /. Inst. Pet. Teeh., 1934, 20, 242A. Cf. also A. F. Dobryan- 
skii and N. D. Gadaskina, Materials on Cracking and Chemical Treatment of Products Obtained, 
Khimteoret, {Leningrad), 1935, 2, 223; Chem. Ahs., 1935, 29, 6032; Bnt. Chem. Ahs. B. 1936, 
b.3l. 
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Milas and McAlevy'^ observed that furoperacid^® may be used for the estima¬ 
tion of unsaturated hydrocarbons but that quantitative results were not obtained in 
all cases. This is also the case with other peracids, such as perbenzoic and per- 
camphoric acids.^® 

Halogenation of unsaturated linkages has been proposed also. For example, the 
slow liberation of bromine (in the presence of olefinic hydrocarbons) from an aque¬ 
ous solution of potassium bromate and bromide by sulphuric acid is said to be a 
useful method. Under these conditions there is little tendency for substitution of 
hydrogen (in the hydrocarbon) by the halogen to occur. This procedure, which 
was developed by Francis,has been modified somewhat by Mulliken and Wake- 
man.-^ The amount of bromide-bromate solution to be added is 2 cc. less than the 
amount necessary for the alkene which would boil 25°C. higher than the sample 
under investigation. The procedure is given: 

The calculated amount of standardized bromide-bromate solution is run into a 
118 cc. (4-oz.) glass-stoppered bottle, 0.5 cc. of hydrocarbon is then added, and 
finally 15 cc. of 10 per cent sulphuric acid. The Wtle is stoppered quickly and 
shaken well until the bromine color vanishes and does not reappear when agitation 
is temporarily stopped. If, instead of disappearing, a visible bromine color still 
remains after 2 minutes’ shaking, 5 cc. of 15 per cent potassium iodide are added 
and the liberated iodine is titrated with i)2N thiosulphate solution. If, on the other 
hand, the color disappears, more bromide-bromate solution is added, 1 cc. at a time, 
until a visible yellow color finally persists after 2 minutes of shaking. Titration is 
then completed. 

This procedure was found to be suitable for determination of the degree of un¬ 
saturation in alkenes, cycloalkenes and alkadienes, but not for alkynes and only 
doubtfully in terpenes. Titration of cyclopentadiene by the bromide-bromate method 
gives inaccurate results, largely due to formation of a peroxide of the hydrocarbon.^^ 

Other methods by which halogenation may be effected involve the use of iodine, 
bromine, iodine chloride, or a solution of iodine bromide in glacial acetic acid.^® 
Some difficulty is frequently experienced in using these reagents with dark-colored 
petroleum oil because of masking of the color of the iodine or bromine. 

Hugel and,_Krassilchik2* have applied the thiocyanogen number (which has 
found some application in the study of fats and oils) to the estimation of the un¬ 
saturation of hydrocarbons. The reagent in the present instance consists of a solu- 


Alcvy, 1934, 56, 1219; J. Inst. Pet. Tech., 1934, 20, 407A; 

Brit. Chem. Abs. A. 1934, 778; Chem. Abs., 1934. 28. 4413. 

Fu roper acid is pre(»red by treating difuroyl peroxide (from furoyl chloride and sotlium peroxi<le) 
with sodium methoxide in anhydrous ether. 
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See Carleton Ellis, loc. cit. 

»A. W. Francis, Ind. Eng, Chem., 1926, 18, 821, 1095; Chem. Abs., 1927. 21, 645; Brit. Chem. 
Abs. B. 1926. 811. 

S. P. Mulliken and R. L. Wakeman, Ind. Eng. Chem., Anal. Ed., 1935, 7, 59; Chem. Abs., 
1935, 29, 1362: Brit. Chem. Abs. A, 1935, 324; J. Inst. Pet. Tech., 1935, 21, 126A. 

»G. R. Schultze, J.A.C.S., 1934, 56, 1552; Brit. Chem. Abs. A. 1934, 995; Chem. Abs., 1934, 
28, 5047. 

>* £. Rossmann, Angew. Chem., 1935, 48, 223; Chem. Abs., 1935, 29, 4611: Brit. Chem. Abs. 
A, 1935, 728. Volmar and Wagner. Bull, soc, chim., 1935, (5) 2. 826; Chem. Abs., 1935, 29, 5815; 
Brit. Chem. Abs. A, 1935, 843. E. E. Casimer and M. Dimitriu, Petroleum Z., 1935, 31, No. 33, 1: 
Brit. Chem. Abs. B, 1935, 890; J. Inst. Pet. Tech., 1935. 21, 369A; Chem. Abs., 1936, 30, 845. 
£. Galle and R. Klatt, Brennstoff-Chem., 1933, 14, 321; Chem. Abs., 1933, 27, 5933; Brit. Chem. 
Abs. B, 1933, 901. 

**G. Hugel and A. Krassilchik, 9th Cong. Chim. Ind., Barcelona, 1929; /. Inst. Pet. Tech., 1929, 
15, 744; Chtm. et ind. Special No., 203, 1930; Chem. Abs., 1930, 24, 5714. 
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tion of thiocyanogen in an organic solvent such as acetic acid. This may be pre¬ 
pared either from lead thiocyanate and bromine or by the addition of bromine to a 
solution of sodium thiocyanate in glacial acetic acid.^® Thiocyanate numbers have 
been used in the study of the composition of cracked gasoline. The results indicated 
that there was some difference in the reaction between an olefin and thiocyanogen 
from that between an olefin and mercuric acetate.^® 

Estimation of Unsaturation by Hydrogenation 

Procedures for the estimation of unsaturation by addition of halogens or thio¬ 
cyanogen have the serious disadvantage that combination is only quantitative in 
certain cases, such as with normal alkenes. Some diolefins, e.g., isoprene and 
2,4-dimethylpentadiene-l,3, give bromine numbers which are approximately one-half 
of the theoretical value. De Kok, Waterman and van Westen^^ have described a 
method of hydrogenation of organic substances by which it is possible to determine 
the degree of unsaturation readily. Their procedure is to bring a weighed amount 
of substance and a measured volume of hydrogen in intimate contact with an oxy¬ 
gen-free palladium- or platinum-on-asbestos catalyst at about 200®C. After reaction, 


the excess hydrogen is pumped into a gas 

burette where the volume is measured. 

From the amount of gas thus united, the unsaturation of the compound may be cal¬ 
culated. Some of the results obtained by the hydrogenation method are compared 
with the corresponding values obtained by the bromine method of Mcllhiney^® as 

shown in Table 212. 



Table 212 .—Hydrogenation of Unsaturated Compounds. 


Hydrogen 

Bromine 


Value. 

Value. 

Compound 

Per Cent of Theory 

Olefins 



Amylene. 

. .. 100.8 

100.4 

Hexene-1. 

. . 101.1 

99.9 

Heptene-1. 

.. 100.3 

98.2 

Octene-1. 

.... 100.6 

100.3 

Decene. 

101.4 

100.7 

Hexadecenc. 

Diolefins 

99 6 

99.9 

Isoprene. 

99.7 

50.0 

2,4-Dimethylpentadiene-l,3 .. 

.... 101.4 

42.8-48.6 

2,5-Dimethylheptadiene. 

Cyclic Compounds 

.... 101.0 

65.5-67.4 

Cvclohexene. 

. 100.3 

99.8 

a-Pin-^ne. 

. 99.9 

>100. 

Styrene (Pd catalyst). 

. 100,8 

100.3 

Styrene (Pt catalyst). 

_ 100.3 

100.3 


»H. P. Kaufmann and W. Oehring, Brr. 1926. 59, 187; Chcm. Abs., 1926, 20. 1603; Bnt. Chem. 
Abs. A, 1926. 392. H. P. Kaufmann. Arch. Pharm., 1925. 263, 675; Brit. Chem. Abs. B, 1926, 
165; Chem. Abs., 1926, 20, 882. Z. Untcrruch. Lebensm., 1926, SI, 15; Chem. Abs., 1926, 20, 2256; 
Brit. Chem. Abs. B, 1926, 447. Bcr., 1926. 59. 1390; Chem. Abs., 1926, 20, 2989; Brit. Chem. Abs, 
B, 1926, 758. British P. 257,619, 1925, to I. Farbenind. A.-G.; Chem. Abs., 1927, 21, 3057; 
Brit. Chem. Abs. B. 1928, 516. German P. 484.360. 1925; Chem. Abs., 1930, 24, 1119. Atlgem. 
Ol FetUtg., 1930, 27. 39; Chem. Abs., 1930, 24. 2000. Chem. iJmschau Fette, Ode Wackse Marge. 
1930, 37, 113; Chem. Abs., 1930, 24, 4177. H. P. Kaufmann and R. Walther, Atlgem. Ol-Fettgtg., 
1930, 27, 4; them. Abs., 1930, 24, 1998. H. P. Kaufmann and H. Grosse Oetringhaus, Ber., 1937, 
70, 911. 

P. S. Panyutin and N. V. Milovidova, Collection Repts. Motor Fuel Research, U.S.S.R. Trans. 
Set. Automobile-Tractor Inst. Issue, 1931, 21, 33; Chem. Abs., 1932, 26, 4457; Brit. Chem. Abs. B, 
1932, 969. 

«W. J. C. dc Kok, H. 1. Waterman and H. A. van Westen, J.S.C.I.. 1936, 55, 225T; Chem. 
Abs., 1936, 30, 7929. 

A method which permits the determination of the halogen which takes part in substitution 
as well as addition reactions. See Carleton Ellis, “The Chemistry of Petroleum Derivatives,” The 
Chemical Catalog Co., Inc., New York, 1934. 
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When styrene was hydrogenated using a palladium catalyst, only the side chain 
was affected; however, in the presence of a platinum catalyst the reaction resulted 
in the formation of ethylcyclohexane.-® 


Estimation of Aromatic Hydrocarbons in Petroleum Distillates 


Among the hydrocarbons which occur in petroleum, aromatics are of particular 
interest because of their high octane rating (Chapter 44), and many procedures 
have been suggested for their determination/'*^* One depends upon the sulphonation 
of aromatics by the action of 98 to 100 per cent sulphuric acid/'*^ In most cases it 
has been found that benzene is somewhat difficult to remove completely and quanti¬ 
tatively, although its homologues are more readily sulphonated.*- Virobyantz^*'* 
has proposed that a portion of the aromatic compounds, which are removed by agi¬ 
tating a distillate with 97 to 99 per cent sulphuric acid for five hours, be recovered 
by diluting the separated acid solution with an equal volume of water and distilling 
with steam superheated to 200 or 210°C. Between 50 and 90 per cent of the com¬ 
pounds are said to be regained by this method. 

In most procedures involving the use of sulphuric acid, any olefins present in the 
sample under investigation are either eliminated by treatment with a more dilute 
acid than that necessary to sulphonate aromatics, or are removed simultaneously 
with aromatics. However, Vlugter**^ has suggested that the alkenes be hydrogenated 
selectively in the presence of a specially prepared molybdenum catalyst at 300®C. 
The aromatics can then be determined in the usual way with sulphuric acid. 

Nitration, using nitric and sulphuric acids or nitric acid alone, has been recom¬ 
mended as a method for the estimation of aromatic hydrocarbons. Olefins, when 
present, are first removed by shaking the gasoline with 85 per cent sulphuric acid. 
Twenty cc. of the olefin-free sample are then agitated with a nitrating mixture in a 
200 cc. round-bottomed flask provided with a graduated neck. Care is taken to in¬ 
sure against excessive rise in temperature. The loss in volume gives the aromatic 
content of the gasoline. If this is greater than 20 per cent, the original gasoline 
must be diluted with an aromatic-free distillate l>eforc carrying out the deter¬ 
mination.^^ 

Dobryanskii and Tikhonov-DubrovskiP* have outlined a procedure which de- 

* Using a nickel catalyst, H. I. Waterman and C. van Vlodrop (Rcc. trav. chim., 1936, 55, 
401) have shown that peanut oil and naphthalene are hydrogenated simultaneously at atmospheric 
pressure and 180*C. 

See Carleton Ellis, “The Chemistry of Petroleum Derivatives,” The Chemical Catalog Co., Inc., 
New York, 1934. See also Osterr. Petroleum lust. Publ., 1935; Brit. Chem. Ahs. B, 1936, 1077. 

See, for example, P. S. Maslov and E. I. Kozuireva, Grasnenskil Neftyanik, 1934, 4, No. 5, 26; 
Brit. Chem. Abs. B. 1935, 1030; Chem. Abs.. 1935, 29, 2716. Cf. H. Barsch, Z. anal. Chem., 1935, 
100, 280; Chem. Abs., 1935, 29, 3200; Brit. Chem. Abs. A, 1935, 639. 

•» R. Verona, Bull. Chim. Soc. Romane Chim., 1934, 37, 221; Chem. Abs., 1935, 29, 6392; 
Brit. Chem. Abs. B, 1935, 710. See also S. S. Nametkin and E. A. Robinzon, bfeft. Khost., 1933, 
24. 184, 230; Chem. Abs., 1934, 28, 301; BHt. Chem. Abs. B, 1934, 308. S. S. Nametkin, V.S.S.R. 
Sci.-Tech. Dept. Supreme Council of National Economy, No. 372, Trans. Institute Petroleum Re¬ 
search, 1930, No. 8; Chem. Zentr., 1931, 1, 383. E. Wendehorst and E. Knoche, Angetv. Chem., 

1934, 47, 43; Chem. Abs., 1934, 28, 2172; Brit. Chem. Abs. B, 1934, 179. 

* R. A. Virobyantz, Neft. Khog., 1933, 25, 160; Brit. Chem. Abs. B, 1934, 820; Chem. Abs.. 
1934, 28, 3227. 

**S. C. Vlugter, /. Inst. Pet. Tech., 1935, 21. 36; Chem. Abs., 1935, 29, 2717; Bn#. Chem. Abs. 
B, 1935, 342. 

“P. Lang, Petroleum Z., 1936, 32, No. 8, 1; Chem. Abs., 1936, 30, 3989; Brit. Chem. Abs. B, 

1936, 435. Cf. H. H. Weber and F. Hauck, Chem.-Ztg., 1933, 57, 836, 915; Chem. Abs., 1934, 28. 

727; Brit. Chem. Abs. B, 1934, 85. H. H. Schrenk, S. J. Pearce and W. P. Yant, U. S. Bureau of 

Mines Rept. of Investigations, No. 3287, 1935; Chem. Abs., 1935, 29, 7869. For a color reaction 

obtained by nitrating brazene to m-dinitrobenzene and treating the latter with butanone and aodtum 

h>iroxide. see Fuel, 1936, 15 (1), 4; /. Inst. Pet. Tech., 1936, 22, 48A. 

** A. F. Dobryanskii and N. T. Tikhonov-Dubrovskil, Aser. Neft. Khos., 1935, No. 5. 84: /. Inst, 
Pet. Tech., 1936. 22, 301A; Chem, Abs., 1936, 30. 3989. 
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pends upon reaction with trinitrophenol. Naphthalene has been determined by a 
somewhat similar procedure.^^ A 0.7 per cent solution of picric acid is placed in 
each of three wash bottles connected in series. The sample to be tested is placed in 
the first bottle which is cooled by cold water. The other bottles are maintained at 
0°C. by ice baths. A slow stream of air passes through the apparatus until the gaso¬ 
line has been completely removed from all three containers. The naphthalene, 
which forms a molecular compound with picric acid, is then determined in the 
usual way.®® 

Under some conditions, oxidation of side-chains on aromatic hydrocarbons may 
be used in the analysis of the latter.®^ Reaction may be effected either with chromic 
acid or a permanganate. Since the oxidation of ortho-substituted dialkyl benzenes 
with chromic acid may result in breaking the ring structure, it is usually better to 
substitute this agent by alkaline permanganate.**® 

Aromatic and olefin hydrocarbons may be separated from naphthenes and paraf¬ 
fins by filtration through silica gel.** The extent to which the removal proceeds 
depends largely upon the composition of the sample, as well as the precise com¬ 
pounds involved. It has been noted that considerable loss results in attempting tf) 
recover the adsorl)ed hydrocarbons by distillation from the adsorbing medium. 

Estimation of Paraffin Wax. The paraffinic hydrocarbons, together with 
the cycloparaffins or naphthenes, form the major constituents of petroleum oils. For 
that reason, determination of these hydrocarbons, except in certain isolated cases, is 
not very common. It is, however, sometimes necessary to determine the mixture of 
solid hydrocarbons (often simply called “paraffin"') which are dissolved in oil.*- 
The sample is dissolved in a solvent, such as ether, and the paraffin precipitated by 
the addition of a solution consisting of equal volumes of ether and alcohol or of 
chloroform and cresol and cooling to —2UC. In some instances, the liquid portion 
(of the specimen) which boils up to about 280°C. is removed by distillation at 30 
mm. pressure. Asphaltic bodies may be extracted by treating a sample of the oil in 
gasoline with a bleaching earth.*® A solution of 3 parts ethyl acetate and 1 i>art 
alcohol has also been recommended for removing oil from paraffin.** 

The waxes in an asphalt may be determined by first extracting with gasoline, and 
then dissolving the residue in warm pyridine. On cooling the latter solution to 
0°C. the paraffin wax crystallizes out. It is filtered and washed with pyridine. It 
is then dissolved in benzene for further treatment with activated carbon and clay to 
eliminate any entrained asphalt. After the latter operation the paraffin is crystal¬ 
lized, washed and dried.*® 

In one method for estimation of asphalt and paraffin in a sample of crude 
petroleum, a 2-3 g. portion in a weighed flask is extracted with boiling acetone, 
leaving an asphaltic residue which is then weighed.*® The acetone extract is 

W. Zweijf and F. Kossrndey, Cas. u. IVasserfach, 1935, 78, 602; Chem. Abs., 1935, 29, 7041. 

»F. W. Kuster, Ber., 1894, 27, 1101; J,CS., 1894, 66. 333. 

M. S. Nemtzov and I. Shenderovich, Khim. Tverdogo Toptiva, 1935, 6, 729. 

^ See R. L. Shriner and R. C. Fuson, “The Systematic Identification of Organic Compounds,” 
John Wiley A Sons, Inc., New York, 1935. 

B. J. Mair and J. D. White, /. Research Natl. Bur. Standards, 1935. 15, 51 (Paper No. 
809); Brit. Ckem. Abs. B, 1935, 886; Chem. Abs., 1935, 29, 6739. H. Hofmeier and H. Meiner, 
Angera. Chrm., 1933, 46, 229; Chem. Abs., 1933, 27, 2931; Brtf. Chem. Abs. B, 1933, 497. 

See A. Chmelcvsky, Rev. pitrolifbre, 1932, 982; Chem. Zentr., 1932. 2, 2574; Chem. Abs., 
1933, 27, 5954. 

«R. Heinze and A. Zwetgal, dl u. Kohle. 19.34. 2, 7. 1.54; Chem. Abs., 1935, 29, 7057; Brit. 
Chem. Abs. B, 1935, 391; /. Itij^t. Pet. Tech.. 19.34, 20, 242A, 449A. .See also. A. Zwergal. OeJ, 
Kohle, Erdoel, Teer, 1935. U. 431; Brit. Chem. Abs. B, 1935, 886; J. fust. Pet. Tech., 1935, 21, 
335A; Chem. Abs., 1935, 29, 8301, 

^ A. M. Ravikovich and V. N. Shile. .1. Applied Chem. , 1935, 8 , 172; Chem. Abs., 

1935, 29. 7058; Bnt. Chem. Abs. B. 1935. 710; /. /m.v(. Pet. Tech.. 19.36, 22, 92A. 

*«V. Parini, Neft, 1933, 4, No. 5, 18; Brit. Chem. Abs. B, 1935, 1028; Chem. Abs., 1935. 29. 
2726. 

I. L. Blum, Bkl. Chim.. .Soc. Romdne Chim., 1935 36, 38. 155; Chem. Abs., 1937. 31. 1989; 
Brit. Chem. Abs. B, 1937. 107. 
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cooled to —^20®C. to precipitate wax, which is filtered, redissolved in hot benzene, 
and the latter subsequently evaporated. The wax may then be weighed. 

Tests for Sulphur and Sulphur Compounds 

Practically all types of sulphur compounds have been found in crude petroleum 
or its distillates, though the proportions of such derivatives vary in oils from differ¬ 
ent sources. Their presence is considered undesirable because of their unpleasant 
odor (particularly mercaptans or thiols) and also because on oxidation they give 
rise to substances held to be corrosive (largely sulphur dioxide). The proportion 
of sulphur in motor fuels in amounts greater than 0.10 per cent is thought by some 
to cause excessive attack on the motor because of the formation of sulphur dioxide 
during combustion.'*^ The usual tests for sulphur and its compounds in petroleum 
distinguish between elemental sulphur, hydrogen sulphide, sulphur dioxide and 
mercaptans, all of which are considered to be particularly nocuous, and the other 
sulphur-containing compounds which are classed as “residual” sulphur and may be 
comparatively inoffensive. Sentzov and Chadaeva'** have noted that elemental sul¬ 
phur is the most corrosive form of this element. Hydrogen sulphide and mercaptans 
are also said to be corrosive, although to a lesser extent, but sulphides, disulphides 
and thiophenes may be considered to be innocuous. 

Elemental Sulphur. One procedure commonly employed consists in keeping 
a copper strip in contact with the petroleum distillate 3 hours at a temperature of 
122°F.^® A discoloration of the strip indicates the presence of elemental sulphur. 
Alexandrov^^ recommends a temperature of 150°C. and a period of 15 minutes. 
Operations may be carried out under a reflux condenser. It has been suggested that 
the copper strip be cleaned by treatment with 5 per cent aqueous ammonia and then 
oxalic acid.®^ 

Another test used in some cases depends upon the reaction of mercury with sul¬ 
phur. A small proportion of hydrochloric acid is also added to coagulate the sul¬ 
phide formed. The sulphide is oxidized during digestion with hydrochloric acid by 
the addition of a small amount of potassium perchlorate. Barium sulphate is then 
precipitated and weighed. This method has been used by Gabriel’yantz and Ar- 
tem'eva^^ for the determination of free sulphur in the distillates from Grozny asphalt- 
base and Baku crude oils. A modification developed by Pieters and his co-work¬ 
ers^^ consists in decomposing the mercuric sulphide with hydrochloric acid and 
absorbing the liberated hydrogen sulphide in aqueous cadmium acetate. The sul¬ 
phur was then determined by iodimetry. The results were said to be identical with 
those obtained using sodium hydroxide and hydrogen peroxide for oxidation of the 
sulphide. 

A rapid determination of sulphur, said to be applicable to the control of doctor 
sweetening processes, has been developed.^^ In the determination a known quantity 
of butyl mercaptan in naphtha is added to the gasoline under analysis. The mixture 

The chemistry of the sulphur compounds in |>etroIeum is discussed in Chapter 19. .See also, 
E. Dittrich, Brennstoff-Chem.. 1933. 14, 383; J. Inst. Pet. Tech., 1934. 20, 7RA, 

** P. A. Sentzov and L. F. Chadaeva. Grosnenskil Neftyanik, 1934, 4 (6-7), 37-40; Chem. Ahs., 

1935, 29. 2719; Brit. Chem. Abs. B. 19.15, 1031. 

♦•See Carleton Ellis, “The Chemistry of Petroleum Derivatives.“ The Chemical Catalog Co., Inc., 
New York, 1934. 

»®L. A. Alexandrov, Groxncnskil Neftyanik. 1934, 4 (5). .52; Chem. Abs.. 1935. 29. 2719. 

WE. G. Ivanovna, Neft. 1936, 7 (6), 21; Chem. Abs.. 1936, 30, 6178; 7. Inst. Pet. Tech., 1936, 

22. 438A. 

®» S. M. Gabrieryanta and O. A. Artem’eva, Groarnenskil Neftyanik, 1934, 4 (8), 41; Brit. Chem. 
Abs. B. 1935. 1029; Chem. Abs.. 1935, 29. 2725. _ . 

••H. A. J. Pieters, J. R. van Iterson and S. J. H. i?pronck, Chem. Wcekblad, 1933, 30, 756; 

Brit. Chem. Abs. B. 1934, 132; Chem. Abs.. 1934, 28. 1303. 

•4C. Wirth III and J. R. Strong. Ind. Eng. Cnem., Anal. Ed., 1936, 8, 344; Brit. Chem. Abs. B, 

1936, 1138; Chem. Abs., 1936, 30. 7828; J. Inst. Pet. Tech.. 1936, 22. 498A. 
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is then agitated with doctor solution until complete reaction of the sulphur and the 
added mercaptan has occurred. Since the excess mercaptan is now present as lead 
mercaptide, it is restored to the original mercaptan by dilute sulphuric acid. The 
gasoline is then washed with acidified cadmium chloride solution (to remove hydro¬ 
gen sulphide) and titrated with silver nitrate solution'*'^ to determine the excess 
mercaptan. The used mercaptan, obtained by difference, permits a calculation of 
the free sulphur content of the original gasoline. 

In another method the free sulphur is converted to mercaptans by the action of 
hydrogen, and determined as mercaptans.^*^ The apparatus (Fig. 2^) consists of 
a fiask for converting the sulphur, a condenser, gasoline trap and gas washing bottle 
containing ammoniacal cadmium chloride. The distillate under analysis is placed, 


A. Inert supply 

B. Reducing valve 

C. 3-Neck liter flask 
1), Dropping funnel. 

.SO cc. 

K. Mercury seal 
K, ( ondenser 
<J. Stirrer 
II. Rulley 

I. \’ariable si>eed niotm 
.1. Trap (100 cc. Kilen 
meyer) 

K Three way stojKock 
I.. (ia*» ^^a^hlng Ixittlo. 
tilled with ammoniac.il 
cadmium chloride ^olu 
tion, for al>*<orhing In 
drogen sulphide 
M. (ias inlet tube 



Courtesy f tulii si rtal and I- natnecrina ( hettiistty 

Fui. 288.—Sketch ot Apparatus lor Deterniination of Free Sulphur in Petroleum Dis¬ 
tillates. ( S. C'omav) 


together with reduced iron, in the reaction flask, and hydrochloric acid slowly 
added. I'lie liberated hydrogen reacts with sulphur to form mercaptans. The 
latter are conducted to the gas bottle, where the hydrosulphides are determined 
iodimetrically. 

Mercaptans. The presence of these compounds in gasoline or kerosene is in¬ 
dicated by the doctor test (using sodium plumbite). This is said to detect methyl, 
butyl and heptyl mercaptans in concentrations equivalent to 0.(X)2, 0.0(X)2 and 
0.00009 per cent of sulphur, respectively.'*" Berger^*^^ determines the mercaptan con¬ 
tent of a gasoline by titration with an aqueous solution of a copper salt. This re¬ 
agent is made by dissolving 3.91 g. of copper sulphate in 300 cc. of water, chilling, 
precipitating completely with cold sodium hydroxide (5°Be. gravity), and finally 
dissolving the precipitated cupric hydroxide by the addition of cold ammonium hy- 


M See Carlclon Kllis, "The C'hcmistry of Petroleum Derivatives, "The Chemical Catalog Co., 
New York. 1934. 

S. Comay, Ind. Ilnff. Chem,, Anal. EJ.. 1936, 8 , 460. 
w<;. A. Boyfl. Oil Cns J., 1933, 32 (8), 16. 31; Chem. Abs., 1933, 27, 5525. 

•^C. \V. Berger. Refiner, 1935. 14, 470; Chem, Abs,, 1935, 29. 8303. 


Inc., 
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.(Iroxide. The solution is then diluted to 1 liter. It must be kept ice-cold throughout 
the preparation. Titration is carried out by adding 1 cc. portions of the test solu¬ 
tion to 100 cc. of sour gasoline (free from hydrogen sulphide) in a 250 cc. separa¬ 
tory funnel until the blue color of the aqueous layer no longer disappears. 

A somewhat different methcxl for the determination of thiols consists in oxidizing 
them with cupric chloride and estimating the cuprous chloride formed by means of 
potassium permanganate.*'^® Bond®® has descried the titration of mercaptans in 
gasoline in which a standard solution of copper oleate is used. The solution is made 
up in kerosene and contains about 4 g. of copper per liter. The end point is a pale 
green color, which is said to be visible even in the presence of considerable precipi¬ 
tate. The method was found to precipitate mercaptans and hydrogen sulphide, but 



Fk;. 289. 

Diagram of Apparatus for Potentio- 
metric Determination of Mercap¬ 
tans. (M. W. Tamele and L. B. 
Ryland) 


Courtesy Industrial and Ilnqinrrrtna Chem¬ 
istry 


Pofertf/omefer-M 


Revtrstn^ 
Switch- 


not to be influenced by the presence of carbon disulphide, organic disulphides or 
octene. Peroxides, which might develop in the copper oleate solution through oxi¬ 
dation, were injurious to the accuracy of the results. A comparison of this test 
with the silver nitrate method of Borgstrom and Reid®^ and with an iodimetric 
method showed that the copper oleate titration gave fairly accurate results. 

The silver nitrate method, which is similar to Volhard’s well-known procedure 
for the determination of soluble halides,®^ has l^een modified by different workers. 
Thus, Malisoff and Anding®^ have recommended the addition of methanol to the 
solution to minimize the tendency to form emulsions. This was also found to 
shorten the time required for shaking and washing the precipitate. A source of 
error has always been the silver adsorbed and occluded by the precipitated silver 

*»W. A. Schulze and L. V. Chancy, Nat, Pet. Nnvs, 19.U, 25 {^4), ^7; Chem. Ahs., 27, 

5952. 

•G. R. Bond, Jr., Ind. Eng. Chem., Anal. Ed., 1933, 5, 257; Brit. Chem. Ahs. B, 1933, 773, 
Chem. Abs., 1933, 27, 4192. 

P. Borgatrom and E. E. Reid, Ind. Eng. Chem., Anal. Ed., 1929, 1, 186; Chem. Abs., 1929, 
23, 5439; Brit. Chem. Abs. B. 1929, 1004. 

«J. Volluird, y. praht. Chem., 1874, 9 (2), 217; Chem. Zentr., 1874. I, 407; J.C.S., 1874, 27. 
919. See al*o. M. A. Rosanoff and A. E. Hill, J.A.C.S., 1907, 29, 269; Chem. Ahs., 1907, 1, 1367; 
J.C.S.. 1907, 92. 503. 

W. M. Maliaoff and C. E. Anding, Jr.. Ind. Eng. Chem., Anal. Ed., 1935, 7, 86; flrtl. Chem 
Ahs. B, 1935, 484; Chem. Abs., 1935, 29. 3628. 
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niercaptide. Malisoff and Anding decreased this somewhat, but the potentiometric 
method described by Tamele and Ryland®^ is said to give even better results. The 
procedure is briefly; Add the sample to 50 cc. of approximately 0.1 A sodium acetate 
in 96 per cent ethyl alcohol. This solution is part of the silver half-cell of the cell: 


0.1./V sodium 

O.liV sodium 

acetate in 

acetate in 

alcohol 

alcohol 


+Hg 


The apparatus recommended is shown in Fig. 289. The e.m.f. of the cell before ad¬ 
dition of the sample is approximately ~0.070 volts (silver being the negative elec¬ 
trode). If mercaptans are in the liquid under investigation, then the potential of 
the silver electrode becomes about —0.380 volts. A standard solution (about 0.01 A') 


Fig. 290. 

Representative Titration Curve 
for »-Butyl Mercaptan in 
Kerosene. (M. W. Tamele 
and L. B. Ryland) 


CoHrtesy Industrial and Engineering 
Chemistry 



of silver nitrate in 2-propanol is added slowly and the changes in e.m.f. recorded. 
A sudden drop in the negative potential occurs at the end point. When the e.m.f. 
is plotted against the volume of standard solution used, a curve, such as that shown 
in Fig. 290, is obtained. Tamele and Ryland observed that the accuracy of their 
procedure was not greatly affected by the presence of substances which react with 
silver nitrate, such as chlorides, because of the extreme insolubility of the silver 
mercaptides. Peroxides, which were found to vitiate the results of the copper oleate 
titration, did not influence the potentiometric determination to any appreciable ex¬ 
tent. It was necessary, however, to remove elemental sulphur and hydrogen sulphide 
from the sample. 

The presence of the alkyl thiols and thioethers may be shown by the use of the 
sodium nitroprusside test.^" This test is ordinarily carried out in the presence of 
sodium hydroxide. Alkyl sulphides, such as methyl, ethyl, propyl, butyl and amyl 
sulphides, are said to give violet colorations. Thiophenol gives a reaction only 

M. W. T.iinclc .iiul L. n. Ryland. hid. Eng. Chem., Anal. Ed., 1936. 8, 16; Brit. Chem. Abs. B, 
1936, 307; Client. Abs., 1936. 30. 1329; /. Inst. Pet. Tech., 1936, 22, 19A. 

•L. Hermejo and J. J. Herrera. Anales site, espan. fis. guim., 1933. 31, 48; Brit. Chem. Abs. A, 
1933, 964; Chem. Abs.. 1933, 27, 1593. J. J. Herrera and L. Hermejo, ibid., 1933, 31, 267; Brit. 
Chem, Abs, B, 1933. 819. T. Pavolini (Poll, chim. farm., 1930, 69, 713, 719; Chem. Abs., 1931. 25, 
2933; Brit. Chem. Abs. A. 1930, 1605) has outlined the many color reactions which arc given by 
todittiB nitroprusaide (Na-.»Fe(CN)sNO). 
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when aqueous ammonia is employed as the alkali. Aryl and aralkyl sulphides do 
not respond to this test. 

Total Sulphur. Determination of the total sulphur content of a petroleum 
fraction is effected in either of two ways. For the analysis of fairly volatile frac¬ 
tions, such as kerosene and petroleum naphtha, the lamp method®® is widely used. 
An oxygen-bomb method®*^ has been adopted for non-volatile fractions. 

The apparatus for sulphur analysis by the lamp method consists of a 25 to 35 ml. 
Erlenmeyer flask fitted with a wick, chimney, absorbing bulbs and spray trap®® as 



Fk;. 291. 

Sketch of Apparatus for Sulphur De¬ 
termination by A.S.T.M. Method. 

For details of procedure and specification* 
of apparatus see A S.T.M. Method I)9()-34T; 
“.\.S.T,M. Tentative Standards," American So¬ 
ciety for Testing Materials, Phdadelphia, 1935, 
746. 


shown in Fig. 291. The procedure is to place a sample of gasoline in the small 
flask. The wick is cut to the desired length and the lamp and contents Weighed. 
The sample is burned and the vapors drawn by a slight suction through the absorb¬ 
ing bulbs which contain 10 cc. of standard sodium carbonate (3.306 g. per liter) 

‘“A.S.T..M. D 90-34T; A.S.A. No. Z11.38-1935; A.S.T.M. Tentative Standards, American Society 
tor Testing Materials, Philadelphia, 1935. 

« A.S.T.M. D 129-33; A.S.A. No. Zll.13-1933; A.P.I. No. 516-33; A.S.T.M. Standards, American 
Society for Testing Materials, Philadelphia, 1933. 

Some changes in the design of the lamp used in this determination have been suggested by: 
C. Edgar and (J. Calingaert. Ind. Http. Chem., Anal. Ed., 1930, 2, 104; Chem. Abs., 1930, 24, 1732; 
Brit. Chem. Abj. B, 1930, 402. R. H. Kspach and (). C. Blade. Bur. Mines Tech. Paper, 1931, 513; 
Chem. Abs., 1932, 26, 1106. E. R. (lillis, Ind. Enp. Chem.. Anal. Ed.. 1933, 5, 421; Brit. Chem. Abs. 
B, 1934, 51; Chem. Abs.. 1934, 28, 885. H. O. Ervin, Ind. Enp. Chem., Anal. Ed.. 1934, 6, 225; 
Brit. Chem. Abs. B, 1934. 613; /. Inst. Pet. Tech.. 1934. 20. 450A; Chem. Abs., 1934, 28, 3689. 
R. M. Lilly, Refiner. 1934, 13 (5), 177; /. Inst. Pet. Tech., 1934, 20. 406A; Brit. Chem. Abs. B, 1934. 
1045; Chem. Abs., 1934, 28, 5641. See also, F. Esling, J. Inst. Pet. Tech., 1921, 7, 83; J.S.C.I., 
1921, 40, 500A; Chem. Age {London), 1920. 3. 684; Chem. Abs., 1921, 15. 812. J. Inst. Pet. Tech., 

1934, 20. 1051; Brit. Chem. Abs. B, 1935, 179; J. Inst. Pet. Tech., 1935, 21. 15A; Chem. Abs., 

1935, 29, 1686. \ 
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solution. The time required for burning is from 1 to 1.5 hours, and the oil should be 
consumed at the rate of about 2 to 2.5 g. per hour. At the end of this time the por¬ 
tion of the unreacted sodium carbonate is determined by titration with dilute hydro¬ 
chloric acid (2.275 g. per liter). A blank is run at the same time as the sample but 
using sulphur-free alcohol as the fuel. The results are calculated according to the 
formula: 


Per cent sulphur 


(ml. HCl for blank) — (ml. HCl for s ample) 

(Grams of oil burned) X 10 

Many modifications of the lamp method have been proposed by various investi¬ 
gators for improving different features. For example, Heinze and Schmeling®® 
suggested using a spiral glass coil for the absorption of products of combustion. 
Their apparatus is said to remove sulphur dioxide quantitatively from a gas stream 
flowing at the rate of 3 liters per minute. Chernov and Sobolev^^ recommended 
admitting oxygen with air (after purifying the latter) during burning of the 
sample. Heusler^^ found that a solution of potassium permanganate could be used 
for the absorption of oxides of sulphur which were afterwards estimated as sul¬ 
phates. According to EnglerJ^ a solution of bromine in potassium hydroxide or 
carbonate may be substituted for potassium permanganate. Schulz^^ absorbed the 
sulphur oxides in hydrogen peroxide and titrated the resulting sulphuric acid. A 
similar method has been used in the determination of sulphur in benzene.Another 
absorbing agent, employed by Orlov and Broun,consists of a solution of potassium 
dichromate and hydrochloric acid. 

The oxygen-bomb method for the determination of sulphur in petroleum frac¬ 
tions heavier than illuminating oils consists essentially in burning the sample in an 
atmosphere of oxygen and precipitating the sulphuric acid formed, as barium sul¬ 
phate.The procedure is: Place 20 cc. of water in the bottom of the bomb. The 
sample (from 0.6 to 0.8 g.) of oil is placed in the weighed oil cup, and the latter 
put in the bomb. The ignition mechanism (an electrically heated wire) is arranged 
and the bomb closed. Oxygen is admitted under pressure of from 25 to 40 atmos¬ 
pheres. The bomb is put in a pail of water with the ignition leads attached and the 
sample ignited. The bomb is allowed to stand for 10 minutes before the internal 
pressure is released, after which it is washed out and the sulphate precipitated from 
the washings in the usual way with barium chloride. The weighed amount of 
barium sulphate, after ignition, is used to calculate the results: 


Percentage of sulphur = 


Grams of BaS 04 X 13.734 
Grams of oil used 


•• R. Hnnze and F. Schmcling 0/ m. Kohle, 1934, 2, 61; Chem. Zentr., 1934, 2, 1403; Chem. Abs.. 
1935, 29, 6475; J. Inst Pet. Tech., 1934, 20, 303A. Cf. French P. 800.930, 1936, to Office central 
de chautTe rationnelle; Chrnt Abs., 1937, 31, 242. 

■*”( 1 . I. Chernov and B. N. Sobolev, AV/C Khoz., 1933, 25 (9), 55; J. Inst. Pet. Tech., 1934, 20, 
447A; Chem. Abs., 1934, 28, 4872; Prit. Chem. Abs. B. 1915. 80 . 

« F. Heusler. Z. angerv. Chem., 1895, 8 (10). 285; J.S.C.I.. 1895, 14, 828. Sec also R. KissHng, 
Chem. Ztg., 1896. 20, 199; J.S.C.I.. 189o, 15. 384. 

^-•C. Engler, Chem. Ztg.. 1896, 20, 197; J.S.C.I., 1896, 15, 383. 

•=* F. .Schnlz, Petroleum Rci>., 1913, 28, 220; Chem. Abs., 1913, 7, 1802. Petroleum, 1913, 8, 585; 
J.S.C.I., 1913. 32, 186. 

T*(;, V. Kopelcvich, A. I. Brodovich and T. R. Bekht, Khtm. Tt’erdogo Topliva, 1934, 5, 652; 

Chem. Abs., 1935, 29, 3140; Brit. Chem. Abs. B. 1936. 6. 

N. A. Orlov and A. S. Broun, Khim. Tverdogo Toplix*a, 1933, 4, 380; Brit. Chem. Abs, B, 

1935, 54; Chem. Abs., 1934, 28, 6289. Por. Petr. Techn., 1934, 2, 302; J. Inst, Pet. Tech., 1935, 
21, 125A. 

^•R. C. Griffin (Ind. Eng. Chem., Anal. Ed., 1929. 1. 167; Cht>m. Abs., 1929, 23, 4382; Brit. 

Chem. Abs. B, 1929, 768) has reported that the oxidation of sulphur compounds in a bomb converts 

part of them to sulphonic acids which are not precipitated by barium chloride. However, he found 
that this sulphur could be recovered by refluxing the filtrate (from the barium sulphate precipitatioh) 
with hydrochloric acid. K. Wcisselberg (Petroleum Z., 1934, 30 (33), 1; Chem. Abs., 1935, 29, 1032) 
noted, on the other hand, that low results for sulphur by this method were due to the loss of sulfur 
dioxide. He overcame this trouble bv the addition of 0.05 g. of ammonium nitrate to the bomtxJ>«ore 
ignition of the sample. E. Graefc (Petroleum Z., 1934, 30 (38), 2; Brit. Chem. Abs. B, 1934, 1045) 
has corroborated Weisselberg’s results, but he suggests that a solution of sodium peroxide be used 
in the iKmtb for absorbing the oxides of sidphur. 
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Gavrilenko and Rabinovich^^ modified this general method in such a way that 
the sulphur is determined by an iodimetric titration rather than gravimetrically. 
From 12 to 15 cc. of 10 per cent sodium or potassium hydroxide are put into the 
bomb before ignition. After the sample has been burned, the bomb is washed out 
with water and 7 to 8 cc. of hydrogen peroxide added to the rinsings. The solution 
is acidified with hydrochloric acid and then made alkaline with ammonium hy¬ 
droxide. This is to precipitate iron and aluminum as phosphates (if phosphorus 
were present in the sample) or hydroxides. The precipitate is filtered and the 
filtrate acidified with hydrochloric acid and boiled for 5 minutes with a mixture of 
barium chloride and potassium chromate. The solution is cooled, diluted to a known 
volume with distilled water, mixed thoroughly and filtered. An aliquot portion 
(100 cc.) is treated with 3 to 4 g. of potassium iodide in water and 15 cc. of hydro¬ 
chloric acid. The free iodine is titrated with 0.05A sodium thiosulphate (1 cc. is 
equivalent to 0.000535 g. sulphur). The end point is a change from blue to green 
(starch indicator). 

Besides the two general methods mentioned above for the estimation of sulphur, 
there are several others which are of interest. For example, the procedure which 
was first used by Chabley*^® for the determination of halogen in organic compounds 
has been modified by Sowa, Arcadi and Nieuwland^® so that sulphur may be deter¬ 
mined quantitatively. Dissolve 0.1 g. of the substance in 175 cc. of liquid ammonia, 
and add metallic sodium until there is a permanent blue color. The resulting solu¬ 
tion is then evaporated to 25 cc., 3 to 5 g. of ammonium chloride added and the 
mixture evaporated to dryness. The residue is dissolved in water, oxidized by 
sodium peroxide and the sulphur precipitated as barium sulphate. This method is 
said to be accurate and of general applicability. 

Dittrich®® proposed heating benzine with mercury, aluminum foil and hydro¬ 
chloric acid. The operation liberates the sulphur as hydrogen sulphide. The latter 
is then absorbed and titrated with a standard solution of cupric sulphate. The 
Holthaus method®^ for the determination of sulphur in steel has b?en adapted for 
use in the analysis of mineral oil.®^ Combustion is carried out by passing dry oxy¬ 
gen over the sample (heated first to 450-650°C. and finally to 1()00-1150®C.) in an 
electric furnace. The products of oxidation are taken up in a solution of hydrogen 
peroxide and titrated. A procedure by which the per cent of the various types of 
sulphur compounds present may be estimated has been recommended by Dubrisay.®® 
The method is very similar to that used in determining the corrosiveness of a fuel. 
Highly polished strips of silver and copper are placed in the liquid. The extent to 
which these strips are discolored at the end of 48 hours is said to show the amounts 
of various types of sulphur compounds which are in the fuel. The absence of any 
effect shows that there is less than 0.001 per cent free sulphur, hydrogen sulphide or 
alkyl sulphides, less than 0.1 and 0.2 per cent of thiophene and carbon disulphide, 

E. S. Gavrilenko and O. B. Rabinovich, Sank. Zapiski Tfukrot'ol Prom., 1933, 10 (32), 25; 
Brit. Ckem. Abs. B. 1934, 561; Chrm. Abs„ 1934, 28, 2156. 

WK. Chablcy, Ann. chim., 1914, 1. 469; J.C.S., 1914, 106 (I), 918A; Ckcm. Abs., 1914, 8 . 3422. 
For later use of this procedure, compare F. B. Dains, T. H. Vaughan and W. M. Tanney, J.A.C.S., 
1918, 40, 930; Ckem. Abs., 1918, 12, 1646: J.S.C.I., 1918, 37, 488A. C. W. Clifford, J.A.C.S., 1919, 
41, 1051; Ckem. Abs., 1919, 13, 1686; J.S.C.I., 1919, U, 663A. F. B. Dains and R. Q. Brewster. 

J.A.C.S., 1920, 42. 1573; Ckem. Abs., 1920, 14. 2771; JS.C.I., 1920, 39. 642A. 

F. J. Sowa, V. C. Arcadi and J. A. Nieuwland, Ind. Eng. Ckem., Anal. Ed., 1936, 8 , 49; 
Brit. Ckem. Abs. A, 1936, 353; Ckem. Abs., 1936, 30. 1328. 

• E. Dittrich, Brennstoif-Ckem., 1933, 14, 281; Brit. Ckem. Abs. B, 1933, 818; Ckem. Abs., 1933, 
27, 5932. 

^C. Holthaus, Z. angew. Ckem., 1925, 38, 330; Stahl %. Eisen, 1925, 44, 1515; Ckem. Abs., 1925, 
19, 2002. 

■•I. S. Zelikov, A. N. Kotrelev and E. I. Fogelson, Neft. Kkow., 1934, 26 (5), 58; Brit. Ckem. 

Abs. B. 1935, 391; /. Inst. Pei. Teck., 1935. 21. 405A; Ckem. Abs., 1934. 28, 7494. 

••R. Dubrisay, Ckimie et industrie, April Spaciat No., 401*2, 1934; Ckem. Abs., 1934, 28, 5625; 
Brit, Ckem. Abs. B, 1934, 662. Ann. combitsHbles liquides, 1933, 8 , 871 ; J. Inst. Pet. Tech., 1933, 
19, SOSA. 
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respectively. Discoloration of the copper but not the silver shows the presence of 
free sulphur, neutral sulphides, thiophene or carbon disulphide, whereas the dis¬ 
coloration of silver shows the presence of mercaptans or hydrogen sulphide. Grote 
and Krekeler®^ have outlined an analytical procedure for the determination of sul¬ 
phur and halogens in volatile, combustible substances. The method is to volatilize 
the sample in one portion of a glass tube and then pass it through a highly heated 
zone (separated from the rest of the tube by porous quartz discs) where it is burned. 


Fir.. 292. 

View of Apjxaratus for Measurement of 
Optical Density Color of Petroleum Oils. 
(S. W. Ferris and J. M. Mcllvain) 


toMrtcty ludusiriai and llnyinccring Chemistry 


The priKlucls are absorbed in a si»ecially designed absorption bulb, and the sulphate 
determined cither titrinietrically or gravimetrically.**-' 

Color Tests 


I'lie methods which have lieen proposed for determining the color of various 
jietrolcum distillates may l>e divided into three general classes. These are: First a 
given thickness of the oil is matched against one of a set of standards, either glass 
or liquid. This is exemplified by the Lovibond Tintometer or the Union Color¬ 
imeter. In the second class are those tests in which a variable thickness of oil is 
matched against a standard color disk, as in the Saybolt Chromometer. The third 
class includes those tests in which the fraction of light absorbed by a specified 
thickness of oil is determined photometrically. The method described by Story and 
Kalichevsky^^ is an example. Koetschau®^ has recommended the use of a Zeiss- 

•* W. Grote and H. Krekeler. Proc. World Petr. Congr., London, 1933, 2, 380; /. Inst. Pet. Tech., 
1934, 20, 79A; Chem. Abs., 1934, 28. 4875. 

“W. M. Malisoff (/nd. Eng. Chem.. Anal. Rd.. 1935. 7, 428; Chem. Abs.. 1936. 30, 48) has 
found that chlorine in orsanic comi>ounds may be detcrminetl by much the same procedure as the 
standard lamp test for •uilphur. 

•• B. W. Storv and V. A. Kalichevsky, /«</. Eng. Chnn., Anal. Rd., 1933. 5, 214; Brit. Chem. 

Abs. B, 1933, 554; Chem. Abs.. 1933, 27. 3322. C/. H. Siebeneck, Oel, Kohle, Erdoel, Teer, 1936, 

12, 793; Chem. Abs.. 1936, 30. 8585; Brit. Abs. B, 193(>, 1138. 

wR. Koetschau. Brennstog Chem., 1934. 15. 441; /, Inst. Pet. Tech., 1935, 21. 122A; Brit. Chem. 

Abs. B. 1935. 133; Oel. Kohle. Erdoel. Teer, 1935, ll. 351; Chem. Abs., 1935. 29. 8307. Oel, Kohle, 

BrdocI, Teer, 1935, 11, 719; Brit. Chem. Abs. B. 1935, 1030. 





1164 


CHEMISTRY OF PETROLEUM DERIVATIVES 


Pulfrich photometer in determining the color of lubricating oils and motor fuels. 
On the other hand, Bolton and Williams*® have recommended that the percentage 
of light transmitted through a 1-inch cell containing the oil may be determined 
using a photoelectric cell and a galvanometer to measure the current generated. 
The procedure is to measure the light transmitted when the cell is empty and when 
it contains the oil. The percentage of light transmitted is defined as 100 times the 
ratio of the latter to the former. Care must be exercised to exclude all infra-red 
radiation, as the photoelectric cell is very sensitive to light of long wave length. 
Results obtained by this procedure were found to be roughly related to Lovibond 
units (as determined by use of a Lovibond Tintometer). 

Ferris and Mcllvain** measure the depth of oil (or a solution of it) which has 
the same optical density as the standard filter with which the sample is compared. 
If R is the depth of oil or solution in mm., N the number of dilutions in a 1:10 ratio, 
and D the optical density of,the neutral filter,^ then the optical density color is: 

WD X 10 ' 

R 

The comparison of the sample and filter is carried out using green liglit which is 
obtained by interposing a glass cell containing a solution of cupric chloride dihy¬ 
drate and mercuric chloride between the light source and the mirror in the Duboscq 
colorimeter. Fig. 292 shows the assembled apparatus, including the shield used to 
eliminate stray light rays, the colorimeter lamp and filter, the Duboscq colorimeter 
and the removable shield for the latter. There was found to be a rough correlation 
between the optical density coloi and the National Petroleum Association color.'*^ 

The color of petroleum distillates other than lubricating oils is also of some 
importance.®*^ For example, Rabinovich and Abakova®** have investigated the color 
of paraffin wax by comparison of the wax with standard solutions of variable depth. 

Inorganic Constituents 

The determination of the inorganic constituents of petroleum distillates is not 
usually necessary in the analysis of lubricating oils,®"* particularly if the latter be 
completely miscible with naphtha or benzene.®’* The usual procedure is to burn a 
weighed sample and ignite the residue. The residue is weighed and the ash content 
calculated from this value. 

Schmeling®* has suggested that, prior to the ignition of a wet oil, the moisture 
be partially removed by absorption with a filter paper moistened with alcohol. Al¬ 
cohol is then added to form a layer and the paper used as a taper. Finally, the oil 
is ignited and the ash weighed. The percentage of alkali metals (sodium and potas¬ 
sium) present in lubricating greases may be ascertained in the following manner. 
The ash from burning the sample is extracted with hot water and this extract added 


E. R. Bolton and K. A. Williams, Analyst, 19JS, 60, 447; J. Inst. Pet. Tech., 19,15, 21, JJoA; 
Brit. Chem. Ahs. B, 1935, 773: Chem. Abs., 1935. 29. 6475. 

• S. W. Ferris and J. M. Mcllvain, Ind. Eny. Chem., Anal, lid., 1934, 6, 23; Brit. Chem. Abs. 
B, 1934, 228; Chem. Abs., 1934, 28, 1513. 

** Optical density is defined as the ratio of the Iok of the incident light to tr.insmittcd light for 
the neutral filter. 

C/. A.S.T.M. Designation: D155-34T; A.S.A. No.: Z1 1.34-1935, A.S.T.M. Tentative Standards, 
American Society for Testing Materials, Philadelphia. 1935. 

** Color stability is discussed in Chapter 40. 

••A. M. Rabinovich and E. S. Abakova, bieft. Khoz., 1933, 25 (10), 36; Hn<. t^trolifire, 1934, 
295; Chem. Abs.^ 1934, 28, 4885; Brit. Chem. Abs. B, 1935, 133. 

•4 For discussion of the components of petroleum sec C hanter 1. 

**D. Holde, “Examination of Hydrocarbon Oils and of .Saponifiable Fats and W*axes,“ translated 
from the German by E. Mueller, John Wiley Sc .Sons, Inc.. New York, 1918. 

••F. Schmeling, Oel, Kohte, Erdoet, Teer, 1935, U, 433; Brit. Chem. Abs, B, 1935, 890; Chem. 
Abs., 1935, 29, 8306. 
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to oleic acid in ethanol until the solution is alkaline. The alcohol is removed by 
evaporation, 5 volumes of distilled water are added, and any insoluble calcium soaps 
filtered off. Alkali metal soaps make this filtrate froth readily and give a precipitate 
with barium chloride. The alkali metals may be determined quantitatively by con¬ 
verting them to the sulphates, precipitating with barium hydroxide, filtering, and 
precipitating calcium, strontium and barium with ammonium carbonate. Excess of 
the latter reagent is destroyed by boiling, and the alkali metals are determined by 
titration with acid.®*^ 

It is sometimes necessary to determine the amount of lead present in greases 
where it may be present as soaps. Bauer and Ford®® recommend that 10 g. of the 
oil be ignited and allowed to burn to dryness in a porcelain crucible. The residue is 
then heated with sulphuric acid until fuming commences, a few drops of nitric acid 
are added and heating continued. This is repeated until the residue is white. The 
lead sulphate is then dissolved in ammonium acetate solution, a small amount of 
acetic acid being used to dissolve any lead hydroxide that is formed. The solution 
is filtered, the residue washed with acetic acid and finally with hot water until free 
from lead. Lead is precipitated from the filtrate by the addition of sulphuric acid. 
The lead sulphate is filtered onto a Gooch crucible, washed with dilute sulphuric 
acid, ignited and weighed. Another procedure has been suggested by Levin.®® 
This consists essentially in extracting the lead from the oil by heating the latter 
with a mixture of glacial acetic acid and benzene. Lead is precipitated from the 
extract by potassium chromate. 

Because of the use of tetraethyl lead as an antiknock agent (Chapter 44), it is 
sometimes necessary to determine its concentration in gasoline. The quantitative 
methods usually are based upon the decomposition of the lead alkyl by different 
agents, for example, sulphuric acid,^®® bromine,^®^ hydrochloric acid,^®^ nitric 
acid,^®® iodine and sulphur monochloride.^®^ In this manner lead is obtained in the 
form of inorganic salts which in most cases are converted into the sulphate or 
chromate for gravimetric determination. The use of the spectroscope'®^ and of 
x-rays'®® has also been suggested as agents for the determination of lead in gaso¬ 
line. The method of Baldeschwieler'®^ is said to be somewhat more simple than 
many others. This depends upon decomposition of the tetraethyl lead by concen¬ 
trated nitric acid. The procedure is to shake 200 cc. of gasoline with 20 cc. of 
concentrated nitric acid in a 500 cc. glass-stoppered separatory funnel for 15 min¬ 
utes. The layers are separated after 2 minutes standing, and 20 cc. of water 
shaken with the gasoline layer for 15 minutes. The water layer is separated and. 
the washing repeated. The aqueous layers are combined and evaporated to a vol¬ 
ume of 20 cc. The solution is cooled and 15 cc. of concentrated sulphuric acid 

R. S. Barnett. /«</. Etiff. Chem., Anal. Ed., 1935, 7, 183; Brit. Chem. Abs. B. 1935. 613; Chem. 
Ab.f.. 1935, 29. 4285. 

A. D. Bauer and C. S. Ford, Nat. Pet. Nexvs, 1933, 25 (37), 37; J. Inst. Pet. Tech., 19.^3. 19, 
510A; Chem. Abs., 1933, 27. 5957. 

** H. Levin, Ind. Eng. Chem., Anal. Ed., 1934, 6, 333; Chem. Abs., 1934, 28. 6584; Brit. Chem. 
Abs. B. 1934. 996; J. Inst. Pet. Tech.. 1935. 21. 51A. 

*»S. F. Birch, J. Inst. Pet. Tech., 1924, 10, 816; J.S.C.I., 1925, 44. 61B; Chem. Abs., 1925, 
19, 568. 

**« W. R. Ormandy, /. Inst. Pet. Tech.. 1924, 10, 954; Chem. Abs., 1925. . 19, 1194; J.S.C.I.. 
1925, 44, 121B. (I. EdRar and (L ( alingaert, Ind. Eng. Chem., Anal. Ed.. 1929, 1, 221; Chem. Abs., 
1929. 23. 5566; Brit. Chem. Abs. A. 1929, 1474. 

(i. Ferreri. Ciorn, chim. ind. applicata, 1925. 7, 625; Brit. Chrm. B, 1926. 181; Chem. 

Abs., 1926. 20. 3232. 

K. 1.. Baldeschwieler, Ind. Eng. Chem.. Anal. Ed., 1932, 4, 101; Chem. Abs., 1932, 26, 1761; 
Brit. Chem. Abs. B. 1932, 247. 

B. ('arli. Ann. chim. applicata, 1935, 25, 634; Brit. Chem. Abs. B, 1936, 259; Chem. Abs., 
1936, 30, 5389. 

‘‘•Cf. L. Oarkc and H. A. Smith. J. Phys. Chem., 1929, 33, 659; Chem. Abs., 1929, 23. 3793; 
Brit. Chem. Abs. B, 1929, 504. 

R. H. Ahorn and R. H. Brown, Ind. Eng. Chem.. Anal. Ed.. 1929, 1, 26; Brit. Chem. Abs. B, 
1929. 272: Chem. Abs.. 1929. 23, 1257. 

E. L. Baldeschwieler, lac. cit. 
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added. This is boiled until fumes of sulphur trioxide appear. Any organic matter 
is destroyed by the careful addition of nitric acid. After there is no more organic 
matter present, and the sohition has become colorless, the latter is cooled and 
diluted with 20 to 25 cc. of water and again evaporated to the appearance of sulphur 
trioxide fumes. It is cooled again and diluted to 150 cc.. then cooled in an ice-bath 
for 1 hour and filtered through a previously ignited and weighed Gooch crucible. 
The residue (lead sulphate) is washed with 2 per cent sulphuric acid, then with 
ethanol, dried, ignited and weighed. The grams of lead sulphate per cc. of sample 
may be multiplied by 2445 to give the number of cc. of tetraethyl lead per gallon of 
gasoline. The total time for the analysis is said to be about 4 hours. 

Determination of Acidity and Saponification Number 

Acid bodies in petroleum products are considered particularly undesirable be¬ 
cause of their tendency to corrode the metal parts of machines or containers with 
which they come in contact. For example, lubricating oil in which acids are present, 
whether as petroleum acids or sulphuric or sulphonic acids, may effect corrosion 
of the metal bearings of automobiles. 

Acidity may be expressed as the neutralization number, that is, the weight in 
milligrams of potassium hydroxide required to neutralize one gram of the oil.^®* 
A sample of the oil is shaken with neutral ethanol and the hot extract titrated with 
potassium hydroxide using phenolphthalein as an indicator.It is suggested that 
the mineral acid neutralization number be estimated by extracting the oil several 
times with hot water and titrating these extracts, employing methyl orange as an 
indicator. In some instances the aqueous liquid is alkaline, in which case phenol¬ 
phthalein is substituted for methyl orange, and the alkali neutralization value (mil¬ 
ligrams of potassium hydroxide equivalent to the acid used per gram of sample) is 
ascertained. 

Ruibak^^® recommends a somewhat different procedure for inorganic acidity. 
He uses a reference solution of sodium naphthenates in alcohol of which 20 cc. are 
added to a 50 g. sample of oil. The alcohol layer is separated after shaking and 5 
cc. portions are titrated with O.IA^ hydrochloric acid. From the known titer of the 
reference solution it is then possible to calculate the inorganic acidity of the oil as: 

Per cent sulphuric acid = a - (20/C)b K X 0.0049 x 8 

where K is the normality of the hydrochloric acid, a is the titer of the sodium naph- 
thenate solution (cc. of standard acid required to neutralize 5 cc.), ^ is the volume 
of standard acid to neutralize the extract and C is the volume of extract. 

The presence of acids in oils has been determined also by potentiometric titra¬ 
tions. This has advantages in both accuracy and applicability to opaque liquids. 
For example, Vellinger^^^ has described the use of an antimony electrode for the 
titration of acid in mineral oil. He suggested the use of a solution of the sample in 

’®^A.S.T.M. Desiifnation D 188-27T; American Tentative .Standard. A.S.A. No. Z1 1.12-1928; 
“A.S.T.M. Tentative .Standards,” American Society for Testing Materials, Philadelphia, Pa., 1935. .See 
aI*o B. M. Kuibak and N. S. .VlakuAhinnkaya, Neft. Khos., 19.1.1, 25. No. 9, 42; Chrm. Abs., 1934, 28, 
4872; Brit. them. Abs. B. 19.1.S. 8n; J. lust. /VI. Tcth., 1934, 20, 44HA. K. Wittka, Olii Min, 
1934, 12, 81; /. Inst. Pet. Tech.. 19.14, 20. 487A. Allqemnn. Orf- u. FettZty., 1934, 31, 197; 
Chem. Abs., 1934, 28. 5265. 

K. R. Dietrich and H. UranHman (Z. .Spirittfsind., 1935, 58. 188; Brit. Chem. Abs. B, 1935, 
710) have noted that the use of phenolphthalein in tritratioii of acids in gasoline is in error l)ecau»e 
of the presence of carbon dioxide. They recommend methyl red as an indicator, 

B. .M. Ruibak, Acer. Neft. Khoc., 1935, No. 4. 81; Chem. Ah.t., 19.15, 29, 6740; Brit. Chem. 
Abs. B. 1936, 818. 

E. Vellinger, Compt. rend, eotiyr. ffraissaye, 1931, 117; Chem. Zenit .. 19.12, 2, 2575; Brit. Chem. 
Abs. B. 1933, 374; Chem. Abs.. 193.1, 27. 491.3. 
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diethyl ether, ethanol or pentanol. Pavlovskii^^^ has outlined a potentiometric 
method using platinum-hydrogen electrodes. One is placed in a neutral medium, 
the other in the sample. At zero potential difference, when titrating with alkali, 
neutralization is complete. Evans and Davenport”*^ employ a glass electrode and a 
silver-silver chloride reference electrode with transformer oils. The arrangement 
was: 

Saturated .003M 

Ag, KCl in Sample in Glass Picric acid Quinhydronc, 

AgCl butanol butanol in butanol Platinum 

The butanol was rigorously purified by distillations from potassium hydroxide, 
a-naphthol, m-phenylenedianiine hydrochloride and freshly heated lime. Volatile 
acids were then removed by purging with purified nitrogen for 30 minutes. It was 
found necessary to have at least 1 per cent of water in the butanol to obtain satisfac¬ 
tory results. A vacuum-tube potentiometer using a galvanometer with sensitivity 
4 X 10“^® amperes as null point detector permitted an accuracy of 1 per cent of 
measured voltage with a current of less than 10”^^ amperes. The results were 
plotted as rate of change of voltage per 0.10 cc. of added solution against the volume 
of added solution. This gave a very sharp maximum at the end point, which could 
be determined by extrapolation of the curves before and after this point. It was 
found that the presence of substances such as metallic soaps and peroxides inter¬ 
fered with the accuracy of the results. In the absence of any interfering substances, 
the accuracy was ±0.001 on the neutralization number as determined on a 20 g. 
sample. 

Saponification number is expressed as the number of milligrams of potassium 
hydroxide required to react with the esters in 1 g. of oil. The value is usually 
fairly low for petroleum products. It is determined by saponifying a weighed 
sample with 25 cc. of standard alkali in the presence of 25 cc. of neutral ethanol. 
The excess alkali over that required in saponification is determined by titration with 
0.5V hydrochloric acid.'^^ 

\V.\TKR Content of Petroleum Fr.xctions 

The presence of water in lubricating oils or motor fuels is considered undesirable 
because it tends to separate when the latter are cooled. In an aviation gasoline, tor 
example, this may lead to clogging of the fuel lines and conseciuent endangerment 
of life. Some procedures involve separation of water by physical means, e.g., hv 
distillation or centrifugation. Others are based on the reaction of this liquid with 
some reagent and measurement of the products formed, for example, the lilxM ation 
of hydrogen by interaction with calcium hydride (see below). 

The procedure, recommended by the A.S.T.M..'^'^ is that of placing IDO cc. of 
the oil to be tested in a 5()0 cc. flask together with an etjual volume of water-free 
gasoline and then distilling the latter. The vapors pass through a delivery tube to 
which is fused a graduated trap and into a condenser placed above the trap. The 
condensate flows over the trap, in which water is collected, and the gasoline return> 

M. T. Pavlovskii. Xeft Kho=.. IQ.t.S. 28 75; J. lust. Pet. Tech.. 1Q56. 22, 144A; Chem. 

Abs.. 1956. 30. .5975. 

R. N. Kv.nn’^ T. K, Onvenporr. luJ. P.uu. Chem.. Auat. lui.. 8, 287; Chem. Abs., 

19.56. 30. 6179; /. fu.ft. Pet. Tech., 195(,. 22. 4M7.\. 

DrsiKiiatiun I) 94 28 ; A..S.A. No. Z 11. 20-W5(); A IM. \t.. .‘^14 29, “A.S.T..\L 
Staiul,ir«N.” Amrric.in StK^iftv f(M- Tc>4iin>f MatfiiaU. Philailc'lphia, Pa.. 1933. Cf. al.so Ui. Fltrste. 
Chew. /tif.. 1955. 59. (*9; Prit. Chetu. Abs. B. 1955. 295; Chem. Abs.. 1955. 29. 6742. P. Hoiuk 
ami P. J. Kl(»kkfi «. Chem. ireekhln.i. 19 u. 31. 645; Chem. Abs.. 1955, 29, 5505; Brit. Chem. Ab^. 
B, 1954. 1092; J. Inst. Pet. Teeh.. 1955. 21, 46A. R. Rrinh.ardt, Comtt. rcud. couar. qraissaae. 
1931. 74; Chrm. Abs.. 1955. 27. 4915. 

A.-'n-T M. DcsiKnation 1) 95 50; A.S.A. No. Zll. 9-1950; A.P.T. No. 519 50; “A.S.T.M. 

Standards,*’ American Society for TcMinut Materials, Philadelphia, Pa.. 1933. 
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to the flask. Distillation is continued until no more water separates. The volume 
of water (in cc.) is read from the graduations on the trap. A modification consists 
in distilling the sample with xylene or toluene and dehydration of the distillate with 
a weighed amount of anhydrous copper sulphate. The percentage of water can then 
be calculated from the increase in weight of the copper sulphate. This method is 
said to be quite flexible in its applicability.'^® 

Another procedure comprises centrifuging the specimen and measuring the 
volume of water and sediment which separates. This is not entirely satisfactory 
because the amount of water found is usually lower than the actual amount in the 
sample.'" 

The determination of water in gasoline by chemical means has been suggested. 
Thus, Dietrich and Conrad"® report that it is possible to react the water quantita¬ 
tively with magnesium nitride. Ammonia is formed by this reaction and is deter¬ 
mined by distillation of a portion of the sample into a measured volume of standard 
acid, followed by titration of the excess acid. This method is said to be applicable 
even in the presence of alcohols, although some methylamine apparently is formed 
if there is more than 60 per cent of methanol in the sample. The applicability of 
the method to the determination of water in petroleum products, as well as many 
other liquids, has been studied by Boisselet and Rachkani."® They found that the 
procedure is quick and easy, the limiting factor for accuracy being the purity of 
the magnesium nitride. 

By treating the wet sample with substances which will liberate gases, such as 
hydrogen, the water content may be estimated gasometrically. Thus, Broche and 
Scheer'^® treated 100 cc. of oil with about 1 g. of calcium hydride and measured 
the evolved gas. Similarly, Cords'^' has determined the amount of water in a 
gasoline by measurement of the volume of gas produced by the action of sodium 
on a liter of the gasoline. This test requires al^ut 48 hours for completion, and 
is consequently somewhat more time-consuming than the use of calcium hydride. 

Analyses of Petroleum Distillates Based on Physical Characteristics 


In addition to the various methods for the analysis of petroleum fractions which 
depend on the chemical reactivity of one or the other hydrocarbon groups present 
in various cuts, a number of physical properties or characteristics of the different 
fractions have been adapted to the estimation of the nature of the distillate.'^2 
One of the most common of these physical properties is the vapor pressure, 
which is measured rather indirectly by distillation tests, either at atmospheric or 
reduced pressures. Specific gravity is determined for petroleum fractions not 
necessarily as a characterization factor by itself but because it is of use in con¬ 
junction with other characteristics.'22* 

Other properties which are occasionally used are specific refraction, surface 


> "-*5. 7, 348; Brit. Chem. Abs. A, 1935, 1336; Chem. 
Abs., 1935, 29, 7223; J. Inst. Pet. Tech., 1935, 21, 409A. 

*^A.S.T.M. p 96^0; A.S.A. No. Zl 1 8-1930; A.P.I. No. 520-30; •A.S.T.M. Standards,” American 
Society for Testing Materials, Philadelphia. Pa., 1933. 

K. R. Dietrich and C. Conrad, Z. angew. Chem., 1931, 44, 532; Chem. Abs., 1931 25. 4491* 
Brit. Chem. Abs. B, 1931, 708. ' 

“•L. Boisselet and Rachkani, 24me Congr. chim. ind., Paris, 1934; Chem. Abs., 1935 29, 6018 
d""'/ifluk/cj, 1935, 10, 449; J. Inst. Pet. Tech., 1935, 21, 337A; Chem. Abs., 1935i 
6727 # 

H. Broche and W. Scheer, Brennstoff-Chem., 1932, 13, 281; Brit. Chem. Abs. B, 1932. 872* 
Ab^B^ 1934^^51* Chem. Abs., 1934, 28, 1174; Brit. Chem\ 

S. 

536. Cf. also W. Scheer, Chem. Ztg., 1935, 59, 479. 

29 *270l’ '^^5, 14, 10, 67; J. Inst. Pet. Tech., 1935, 21. 88A; Chem. Abs., 1935. 

’>**See, for example. E. S. L. Beale, /. Inst. Pei. Tech., 1937, 23, 213, 208A. 
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tension, parachor,^28 ^nd critical solution temperatures. Chilling tests (cloud and 
pour point) and molecular weight determinations are often carried out on petroleum 
fractions. The determination of Raman spectra for petroleum distillates has been 
suggested, although but little used. 

Distillation and Vapor Pressure Tests. The analytical procedures which 
are dependent upon changes in vapor pressure may be classed as (a) evaporation 
tests; (b) vapor pressure measurement; and (c) distillation tests. 

The rate of evaporation of a solvent is well known to be of importance in con¬ 
nection with the properties of paints and other protective coatings. Too high a 
rate results in cooling during drying and condensation of moisture on the surface 
of the coating. This may result in “blushing.’' In motor fuels, too rapid evapora¬ 
tion or too great volatility may result in vapor lock.^^^ (See Chapter 44.) 

The measurement of vapor pressure has been effected in several ways. The 
A.S.T.M. method^-^ depends upon volatilization of the gasoline being tested in 
a cylinder equipped with a pressure gauge. The determination may be carried 
out at temperatures from 32° to 110°F. and corrected to give the value at 100°F. 
(Reid vapor pressure) by means of tables.'^** Lederer has shown that vapor pres¬ 
sure, />, at temperature, T, may be calculated from the equation: 

loR^’ = (?/ 4 .S 71 ) (r-> - TS-') 

where 7* is boiling point at atmospheric pressure, p^, and q is molar heat of va¬ 
porization.^-"^ By consideration of his experimental results, he concluded that there 
was some relationship between vapor pressure and both viscosity and flash-point. 

Distillation has long been used to indicate the degree of purity of organic com¬ 
pounds. The distillation of various of the lighter petroleum fractions is regularly 
undertaken as an indication of their nature.By plotting the volume of distillate 
against the temperature of distillation and connecting the points, curves are ob¬ 
tained which are spoken of as “distillation curves.” The various points on this 
curve have been used as indications of the nature of the fuel in practice. The 10 
per cent point, for example, is considered to be an indication of the ease of start- 
ing.^2» The quick warming-up characteristics are indicated by the 35 per cent 
point and steady driving by the 60 per cent point. It is also possible to determine 
the content of butanes, pentanes, hexanes, and higher honiologues from the Engler 
(A.S.T.M.) distillation curve of a gasoline. This is accomplished by reference to 
empirically determined graphical relationships. 

For substances which are relatively volatile, such as gasoline and kerosene, it is 
possible to conduct distillations under atmospheric pressure. On the other hand, 

See latter part of this chapter. 

a. O. Iferstad, Petroleum Z., 19.M, 30, No. 10; Motorenbetricb und Maschinen'Sehmierung, 
7. 2; Chem. Abs., 19.14, 28, 4850; Brit. Chem. Abs. B, 1934, 353. (;. Brown, Univ. Mick., Eng. 

Frsfarch Bull., 1930, No. 14; Chem. Abs., 1930, 24, 4924. Proc. 12th Ann. Conv. Nat. Gasoling 
As.we., 1933, 64; J. Injit. Pet. Tech., 1934, 20, 312A. R. E. Wilson, Oil Gas J.. 1930, 29, No. 9, 
40, 98, 100; No. 10, 38, 127; Am. Soc. Testing Materials, March, 1930; Chem. Abs., 1930, 24, 
4924. N. Fuchs, Z. angesc. Chem., 1931, 44, 962; /. Applied Chem. {U.S.S.R.) , 1931, 4, 678: 
Chem. Abs., 1932, 26, 1426. K. Hachmuth, Ind. Eng. Chem., 1932, 24, 82; Brit. Chem. Abs. B. 
1932, 376; Chem. Abs., 1932, 26. 1169. 

'“•'‘A.S.T.M. Designation D 417-35T, D 323-32T; “A.S.T.M. Tentative Standards,'* Americau 
Society for Testing Materials, Philadelphia. Pa., 1935. 

'"See also R. .Salmoni. Giorn. chim. ind. appl., 1934, 16, 483; J. Inst. Pet. Tech., 1935, 21, 
46A; Chem. Abs., 1935, 29, 2716. T. F. G. Noyd and H. J. Jones. Petroleum Eng., 1930, 1, No. 
13, 4(^ 42; Chem. Abs., 1930, 24, 5472. Cf. R. R. Crippen and F. N. Laird, Refiner, 1934, IS, 
106; Chem. Abs., 1934, 28, 3880; Brit. Chem. Abs. B, 1934, 867. 

E. L. Lederer, Petroleum Z., 1935, 31, No. 16, 3; Oirm, Abs., 1936, 30, 2816; Brit. Chem. 
Abs. B, 1935, 613. 

For the procedure see Carleton Ellis, “The Chemistry of Petroleum Derivatives,” The Cbemi 
cal Catalog Co., Inc., New York, 1934. “A.S.T.M. Standards,” American Society for Testing 
Materials, Philadelphia. Pa., 1933. * 

M. G. Blair and K. C. Alden, Ind. Eug. Chem., 1933, 25, 559; Brit. Chem. Abs. B, 1933, 
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the low volatility of heavy stocks e.g., lubricating oils, precludes their distillation 
except under rather high vacuum.^^® Schicktanz^®^ suggested an apparatus for 
the accurate determination of boiling points of lubricating oils and other high 
boiling substances. Three thermocouples are placed at different heights in the 
fractionating column. For a pure substance their readings should be the same, and 
the difference between their readings is a qualitative indication of the purity of 
the substance. Watson and Wirth'®^ have outlined a procedure for the distillation 
of oils under a pressure of about 0.1 mm. of mercury. The sample (200 cc.) is 
first distilled under atmospheric pressure up to 5(X)°F. A portion of the bottoms 
from this distillation equivalent to 100 cc. of the original oil is then distilled under 
reduced pressure. From the boiling range data for the latter distillation, it is pos¬ 
sible to obtain the boiling range at normal pressure by the use of a nomogram.*-*'* 
Steam-distillation at constant temperature has been proposed as a method for 
determining the volatility range of high-boiling petroleum fractions. The oi)era- 
tion is carried out at a temperature between 320 and 350®C., and the proportion 
of oil in the distillate is ascertained at regular temperature intervals. Plotting tem¬ 
perature against volume of distillate gives a step-like curve. By connecting the 
mid-points of the horizontal portions of the curve, a line is obtained which repre¬ 
sents fairly closely the volatility curve for the oil.^^^ 

Flash Point. The flash point of an oil may l)e defined as the temperature at 
which an oil evaporates so intensively that its vapor, in an open space of specifie<l 
dimensions or in a specified container, forms an ignitable mixture with air. The 
flash point is of value in indicating the fire hazard resulting from the storage or 
employment of the oil. The ‘ burning point” is also of importance in this connec¬ 
tion. The latter is the temperature at which the vapors not only flash but continue 
to burn.*^^ The lower these two temperatures, the greater the danger of the oil 
volatilizing sufficiently to form an explosive mixture with the surrounding air. 

The methods by which flash-point may be determined specify the conditions 
under which the test is to be performed quite closely because of the influence of 
the dimensions of the space in which the flash occurs upon the flash-point. One 
form of apparatus is the Cleveland Open Cup which has been adopted by the A.S. 
T.M.^^® The oil to be tested is heated in a standard cup at a rate of about 10°F. 
per minute as the temperature approaches the probable flash-point. When the 
temperature of the oil passes every S°F. mark on the thermometer immersed in it, 
a test flame of specified dimensions is applied to the sample. The results obtained 
by this test may be evaluated only in terms of other tests.The other forms of 

Carleton Ellis, “The Chemistry of Petroleum Derivatives,” The (.'hemical Catalog Co., Inc., 
New York, 1934. .Sec aNo H. Bruckner, (ias- und Wasscrfach, 19.14, 77, .SH; Brit. Chem. Abs B, 
19.14, .109; Chem. Abs., 1934. 28, 2155. E. I.. F.eflerer, Petroleum 193.5, 31, No. 0, 1; Chem 
Abs., 1935, 29, 5637; Brit. Chem. Abs. B, 1935. 709 K. .M. Watson and E. F. Nelson, Ittd. Hug 
Chem.. 1933, 25, 880; Brit. Chem. Abs. B, 1933. 995; Chem. Abs.. 1933, 27. 5522. 

S. T. Schicktanz, J. Research Natl. Bur. Standards. 1935, 14, 685; Chem. Abs., 1935, 29. 6106. 

K. .M. Watson and C. Wirth, III, Ind. ling. Chem., Anal. Ed., 1935, 7, 72; Chem. Abs., 
1935, 29, 1972; Brit. Chem. Abs. B, 1935, 259. 

A nomogram or nomograph is a comparison of related properties by means of graduated lines 
The lines may or may not be straight and the gradations need not follow a regular scale. .See for 
the construction of such charts, H. V. Beck, Petroleum Engr., 1931, 3, No. 3, 67; Chem. Abs 

1932, 26, 6110. 

R. N, J. Saal and C. G. Verver, /, Inst. Pet. Tech., 1933, 19, 336; Brit. Chem. Abs. B. 

1933, 612; Chem. Abs., 1933, 27. 5526. 

‘"See T. B. Stillman, “The Examination of Lubricating Oils.” The Chemical Publishing Co., 
Easton, Pa., 1914. A. H. White, “Technical Gas and Fuel Analysis.” McGraw-Hill Book Co., Inc i 
New York, N. Y., 1913. W. A. Ifamor and F. W. Padgett. “The Technical Examination of Crude 
Petroleum, Petroleum Products and Natural Gas.” McGraw-Hill Book ('o.. Inc., .New York, N. Y.. 
1920. J, A. Hicks and A. W. Cox, "The f.alKnatory Book of .Mineral Oil Testing.” Chas. Griffin 
& C'o.. Ltd.. London, 1925. 

-A.S.T..M. D 92-33; A.S.A. No. ZII. 6-19.13: A.P.I. No. 51133; "A.S.T.M Standard!." 
American Society for Testing Materials. Philadelphia, Pa., 1933. 

S. Erk, Erddl und Teer, 1933, 9, 122; Chem. Abs., 1933, 27, 3809. 
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apparatus consist essentially of a closed cup. Examples of this type are the Abel 
Tester, the Tag Closed Tester and the Pensky-Martens Closed Tester. The latter 
two are standard in the United States for volatile flammable liquids (boiling below 
175°F.) and fuel oils, respectively. The Abel Tester was specified for use in the 
examination of petroleum products by The Petroleum Act of 1879.^^® In general, it 
is very similar to both the Pensky-Martens and Tag closed testers, in which the 
oil sample is heated and its vapors intermittently exposed to a flame of certain di¬ 
mensions.^^® 


Fig. 293. 

Cliart for Determination 
of Nitrobenzene Content 
of Mixtures with Hydro¬ 
carbon Oils by Measure¬ 
ment of Flash Points. (S. 
S. Kurtz, Jr., C. E, Head- 
ington and B. Zieber) 


Courtesy Industrial and linqinccr- 
infi Chemistry 



The flash-point is frequently deierniined in connection with the suitability of 
lubricating oils for use at elevated temperatures. Steinitz has reporteeP^® that the 
flash-point did not give a good indication of the practical value of some lubricating 
oils in tests which he conducted. 

A rather interesting use for the Pensky-Martens flash-point determination has 
been suggested by Kurtz, Headington and Ziel>er.’‘*' They found that it was pos¬ 
sible to determine the amount of nitrobenzene present in the raffinate from the 

’•'“Thin method is summarized. toRether with the other early procedures, in A. H. Allen, **('om- 
mercial OrRanic Analysis,” 3rd Ed., revised by H. I.effmann, P. Hlakiston's Son & Co., Philadel¬ 
phia, Pa., 1900. 

** Flash-Point by Means of the Pensky-Martens Closed Tester, A..S.T.M. DesiRnation 1) 93-22; 
A.S.A. No. Zll. 7-1928; A.P.I. No. 510-29; '‘A..S.T.M. Stand.^rds,” American Society for TestiuR 
Materials, Philadelphia, Pa. 1933. Also Tentative Revision, iiurc 1527, ‘‘A.S.T.M. Tentative Stand¬ 
ards,” Philadelphia, Pa., 1935. Tentative Method of Test for Flash Point by Means of the TaR 
Clos^ Tester. A.S.T.M. De.siRnation, I) 56-35T, "A.S.T.M. Tentative .Stamlards." Philadelphia, Pa., 
1935, 713. See also R. A. Randall, Ind. Chemist, 1933, 9, 91; Prit. Chem. Abs. B. 19.t.t, 376; 
Ckem. Abs., 1933, 27. 4913. 

E. W. Steinitz, Petroleum Z., 1934, 30, No. 41; Motor n. Masrhinrn Srhmirruna. 1934, 7, 
No. 10. 5; Chem. Abs., 1935, 29. 588; Brii. Chetn. Abs. B, 1934, 997. .See also II. Hassenbach 
fVdrme, 1930, 53, 444; Chem. Abs., 1930. 24, 5474. 

S. S. Kurtz, Jr., C. E. HeadinRton and B. Zielier. Ind. P.nq. Chem.. .‘Inal. Pd., 1936 8 1* 

Brit. Chem. Ah.t. B, 1936, 355; Chem. Abs., 1936, 30, 235h. 
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solvent-refining of lubricating oils using nitrobenzene. This method is applicable 
only to oils flashing between 300 and 600®F. (149® and 316®C.) which contain 
1 per cent or less of nitrobenzene. The procedure involves ascertaini:*.g the flash¬ 
point of the oil before treatment and then of the raffinate containing nitrobenzene. 
By means of the curves shown in F'ig. 293 the per cent of nitrobenzene may be read 
oflf. For example, if the original flash-point was 440°F. and the flash-point of the 
sample containing nitrobenzene was 330®F., by reference to the chart if 's found 
that there is 0.83 per cent of nitrobenzene in the sample. 

Determination of Molecular Weight. There are three common proce¬ 
dures for the estimation of molecular weight, viz., the vapor pressure, cryoscopic 
and ebullioscopic methods. These are characterized by rather limited applicability. 
The vapor pressure method of Victor Meyer is rather difficult to apply to sub¬ 
stances of high boiling point, although Nernst^^^ has designed an apparatus of pure 
iridium which he used up to more than 2000®C. The method is to weigh out a 
small amount of the sample, which is then introduced into a vessel where it can 
be heated so that it is completely vaporized. By measurement of the increase in 
volume, the temperature and pressure and application of the ideal gas laws, it is 
then quite simple to calculate the molecular weight of the unknown. This method 
has been recommended by Newman and Meanes.^^'^ 

Cryoscopic methods have the disadvantage that many substances tend to 
crystallize out of the solvent medium on cooling. On the other hand, there is less 
likelihood of loss of the sample through volatilization. A number of compounds 
have been recommended as the liquid media in the determination of molecular 
weights by this procedure. Camphor is quite satisfactory in many instances, 
although benzene is widely employed^^^ as is also nitrobenzene. In some cases 
where peculiarities of the material under investigation make the above solvents 
unsatisfactory, dioxane and ethylene dibromide have been used.^^^^ Fenske, Mc- 
Cluer and Cannon^**^ suggested cyclohexane as a solvent and found that values 
secured with this liquid checked fairly satisfactorily with results obtained by com¬ 
putations from molal heats of vaporization. 

The ebullioscopic method for molecular weight determination has the disad¬ 
vantage of loss of sample by volatility. Mair^^^ has observed that extrapolation 
of the results to infinite dilution for purposes of calculation gives values that agree 
with theory rather well. This was done by determination of several values for 
the boiling point elevation using different concentrations of the solute, and plot¬ 
ting these against concentration. Extrapolation was then very easily effected. 

Viscosity. The determination of viscosity has long l)een one of the standard 
procedures in the control of petroleum products, particularly the higher boiling 

»«W. Nernst, Z. Elektrochem., 1903, 9. 622; J.C.S., 1903, 84, 636. 

E. L. Newman and E. A. Meancs, Refiner, 1935, 14, 432; Chem. Abs., 1935, 29, 7717. See 
also, J. B. Niederl, O. R. Trautz and A. A. Plcntl, Ind. Eng. Chem., Anal. Ed., 1936, 8, 252; 
/. Inst. Pet. Tech., 1936, 22, 495A; Chem. Abs., 1936, 30, 6255. 

Sec, amonR other lources of information, J. Eggert, "Physical Chemistry," translated by S. J. 
Gregg, D. Van Nostrand Co., Inc., New York, 1933. 

FitzSimons and E. W. Thiele. Ind. Eng. Chem., Anal. Ed., 1935, 7, 11; /. Inst. Pet. 
Tech., 1935, 21, 122A; Chem. Abs., 1935, 29, 1972. M. Lcrer, Ann. combustibles liquides, 1934, 
9, 511; Chem. Zentr., 1934, 2, 2636; Brit. Chem. Abs. B, 1935, 536; Chem. Abs., 1934, 28, 6285; 
/. Inst. Pet. Tech., 1934, 20, 481 A, H. T. Rail and H. M. .Smith, Ind. Eng. Chem., Anal. Bd., 
1936, 8, 324, 436; Brit. Chem. Abs. B, 1936, 1076; Chem. Abs., 1930, 30. 7825. 

Lercr, toe. cit. E. R. Epperson and H. L. Dunlap, Ind. Eng. Chem., 1932, 24, 13‘69; 
Chem. Abs., 1933, 27. 834; Brit. Chem. Abs. B, 1933, 137. 

M. R. Fenske, W. B. McCluer and M. R. Cannon, Ind. Eng. Chem., 1934, 26, 976; Chem. 
Abs., 1934, 28, 6988; Brit. Chem. Abs. B. 1934, 1047. 

'^B, J. Mair, J. Research 'Natl. Bur. Standards, 1935, 14, 345; Chem. Abs., 1935, 29, 4555; 
/. Inst. Pet. Tech., 1935. 21, 198A. 
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fractions which are used as luhricants.^^** The most common methods for the 
measurement of viscosity depend upon the relationship established by Poiseuille^^®*: 

V 

8 /», 

where V is the volume of oil of viscosity, which passes through a capillary tube 
of radius, R, and length, I, in time, t, under pressure, p, when g is the acceleration 
due to gravityJ"'^^ The instrument to be used is so constructed and the conditions 
of the experimental determination so fixed that: 

^ = {C)t 

where C includes all the other terms of the equation. Some of the methods which 
involve this generalization are the Engler, Saybolt, Redwood, Barbey, Lamansky- 
NobeP^^ and many others.The general procedure is to time the flow of oil 
through a capillary of standard dimensions until a given volume of oil has been 
collected in a calibrated flask. In the Saybolt Universal and Furol Viscosimeters, 
also known as viscometers, this volume is 60 cc.,^^^ though in the Engler viscometer 
it may be 50, 100 or 200 cc. depending upon the viscosity of the oil.^^"^ 

Viscosity is of two kinds, namely, dynamic, which is expressed in poises, and 
kinematic,^®® which is expressed in stokes. The relationship, where P is dynamic 
and K kinematic viscosity and d the density of the substance, is 

P = Kfd 

Relationships between these absolute units and the arbitrary units such as Saybolt 
seconds, Engler degrees and Redwood seconds have been established by various 
workers.^The relationships vary somewhat in different ranges of viscosity. 

AlthouKh most physical pro[)<*ities of mixtures are additive and follow the rule of mixtures, 
A. N. Hartinann (.?rd Collectum of Articles of the lust, of Materials of People’s Commissariat of 
Commuuieatiou (Afosemv), l‘J29. Issue 8/112, 40; Chem. Ahs., 19,t0, 24, 5472) has observed that 
this was not true of Uie viscosities of creosote-fuel oil mixtures. For a method of plotting: viscosity 
gravity constants against volume per cent of solvent in an extract to obtain regions of complete 
and partial miscibility, see .S. S. Kurtz, Jr., Ind. ling. Chem., 1935, 27, 845; Chem. Abs., 1935, 29, 
5311; Brit. Chem. Abs. R. 1935, 753. 

Poiseuille, Compt. rend., 1842, 15, 1167; Ann. chim. phys., 1843, 7 (3), 50; Pogg. Ann., 
1843, 58, 424; Ann., 1848, 64, 129. 

Sec F:. r. Bingham, “Fluiflity and Plasticity,” McGraw-Hill Book Co., New York, 1922, for 
a discussion of this equation and its derivation. 

This viscometer has been used in Russia. For a dcscrijition see R. Wischin, Chem. Rct\ Fett 
Hars-lnd., 1896, 4, 75, 89; Chem. Zentr., 1897, 1, 890, 113t>. L. Singer, Chem. Rci\ Fett. liars- 
Ind., 1896, 4, 243; Chem. Zentr.. 1897, 2, 1041. 

*** Enumeration and description of the man;>- \ariations in viscometer design are beyond the scope 
of this work. See E. C. Bingham, loc. cit. See also L. Squires and R. L. Dockendorff, Ind. Eng. 
Chem.. Anal. Ed., 1936, 8. 295; Chem. Abs., 1936, 30, 5462; Brit. Chem. Abs. A, 1936, 1085; 
/. Inst. Pet. Tech., 1936, 22, 496A. 

»'*>A.S.T.M. Designation 1) 88 33; A S.A. No. Zll. 2 1933; A.P.T. No. 518-33; ‘‘A.S.T.M. 
Standaid.s,” American .Society for Testing Materials, Philadelphia. Pa., 1933. Cf. T. G. Dclbridge, 
Refiner. 1934, 13, 461; Chem. Abs.. 1935. 29, 2715; .7. Inst. Pet. Tech.. 1935, 21. 88A. 

D. Holde and E. Mueller, ‘‘The Examination of Hydrocarbon Gils,” John Wiley & Sons, Inc., 
New York. 1915. According to F. H. Garner and W. E. J. Broom (Rev. pitroliftre, 1935, No. 647. 
1204; J. Inst. Pet. Tech.. 1936, 22, 27; Chem. Abs.. 1936. 30, 1624; Ocl, Kohlc. Frdoel, Tcer, 1936. 
12, 77) the Engler instruments are less accurate than either the Redwood or Saybolt. 

» -G. Barr {Proe. World Petr. Couqr.. 1933. 2. 508; J. Inst. Pet. Tech., 1934. 20, 296A; Chem. 
Ahs.. 1934. 28. 4887; Brit. Chem. Abs. B, 1934, 656) has suggestetl the word “lentor” as a name 
for kinematic viscosity. Dynamic or abMilute viscosity is the expression of the internal friction of 
fluids in ab.solute units. The unit employed is the poise, or force in dynes jier sq. cm. required to 
move a surface of 1 sq. cm. at a velocity of 1 cm. per .sec. past an equal surface 1 cm. distant, 
when the space lietween surfaces is filled with the fluid under investigation. Kinematic viscosity is 
the quotient, in stokes, of the dynamic viscosity divided by the density of the fluid. See V. A. 
Kalichevsky and B. A. Stagner. “(’hemical Refining of Petroleum.” The Chemical Catalog Co.. Inc., 
New York, 1933. W. H. Walker. W. K. Lewis, and W. H. McAdams, “Princi^es of Chemical 
Engineering.” McGraw-Hill Book Co., Tnc.. New York and London. 1923. A. W. Nash and A. R. 
Bowen. “The Principles and Practice of Lubrication.” Chapman & Hall, Ltd.. London. 1929. 

iM See. for example, F. H. Garner ami C. 1. Kelly. Physics. 1933. 4, 97; Petroleum Z., 1933, 
29 (28) I- Chem. Abs., 1934. 28, 621; Brit. Chem. Abs. B, 1933, 767. Also Compt. rend. Conor, 
araissaac, 1931, 475; Brit. Chem. Abs. B, 1933. 287; Chem. Zentr., 1932. 2. 2906. Also W. B. 
McCluer and M. R. Fenske, hid. Eng. Chem., 1935, 27, 82; Brit. Chem. Abs. B, 1935, 613; /. Inst. 
Pet. Tech., 1935, 21, 87A; Chem. Abs.. 1935. 29, 1971. F. H. Garner. W. E. I. Broom and J. 
I. Taylor Inst. Pet. Tech., 1936. 22, 11 ; Chem. .4hs., 193i>, 30. 2818. I.. Thbrlohde. Chem.- 
Ztrt. 1907, 31, 38; Chem. Ahs., 1907, 1. 1087, Cf. I. D. Afanasyev, Meft. Khoc., 1929, 17, 218; 
Brit. Chem. Abs. B, 1930, 402; Chem. Abs., 1930, 24. 952. 
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The various arbitrary units are also interchangeable by the application of suitable 
equations. 

An instrument which is also based on the rate of flow of an oil through a capil¬ 
lary tube is the Ostwald viscometer. Willihnganz and his co-workerhave 
described a modification of this instrument which is said to be more satisfactory 
than the usual type. An Ostwald viscometer which can be used for the measure- 



294. 

Modified Form of UbiK'lohde 
Capillary Viscometer. (O. Fitz- 
Siinons) 
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nient of the viscosity of tar has been suggested by Lee.*”'^ Ubl)elob(le*’'** has de¬ 
scribed a ‘‘suspended-level” viscometer which is reported to l)e an improvement over 
the usual instruments in several ways, such as the replacement of tlie lower litjuid 
level by a suspended level. 

A modified form of the Ubbelohde suspended-level viscometer has been dc- 

E. A. Willihngaiu, W. B. McClucr, M, R. Fenske and R. V. MeOrew, Ind. Eng. Chem., 
Anal. Ed., 1934, 6, 231: Chem. Abt., 1934, 28, 5971: Brit. Chem. Abs. B, 1934. 788. See also 
E. A. Willihngana. PhyAcs, 1934, 6, 61; J. Jnst. Pet, Tech., 1935, 21. 124A; Chem. Abs., 1935, 28. 
3501. See also M. R. Fenske and W. B. McQuer, Refiner, 1934, 13, 215; Chem, Abs,, 1934, 28, 
5651; /. Inst. Pet. Tech., 1934, 20, 444A, Also Nat. Pet. News, 1936, 28 (29), 25; J. Inst. Pet. 
Tech., 1936, 22, 496A. 

»»A. R. Lee, J.S.C.I., 1934. 53. 69T; Chem. Abs., 19.14, 28, 3221; Brit. them. Ahs. B. 1934. 
107; J. Inst. Pei. Tech., 1934, 20, 297A. 

«»L. Ubbelohde, J. Inst. Pet. Tech., 1933, 19. 376; Chem. Abs., 1933, 27, 4719; Brit. Chem. 
Abs. B, 1933, 607. Ibid., 1936, 22, 32; Chem. Abs., 1936, 30. 2426, See alao Proc. World Petr. 
Congr^ 1933, 2. 496. Cf. Britiih P. 400,840, 1933, to Glaunlakatefabrik Union G.m.h.H.; J. hut. 
Pet. Tech., 1934, 20, 27A; Chem. Abs., 1934, 28, 1895. L. Ubbelohde. Ind. Eng. Chem., Anal. Ed., 
1937, 9, 85. 
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signed by FitzSimons.^®® This instrument is said to surpass the more ordinary 
types of viscometer in speed, accuracy, and in ease of operation. The apparatus is 
shown ill big. 294. The description of the apparatus and procedure is: 

The apparatus consists of two capillaries of different sizes. A, sealed into a vapor 
bath, E. “ l ube C is an air vent for producing the suspended level and tube B is con¬ 
nected to the oil reservoir, D. 

“The bulb is filled with a pure organic liquid with a normal boiling point slightly above 
the tcmiierature at which it is desired to operate the viscometer, methylene chloride being 
suitable for use at 37.78®C. (1(X)°F.) and tertiary amyl alcohol for use at 98.89®C. 
(210°F.). Vacuum is turned on and regulated by Valve I to obtain a slow rise of bubbles 
up Column J. The bulb, H, is heated electrically causing vapor to rise up the jacket and 
down the riser, F, to the condenser, G, and return as liquid to the bulb, H. To obtain 
exactly the desired temperature, the pressure is adjusted by adding or removing water 
from the pressure-regulating column, J, by means of the leveling bottle, K. By changing 
the connection to the column from Tube L to Tube M and substituting an air line for 
the vacuum line, the viscometer can be operated under pressure; this is occasionally 
necessary on days of low barometer, 

“Oil is poured through a loo-mesh filter down Tube B until reservoir D is about one- 
half full; this requires about 12 cc. After a short wait of 1 to 2 minutes to allow the 
oil to reach bath temperature. Tube C and the smaller capillary. A, are closed off with 
the fingers and oil is drawn up into the right capillary by suction well above the upper 
mark. The suction line and fingers are then removed, establishing the suspended level 
at N, and the time for the oil to pass between the marks is noted. If the time is less than 
100 seconds the oil is immediately drawn up into the smaller (left) tube and the efflux 
time observed. The kinematic viscosity is obtained by multiplying the efflux time by a 
factor determined by calibrating each tube of the instrument on an oil of known viscosity. 
At short efflux times a kinetic energy correction is necessary, which is always less than 
1 per cent for motor oils. The kinetic energy correction is calculated from the dimensions 
of the instrument. 

“The oil is quickly removed through Tube C by a suction line connected to a trap. 
The instrument is flushed with a narrow cut naphtha with an initial slightly above the 
bath temperature. The naphtha is also removed by suction through Tube C and the 
instrument sucked dry. The entire cleaning operation requires about one minute.” 

Other methods which have been used for the determination of viscosity include 
the falling sphere^®^ and its modification in which a bubble is permitted to rise 
through the liquid.^®^ Another variation consists of permitting spheres of known 
dimensions to fall through a column of the oil which is somewhat inclined.A 
method which is analogous to the falling sphere method is that described by Duf- 
fing.^®^ In his method, using what he calls a viscometric balance, a sphere rises 
a known distance through a liquid under the influence of a force applied by means 
of a w'eight on the other arm of the balance. The results from this apparatus are 
calculated directly in centipoises. Yet another viscometer is that which has been 
advocated by Smith^®® and employed by him in studying the effect of carbon sus- 


O. FitiSimoni, Ind. Eng, Chtm., Anal. Ed., 1*^35, 7, 345; J. Inst. Pet. Tech., 1936, 22, 

90A; Brit. Chem. Abs. A, 1935, 1342; Chent. Abs., 1936, 30, 2050. Another modification of the 

Huspendedievel viscometer is described by E. H. Payne and C. C. Miller, Ind. Eng. Chem., Anal. 
Ed., 1936, 8. 300; /. Inst. Pet. Tech., 1936, 22, 496A; Chem. Abs., 1936, 30, 54o3. 

«'C/. E. J. Harris, Ind. Chem., 1934, 10, 139; Chem. Abs.. 1934, 28, 3942; J. Inst. Pet. Tech., 
1934, 20, 403A; Brit. Chem. Abs. B, 1934, 507. F. Hirata and K. Kulx), J. Soc. Chem. Ind. Japan. 
1934, 37 (1), IIB; /. Inst. Pet. Tech., 1934, 20. 297A; Brit. Chem. Abs. A, 1934, 385; Chem. Abs.. 

1934, 28. 1911. E. S. L. Beale and P. Docksey, J. Inst. Pet. Tech., 1936, 22, 42; Chem. .4bs., 

1936, 30, 2050; /. Inst. Pet. Tech., 1936, 22. 89A. A micro-method for the determination of viscosity 
on the rolling-ball principle has been designed by H. F. Schneider. Jr., and T. A. McConnell. Ind. 
Eng. Chem.. Anal. Ed., 1936, 8. 28; Chem. Abs., 1936, 30. 1558. This method was devised for 
the study oi oil in the insulation of cables. ^ . 

'“L. Steiner, Proc. World Petr. Congr.. 1933, 2. 483; J. Inst. Pet. Tech.. 1934, 20, 233A; 
Chem. Abs., 1934, 28, 4887; Petroleum Z., 1934, 20 (6); Motorenbetrieb n. Maschinen^-Schmierung, 

1934, 7, 2; Brii. Chem. Abs. B, 1934, 744. See also O. S. Panyatin and O. S. Obleukhova, Neft. 
Khoe.. 1933, 25, 105; J. Inst. Pet. Tech.. 1934. 20, 444A. 

»«SF. Hoppler, Proc. World Petr. Congr., 1933, 2, 503; Chem. Abs., 1934, 28, 4887. See also, 
Chem. Met. Eng., 1935, 42 (12), 687. 

Duffing, Proc. World Petr. Congr.. 1933, 2, 499; Chem. .4bs.. 1934, 28, 4887. 

»«H. H. Smith, Instruments, 1935, 8 (7), 170; Chem. Abs., 1935, 29, 6749; J. Inst. Pet. Tech., 

1935, 21, 374A. 
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pensions on the properties of lubricating oils. The method consists essentially in 
counting by means of a photo-electric cell the number of drops falling from an 
orifice. 

The Expression of the Temperature Variation of Viscosity. In the' 

previous discussion of viscosity it has been pointed out that viscosity is commonly 
expressed in either absolute units, such as poises or stokes, or in arbitrary units such 
as the Saybolt second or Engler degrees. These measurements give an indication 
of the viscosity only at the specified temperature at which they were determined. 
Numerous methods have been suggested by which it would be possible to indicate 
by means of one value the extent to which viscosity changes at rising tempera¬ 
tures. One of these methods was the ratio of the viscosities at 100 and 210°F. 
The Viscosity Index was first suggested by Dean and Davis^®® as a method for 
evaluating the variation of viscosity with temperature and was later discussed by 
Davis, Lapeyrouse and Dean and others.^®^ To determine the viscosity index 
(V.I.) of an oil it is compared with two other oils whose viscosities at 210°F. are 
the same as the unknown. The two standard oils are chosen from such a stock 
that they differ widely in viscosity at 100°F. If the unknown has a viscosity V at 
100° F., and the standards, viscosities of L and H at 100°F. for oils of poor and 
good (Gulf Coast and Pennsylvania base) qualities, respectively, the viscosity 
index is then given by the equation, 

V.I. = — ^ X 100 

Thus, an oil which compares favorably with oils of Pennsylvania origin and has 
relatively low change of viscosity with temperature will have a V.I. near 100, and 
an oil with wide variation in viscosity with temperature will have a V.I. near 
zero. 

Other methods have been suggested for representation of change of viscosity 
such as the Viscosity Gravity constant of Hill and Coats,*®” the Gravity-Index*®® 
and numerous other systems.*^® 

Tests for Cloud and Pour Points. The cloud point of a petroleum oil 
is defined as “the temperature at which paraffin wax or other substances begin to 
crystallize or separate from solution when the oil is chilled under definite prescribed 
conditions.”*^* “The pour point of a petroleum oil is the lowest temperature at 

E. W. Dean and G. H. B. Davis, Chem. Met. Eng., 1929, 36, 618; Chem. Abs., 1930, 24, 
716; Brit. Chem. Abs. B, 1929, 1039. 

G. H. B. Davis, M. Lapeyrousc and E. W. Dean, Oil Cas J., 1932, 30 (46), 92; Chem. Abs., 

1932, 26, 6112. See also I. L. Newell, Ind. Eng. Chem.. 1931, 23. 843; Brit. Chem. Abs. B, 1931, 
829; Chem. Abs., 1931, 25, 4392. H. G. Ncvitt, Petr. Eng., 1933, 5 (3), 28; /. Jnst. Pet. Tech., 
1934, 20, 155A. L. Ivanovszky, Petroleum Z., 1934, 30 (42), 1; Chem. Abs., 1935, 29, 2715; 
Ibui., 1935, 31 (2), 1; Chem. Abs., 1935, 29, 6745; Brit. Chem. Abs. B. 1935. 289. P. Docksey, 
C. H. G. Hands and W. A. Hayward, J. Inst. Pet. Tech., 1934, 20, 248; Chem. Abs., 1934, 28, 4579; 
Brit. Chem. Abs. B, 1934, 390; J. Inst. Pet. Tech., 1934, 20, 298A. H. Metzger, Z. angew. Chem., 
1930, 43, 289; Chem. Abs., 1930, 24, 4621; Brit. Chem. Abs. B. 1930, 496. K. M. Watson. J. I.. 
Wien and G. B. Murphy, Ind. Eng. Chem., 1936, 28, 605; Brit. Chem. Abs. B, 1936, 677; J. Inst. 
Pet. Tech., 1936, 22, 344A; Chem. Abs., 1936, 30, 4655. 

‘•T. B. Hill and H. B. Coats, Ind. Eng. Chem., 1928, 20, 641; Chem. Abs., 1928, 22, 2834. 

W. B. McQuer and M. R. Fenske, Ind. Eng. Chem., 1932, 24, 1371; Brit. Chem. Abs. B, 

1933, 137; Chem. Abs., 1933, 27, 834. 

See C. M. Larson and W. C. Schwaderer, Nat. Petr. News, 1932, 24 (2), 26, 30, 34; 1933, 
23 (9), 25; Chem. Abs., 1933, 27, 4913. Oil Gas 1934, 33 (5), 10; J. Inst. Pet. fech., 1934, 
20, 521 A. See also C. S. Cragoe, Proc. World Pet. Congr., 1933, 2, 529; J. Inst. Pet. Tech., 1934. 
20, 296A; Chem. Abs., 1934, 28, 4883; Brit. Chem. Abs. B, 1934, 992. C. Walther, Proc. World 
Pelr. Congr., 1933, 2, 419; Chem. Abs., 1934, 28, 4890; Brit, Chem. Abs. B, 1934, 744; J. Inst. 
Pet. Tech., 1934, 20, 297A. W. B. McCluer and M. R. Fenske, Ind. Eng. Clum., Anal, kd., 1934, 
6, 389; Chem. Abs., 1935, 29, 326; Brit. Chem. Abs. B. 1935, 54. 

*nA.S.T.M. Designation D 97-33; A.S.A. No. Zll. 5-1933; A.P.I. No. 506-33 “A.S.T.M. 
Standards,"' American Society for Testing Materials, Philadelphia, Pa., 1933. See also B. H. 
Moerbeek and A. C. van Beest, J. Inst. Pet. Tech., 1935, 21, 155; Brit. Chem. Abs. B, 1935, 614, 
888; Chem. Abs., 1935, 29, 4561. Oil Gas J., 1935, 33. No. 42, 33; Chem. Abs., 1935, 29. 3816; 
Brit. Chem. Abs. B, 1936, 51. J. G. Phillips, U. S. P. 1,916,071, June 27, 1933, to E. E. Greiner; 
Brit. Chem. Abs. B, 1934, 354. P. Woof, Proc. World Petr. Congr., 1933, 2. 412; Chem. Abs., 

1934, 28, 4889; /. Inst. Pet. Tech., 1934, 20. 154A. P. Woog and J. Givaudon, Rev. pitrolif(‘re. 
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which the oil will pour or flow when it is chilled without disturbance under definite 
prescribed conditions/* It has been observed that cloudiness may be due to water, 
soaps, sodium sulphate or ceresin.^'^'-^ The pour point and cloud point depend to 
Isome extent upon the treatment which the oil has undergone. Heating the oil, 
even only above 100°F., makes it necessary to wait some time before testing. There 
is some tendency for asphaltenes to keep wax in solution in this determination, par¬ 
ticularly if there is any pronounced agitation during cooling. 

Use of Specific Refraction and Specific Dispersion in Examination 
of Petroleum Fractions. Specific dispersion is defined as 10,000 times the dif¬ 
ference between two specific refractions. That is, for refractive indexes for the 
C and G' lines,the specific dispersion, D, may be written: 

«■ 


where nc' and wq are refractive indexes for G* and C lines, respectively, and d is 
the specific gravity. By using molar refractives, as given by the Lorentz-Lorenz 
formula,in place of the specific refractions used above, the specific dispersion 
is given by the equation: 


D = 


/nrr’^ - 1 
-+■ 2 


1 

d 


nc^ - 1 
nc^ -f 2 



10* 


The advantage of this formula is that it is possible to calculate n by the use of 
atomic refractions. The values obtained in this way are usually fairly satisfactory 
for saturated compounds but not for aromatic or unsaturated hydrocarbons.^'^® 
The first equation above may be written 

D = - nc)\0*/d 


By substituting experimentally determined values for uc and tjQ' it is possible to 
obtain values of D. After treatment of a specimen to remove aromatic compounds 
D should be less than 

Marder^^^ has outlined a procedure for estimation of the relative amount of 
paraffin and naphthene hydrocarbons in an oil from which olefins and aromatics 
have been removed by sulphuric acid treatment. This method depends upon a 
knowledge of the specific refraction of the sample being tested and of paraffins 
and naphthenes which are known to lie within the boiling range of the specimen. 
Vlugter, Waterman and van Westen*^” have shown that the composition of a 

1935, 16.12; Chem. Abs., 1936. 30, 23.S<). P. Woog, J. Givaudon. R. Sigwalt and J. Lienhart, Bull, 
soc, r/iim., 1935, (5) 3, 269; Chenx. Ahs., 1936, 30, 3992. C. G. Verver. Proc. World Petr. Congr., 
1933, 2, 417; J. Inst. Pet. Tech.. 1934. 20. 295A; Chem. Abs.. 1934. 28, 4889. 

‘*3 O. Wesp, Petroleum Z., 1934, 30; Motorenhetrieb i'. Maschinen-Sehmierung, 1934, 7, 6; Brit. 
Chem. Ahs. B. 1934, 744; Chem. Abs., 1934, 28. 750(,. , 

These arc two Fraunhofer lines due to hydrogen. C has a wave length of 6562.8 Angstrom 
units and is in the visible red. (P has a wave length of 4340 5 .\ngstrom units and is in the 
visible blue. 

The I.orentz-T.orenz relation gives the molar refraction. R, in terms of the refractive index. 
n, the molecular weight, M. and the density, d: 

(w ^-n.u 
* (nJ-b2)d 

Sec P. Debye, “Polar Molecules.’’ The Chemical Catalog Co.. Inc., New York. 1929. 

F. Fisenlohr, /. Chem., 1910. 75. 585; Chem. Abs.. 1911, 5. 1218; J.C..S.. 1911, 

100 (2), 81; Chem. Zentr., 1911. 1, 624. See also T. T. N, van der Hulst. Rec. trav. ehim.. 1935, 

54, 518; Chem. Abs., 1935, 29. 6117. 

iwj. C. Vlugter. H. I. Waterman and H. .\. van WcNten. J. Inst. Pet. Tech., 1935. 21, 701; 
Chem. Abs.. 1935, 29. 7626; Bnt. Chem. Abs. B. 1935, 934; J. 7n.rf. Pet. Tech., 1935, 21, 367A. 

Sec also E. Darmois. Compt. rend., 1920, 171. 952; Chem. Abs.. 1921, 15, 622. 

*T7M. Marder. Oel, Kohle, Erdoel. Terr. 1935, 11. 75. 222; J. Inst. Pet. Tech., 1935, 21, 162A; 
Chem. Abs., 1935. 29. 8281. 

»wj, C. Vlugter, H. I. Waterman and M, A. van Westen. J. Inst. Pet. Tech., 1935, 21, 661; 
Chem. Abs.. 1935. 29, 7057; Brit. Chem. Abs. B, 1935, 836; J. Inst. Pet. Tech.. 1935. 21, 367A. 
Cf. H. I. Waterman, J. J. Leendertsc and G. van der Ncut, 7. Inst. Pet. Tech., 1935, 21, 816; 
Brit. Chem. Abs. B, 1935. 980; Chem. Abs., 1935, 29, 8303. H. I. Waterman and J. J. Leendertsc. 
Ree. trav. ehim., 1935, 54, 725; Chem. Abs.. 1936. 30, 2816; Brit. Chem. Ahs. A, 1935, 1479. 
A. L. Ward and VV. H. Fulweiler, Ind. Bug. Chem., Anal. Ed., 1934, 6, 396; Brit. Chem. Abs. A, 
1935. 61. 
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high-boiling mixture of hydrocarbons may be most satisfactorily expressed as iKir 
cent each of aromatic rings, naphthenic rings and paraffin-side-chains. They 
showed that the composition could be calculated from a knowledge of the mo¬ 
lecular weight, refractive index, density and aniline point of the oil. This was 
made possible in part by means of experimentally determined graphs and partly 
by calculations involving the known values. 

A method for determining the various homologous series of light petroleum frac¬ 
tions has been advanced.It depends upon the fact that for a given structural 



Courtesy Industrial and Engineering Chemistry 

Fig. 295.—Derivation of Refractivity Intercept for Hydrocarbons. (S. S. Kurtz, Jr., 

and C. E. Headington) 


type of hydrocarbon, tlie refractive index varies linearly with the density. When 
these data are plotted, the equation which describes the relation is shown to l)e 

Refractivity index » 0.5 density -f b 

where 6 is a constant which represents the refractive index at zero density. This 
value, called the refractivity intercept, is different for each homologous series, as 
mav be seen from Fig. 295. Some of the refractivity intercepts are indicated in 
Table 213. 

Examination of Petroleum Fractions by Means of Critical Solution 
Temperatures. The temixjrature at which an oil and a solvent liquid become 
completely miscible is known as the “critical solution temperature.’' Because of 
the different solubility of the several classes of hydrocarbons in solvents, such as 

S. S. Kurt*, Jr., and C. E. Headington, !nd. Eng. Chem., Anal. Ed., 1937, 9, 21. S. S. 
Kurtz, Jr., and A. L. Ward, /. Franklin Institute, 1936, 222 (5), 563. 
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Table 213 .—RefracUvity Intercepts of Hydrocarbons, 


Hydrocarbon Type Rcfractivity Intercept 


Paraffins. 1.0461 

Naphthenes.. .. 1.0400 

Aromatics. 1.0627 

Cyclic monoolefins. 1.0461 

Non^clic monoolefins. 1.0521 

Cyclic conj ugated diolefins. 1.0643 

Noncyclic conjugated diolefins. 1.0877 

Noncyclic nonconjugated diolefins. 1.0592 


aniline, nitrobenzene or benzyl alcohol, it is possible to obtain an indication of the 
nature of an oil from its critical solution temperature in one of those solvents. 

In determining the amount of naphthenes and paraffins in an oil after hydrogena¬ 
tion of aromatics and olefins, Vlugter, Waterman and van Westen^®^ have used the 
aniline point as a means of indicating complete hydrogenation. According to 
Griffith and Hollings^®^ the portion of oil which is insoluble in oleum is also least 
soluble in aniline. They also suggested that curves of aniline point versus boiling 
point gave some indication of the previous history of the oil. An oil which had 
undergone cracking treatment gave a flexed curve, whereas with a crude oil the 
graphic relation was linear. 

Besides aniline, nitrobenzene and benzyl alcohol, several other organic liquids 
have been used in the study of critical solution temperature. A solution of 9 parts 
acetone and 1 part amyl acetate is recommended by Vellinger and Herrenschmidt^®^ 
for highly refined oils. Nitromethane ha.s l>een proposed as a medium for the 
identification of the types of hydrocarbons.'®** Thus, solid aromatic hydrocarbons 
are more soluble than other hydrocarbons of approximately the same melting point 
and molecular weight. In approximately increasing order of solubility in nitro¬ 
methane at 20°C., the various hydrocarbons are: alkanes, cycloalkanes, dicyclo¬ 
alkanes, cycloalkenes, alkadienes containing more than eight <;:arbon atoms, al- 
kynes, alkenes and aromatics. The latter are much more soluble than any other 
type. The critical solution temperatures of various hydrocarbons in liquid sulphur 
dioxide and likewise in liquid ammonia have been determined as a possible means 
for the separation of isomers.'®® However, it appears that aniline holds more 
promise than either of the last-mentioned solvents. 

The kauri-butanol test for solvent power may be considered as dependent upon 
critical solubility. It consists of ascertaining the volume (in cc.) of a solvent which 
will cause sufficient opacity, when added to 20 g. of standard kauri solution at 
77®F., to make 10 point print illegible when viewed through the flask.'®® ‘The 
standard kauri solution is prepared by adding 1(X) g. of carefully selected kauri 
gum to 500 g. of «-butyl alcohol (distilling between 114.4 and 116.6®C.). The mix¬ 
ture is heated gently in a flask provided with a water-cooled reflux condenser, 
allowed to cool, and after 96 hours decanted into a clean, dry bottle always kept 
well stoppered.’^ Higher-boiling butanol may be used. The test is carried out 

Sc€ Carleton Ellis, “The Chemistry of Petroleum Derivatives.” The Chemical Catalog Co., Inc., 
New York, 1934. 

J. C. vlugter, H. I. Waterman and H. A. van Westen, J hist. Pet. Tech., 19.15, 21. 661; 
C/trm. Abs., 1935, 29, 7057; Brit. Chem. Abs. B, l'>35, 8.16. See also E. B. Evans, /. Inst. Pet. 
Tech., 1937, 23, 220, 208A. 

R. H. Griffith and H. Hollings, /. Inst. Pet. Tech., 1933, 19. 701; Chem. Abs., 1933, 27. 
5523: Brit. Chem. Abs. B, 1933, 949. Cf. J. Inst. Pet. Tech., 1934, 20, 255. 

E. Vellinger and J. D. Herrenachmidt, Compt. rend., 1935, 201, 780; Brit. Chem. Abs. B. 
1936, 83; Chem. Abs., 1936, 30. 274. 

*•*8. P. Mulliken and R. L. Wakeman, Rec. trav. chim., 1935, 54, 366; Chem. Abs., 1935, 29, 
3975; /. /nst. Pet. Tech., 1935, 21. 401A. See also Ind. Eng. Chem., AnaJ. Ed.. 1935. 7. 275; 
BrU. Chem. Abs. B, 1935, 837; Chem. Abs., 1935, 29. 5805; J. Inst. Pet. Tech.. 1935, 21, 370A. 

*»R. T. Leslie, /. Research Natl. Bur. Standards, 1934. 13. 589; J. Inst. Pet. Tech., I<i35, 
21, 87A; Brit. Chem. Abs. A. 1935, 159: Chem. Abs., 1935, 29, 987. 

E. L. Baldeschwieler, W. J. Troeller and M. D. Morgan, lud. Enq. Chem., Anal. Ed.. 1935, 
7. 374. 
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in a 250 cc. flat-bottomed flask, the solvent to be tested being run into the kauri- 
butanol solution in the flask until the end point is reached. Because of the varia¬ 
tion in kauri gum from different sources, it is necessary to correct the kauri-butanol 
values to some standard. Benzene is used for this purpose, its kauri-butanol 
value being determined and known as the “benzene equivalent’' of the kauri solution. 
To make final results comparable, the kauri-butanol value as determined is divided 
by the benzene equivalent of the solution and multiplied by 100. The kauri- 
butanol value is considered to be an indication of aromaticity of a solvent. It is 
recommended as an index of solvent power for hydrogenated petroleum solvents by 
Baldeschwieler and his co-workers. Aniline point has also been recommended as 
an index of solvent power in petroleum solvents to be used in paint formulation.^®"^ 
Surface Tension and Parachor in the Analysis of Petroleum Frac¬ 
tions. Surface tension may be defined as the force at the surface between two 
fluids which is due to molecular attractions. Air is commonly taken as one phase. 
The surface tension, y, may be measured by a rise, h, in a capillary radius, r, for 
a liquid of density, d, according to the formula: 

7 = rkdgjl 

The tension will be found in dynes per centimeter, if r and h are in cm., d in grams 
per cm.® and g (the acceleration due to gravity) in cm. per sec.- 

Pfund and GreenfiekP^® have proposed a method which is said to be especially 
practical for the determination of the surface tension of non-volatile, relatively 
viscous liquids. It depends upon the observation that if a jet of air is permitted 
to impinge upon the surface of a liquid, the depth of tlie depression produced is 
inversely proportional to the square of the surface tension. The depth of the 
depression is measured by the aid of a short-focus telescope with micrometer eye¬ 
piece. A calibration chart to facilitate the determinations is prepared by the use 
of substances of known surface tension. 

A du Noiiy tensimeter^®^ has been used by Vellinger and Radulesco**^*^ to study 
the change of interfacial tension as measured against buffer solutions during re¬ 
fining of mineral oils. They demonstrated that the interfacial tension wa^ higher 
for more highlyrefined oils. 

The parachor of a substance is defined by the relationship: 

P = My\/(D - d) 

where y is the surface tension, M, the molecular weight and D and d are the densi¬ 
ties of liquid and vapor phases, respectively.The value of P, called the molec¬ 
ular parachor, may be calculated with a fair degree of accuracy from values for 
the different portions of the molecule such as carbon, hydrogen, nitrogen and the 
halogens. Some of the characteristic increments for parachor are given in 
Table 214. 

The parachor represents a comparison of molecular volumes for licjuids at 
temperatures at which they have the same surface tension. This constant, 
P, has been found to be useful in determining various properties of .sub¬ 
stances. For example, it is related to the octane rating of a gasoline (Chapter 

E. M. Toby, Jr., Am. Paint J,, 1936, 20, 7, 62, 64, 66; Chem. Abs., 1936, 30, 2407. 

A, H. Pfund and E. W. Greenfield, Ind. Eng. Chem., Anal Ed., i936, 8, 81. 

^ A tensimeter which depends upon the force necessary to remove a platinum ring from the 
liquid interface. Cf. H. S. Taylor, “Treatise of Physical Chemistry,” D. van Nostrand Co., New 
York, 1932, 1628. This is similar to the sO'Called “Jolly balance platinum ring method.” 

E. Vellinger and G. Radulesco, Ann. combustibles liquides, 1934, 9, 279; Chem. Abs. 1934 
28. 6285. Proc. World Petr. Congr., London, 1933, 2, 407; Brit. Chem. Abs. B, 1934, 7A2\ Chem' 
Abs., 1934, 28, 4889. See also E. Vellinger, Compt. rend, congr. graissage, 1931, 354; Chem. Abs.. 
1933, 27, 4913. 

r .S, .Siigden .iml H. Wilkins 

J.C.S., 1927, 139; Chem. Abs., 19^7, 21, 1249. 
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Table 214.— Values of Molecular Parachor. 


Group 

Increment 

Group 

Increment 

Carbon. 

4.8 

Triple bond. 

.. 46.6 

Hydrogen.... 

17.1 

Double bond. 

23.2 

Oxygen. 

20.0 

Single bond. 

0 

Nitrogen. 

12.5 

Three-membered ring. . 

17 

Chlorine.. . . 

54.3 

Four-ipembered ring. .. 

11.6 

Bromine. 

68.0 

Five-membered ring. . . 

8.5 

Iodine. 

91.0 

Six-membered ring. 

6.1 


44.) Marder^®- has applied the parachor to the determination of the composi¬ 
tion of gasoline. He showed that it was possible to determine the extent of 
elimination of a certain type of hydrocarbon group, such as the removal of olefins 
or aromatics by sulphuric acid treatment. With unsaturated compounds it was 
possible to calculate the average number of double bonds per molecule and with 
aromatic compounds either the degree of hydrogenation for compounds of the 
lower members or the number of rings per molecule for compounds of higher 
boiling point. The average number of carbon atoms in naphthene rings can also 
be calculated. 


Raman Effect in Petroleum Chemistry 

Although the Raman effect did not receive very much attention from petroleum 
chemists during the first few years after its discovery, it has been suggested as a 



Fig. 296. 

Diagram of Experi¬ 
mental Arrangement 
for Recording Ra¬ 
man Spectra. (J. 
H. Hibben) 


Courtesy Industrial and 
Engineering Chemistry 
Courtesy Geophysical 

Laboratory, Carnegie In¬ 
stitution of H'ashington, 

I). C. 


possible means of throwing light on various factors which are of interest in the 
study of petroleum fractions. 

In 1928 RamaiP^*”* reported his observations of a new radiation excited in 
glycerine by ultraviolet radiation. Landsberg and Mandelstam^'*^ observed the 
same effect in a quartz crystal at about the same time. This was considered to be 
the first experimental evidence of a phenomenon predicted earlier by Smekal.^®® 

In the determination of the so-called Raman lines, or spectra, it is necessary 
to use light of a single wave length, as each wave length excites a different group 

Marder, Oel. Kohlc, Rrdocl, Teer, 19.15, 11. 1, 41, 150, 182, 222; Chem. Abs., 1935, 29. 
8281; f. Inst. Pet. Tech.f 1935, 21, 126A. 159A; Brit. Chem. Abs. B, 1936, 1077; Chem. Zentr.. 
1935, 2, 1644. Also, specific parachor has been related to cetenc numbers of gas oils. Sec D. T. W. 
Kreulcn, J. Inst. Pet. Tech., 1937, 23, 253. 

J. H. Hibben, Ind. Eng. Chem., 1934, 26, 646; Brit. Chem. Abs. B, 1934, 662; Chem. Abs., 
1934, 28, 4311; J. Inst. Pet. Tech., 1934, 20, 483A. Because of the voluminous literature on aii 
phases of the Raman effect, it i.s impossible to give here more than a few of the essential features. 

C. V. Raman, Indian J. Physics, 1928, 2, 387; Chem. Abs., 1928, 22, 2707. 

(f. Landsberg and L. Mandelstam, Naturwissenschaften, 1928, 16, 557; Chem. Abs., 1928, 
22. 3837. 

‘••A. Smekal, Naturwissenschaften, 1923, 11, 873; Chem. Abs., 1924, 18, 2834. iVafMrtcux- 
scnschaftcM, 1928, 16. 612; Chem. Abs., 1928, 22. 3836. 
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of lines. One of the most satisfactory sources of monochromatic light is the mer¬ 
cury vapor lamp. For several reasons the lines of mercury at 4358 and 4047 A 
are used as excitants, in which case it is unnecessary to employ a quartz optical 
system. A diagram of the apparatus is shown in Fig. 296. It is sometimes found 
helpful to insert a filter containing mercury vapor between the Raman tube and 


-4047 A. Hg. 


Tig. 297. 

Typical Unfiltcred Raman Spectrum 
of Cracked Gasoline. (J. H. Hibben) 


■ 4358 A. Hg. 


C ourtesy Industrial and liu(/tnecniu/ Chemistrx 
Courtesy (itophysical Laboratory, Carnegie 
Institution of IVashington, D. C. 


Raman linrs 


-4916 A. Hg, 


spectroscope, a.s this reab.sorbs the lines due to the mercury and permits identifi¬ 
cation of lines close to the exciting frequency. 

The cause of the Raman effect is the loss of energy by (|uanla of light when 
they rebound from the molecules of the substance in the Raman tube.^*^ Thus, 
a quantum with the energy hv (where It is Planck’s constant and v is the frequency 

For a discussion of the mathematics and theoretical aspects of this phenomenon, see C. B B M 
Sutherland, “Infra-Red and Raman Spectra/’ Methuen tc Co. Ltd., London, 1935. ’ 
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of the incident light) is absorbed by a molecule and immediately re-emitted with a 
new frequency v\- The energy of the emitted quantum is measured by hi/j. If 
energy is given up to the molecule, that is, if vi<v, the emitted light will have a 
longer wave length. The spectral lines which are observed as a result of this arc 
known as Stokes lines. In the opposite case, i.e., if the molecule is in an excited 
state and gives up energy, the emitted light has a shorter wave length. The spectral 
lines caused by this are anti-Stokes lines. 

It has been found that there are certain frequencies of vibration which are 
more or less characteristic of any particular linkage in a molecule. This frequency 
is taken up by the molecule when a quantum is absorbed and re-emitted. Conse¬ 
quently the difference v — vi is some indication of the nature of the molecule from 
which the quantum was emitted. It is apparent that this difference should be un¬ 
affected by the value of v, and consequently it is customary to speak of Raman 
shifts as expressed in wave numbers per centimeter, i.e., the frequency differ¬ 
ence V — n- 

Although Av is more or less characteristic for any particular grouping such as 
the C-H bond, the nature of the remainder of the molecule has some influence on 
the frequency of oscillation of the molecule and hence on A few of the char¬ 
acteristic values for Av are shown in Table 215.*®® 

Table 215. — Wavi Shifts Characteristic of Certain Organic Groupings. 


Bond Bond (cm."*) 

C—H (aliphatic) . 2930 C=0.... 1640 to 1730 

C—H (aromatic). 3050 C=N... 2200 

C=C. 1600 NO^.... 1400 

C=C. 1960 CH 2 .. . 1440 


Hibben*®® has suggested that the Raman effect may be of use in study of peroxi¬ 
dation and other phenomena which are of interest in petroleum chemistry. He 
observed, for example, that aluminum chloride modifies the Raman spectra of a 
solvent in which it is dissolved. It was believed that this might possibly give some 
indication of the catalytic effect of aluminum chloride on polymerization. It has 
also been possible to indicate the nature of the polymerization of compounds such as 
aldehydes and styrene.-®® 

The study of complex mixtures by means of Raman spectroscopy is still rather 
limited. The presence of as little as I per cent of ethvlenic sub.stances in cyclo¬ 
propane has been demonstrated by means of Raman spectra.-®* Although the 
existence of double bonds in cracked gasoline can be shown more readily by other 
methods, it is interesting to see that Raman spectra show their presence. In Fig. 
297 is shown the Raman spectrum obtained for cracked gasoline, and in Fig. 298 
a microphotometer tracing of the spectogram.-®- Some of the lines which could 
be as.sociated with certain groups have been indicated on the lattet figure. 

Tkstixo of Kerosene 

Many of the tests which have been mentioned heretofore are applicable to 
kerosene, such as color, sulphur and distillation tests. Also, there are some which 

A. Dadieu and K. W. F. Kohlrausch, Ber., 19.^0, 63, 251; Chem. Abs., 1930, 24, 2051; Brit. 
Chem. Abs. A, 1930, 66.1. 

•‘"'j. H. Hibbcn. toe. cit. 

S. Venkateswaran and S. Bhagavantam, Proc. Roy. Soc. (London), 1930, 128A, 252; Chem. 
Abs., 1930, 24, 5627; Brit. Chem. Abs. A, 1930. 1090. J. H. Hil>ben, J.A.C.S.. 1931, 53, 2418; Brit. 
Chem. Abs. A, 1931, 893; Chem, Abs., 1931, 25, 3568. R. Signer and J. Weiler, Hr/v. Chim. Acta, 
1932. IS, 649; Chem. Abs., 1932, 26, 5497; Bnt. Chem. Abs. A. 1932, 559. 

R. Lespieau, M. Bourquel and R. Wakeman, Compt. rend.. 1931, 193, 1087; Bull. soc. chim., 
1932, 51, 400; Cliem. Abs., 1932, 26, 2655, 3992; Brit. Chem. Abs. A, 1932, 109, o75. 

H. Hihhen, toe. cit 
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are applicable almost solely to kerosene.^®^ One of the most important is the 
'‘tendency to smoke test/’ which depends on the aromatic and naphthene content 
of the oil. The presence of certain amounts of these compounds is desirable as 
they give to the kerosene some of its useful illuminating properties.-®^ The opti¬ 
mum amount is said to be from 10 to 20 per cent, since higher proportions may 
cause excessive smoking during burning. 

The tendency to smoke is measured as the maximum height of non-smoking 
flame obtainable on burning the kerosene in an especially designed apparatus.^®® 
Terry and Field-®® have designed a lamp for smoke point the results in which 
are stated to be reproducible to within 0.10 inch flame height or better. A porce¬ 
lain dish on which smoke is to collect is cooled by cracked ice. The lamp consists 



Courtesy Industrial and linpiuecriua Chemistry 

Courtesy Geophysical Laboratory, Carucijte Justitutiou of H'ashiuotou, I) C. 


Fig. 298. —Microphotometer Tracing of Raman Spectrum of Cracked (iasoline. 

Hibben) 


(J. H. 


of a brass fount with approximately 4-ounce capacity, wick tube iri- diameter, 
wick therefor, 5 brass screen to permit access of air to the flame, a cliimney made 
of 7 in. of 1-in. tubing and a scale of aluminum mounted at the side of the burner. 
A flame height of approximately 1, 2 or 3 inches characterizes an inferior, well 
refined or highly refined kerosene, respectively. The test, which consists of turn¬ 
ing up the flame until it just smokes, can l)e completed in about 20 minutes. 

Testing of Blended Mixed Fuels 


In Chapter 44 it was shown that many blended fuels tend to separate in two 
phases due to the absorption of water. The analysis of the motor fuel to ascertain 

«*Scc A. N. Sakhanov, Neft. Khoz.. 1920, 11, 2.13; Chem. Ahs., 1928, 22. 3286. R. Stan^fidd 
and A. K. Stark, Froc. World Petr. Congr., London, 1933, 2, 706; Chem. Abs., 1934, 28, 4883; 
Brit. Chem. Abs. B, 1934. 743. 

See. for example. B, H. Moerl)eek, Froc. World Petr. Congr., London. 1933, 2, 713; /. Inst. 
Pet. Tech., 1934, 20. 169A; Chem. Abs., 1934, 28. 4883; Brit. Chem. Abs. B. 1934, 743. W. 
Jakobowicz. Frzem^sl. Naftoivy, 1933, 8, 284; Chem. Abs.. 1933, 27, 4064. 

** For the earlier development of these methods, see: J. Kewley and J. S. Jackson. J. Inst. Pet. 
Tech., 1927, 13, 364; Chem. Abs., 1927, 21, 4057. C. L. Gilbert, Froc. World Petr. Congr., London, 
1933, 2. 735; Chem. Abs., 1934, 28. 4885; /. Inst. Pet. Tech., 1934, 20. 244A; Brit. Chem. Abs. 
B, 1934, 743. W. H. Thomas, /. Inst. Pet. Tech., \927. 13. 402; Chem. Abs., 1927, 21, 4057. 
S. Bowman, ibid., 410; Chem. Abs., 1927, 21, 1178. W. A. Woodrow. Froc. World Petr. Congr., 
London, 1933, 2. 732; /. Inst. Pet. Tech., 1934, 20, 244A; Chem. Abs., 1934, 28, 4885; Brit. Chem. 
Abs. B, 1934, 820. B. H. Moerbeek, ibid., 730; /. Inst. Pet. Tech., 1934. 20, 170A; Chem. Abs., 
19^4, 28, 4885; Brit. Chem. Abs. B, 1934, 743. S. T. Minchtn, ibid., 738; Chem. Abs., 1934, 28. 

4885; /. Inst. Pet. Tech., 1934, 20, 170A; Brit. Chem. Abs. B, 1934, 867. J. S. Jackson, ibid., 699; 

Brit. Chem. Abs. B, 1934, 743; Chem. Abs.. 1934. 28. 4883. 

J. B. Terry and E. Field. Ind. Eng. Chem., Anal. Ed., 1936, 8, 293; Chem. Abs., 1936, 30. 

6177; /. Inst. Pet. Tech., 1936, 22, 498A. 
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the relative amounts of gasoline, alcohol and benzene is necessary as this relation¬ 
ship determines to a considerable extent the separating tendency of the product. 

A method for the estimation of alcohol in blends with gasoline fractions is 
extraction of a known volume of sample with 5 volume per cent water followed 
by measurement of the volume of water layer. Reference to experimentally deter¬ 
mined tables made it possible to estimate the original composition.-®'^ Lampe has 
suggested-®® determining the density of the benzine portion after separation from 
alcohol either by treatment with water or, better, an aqueous solution of calcium 
chloride. If the value is from 0.87 to 0.88, it indicates that the hydrocarbon layer 
consists of benzene. If only gasoline is present, its specific gravity can be deter¬ 
mined from the composition and density of the original mixture.^®® 

Herbrich"^® has outlined a method for determining the critical amount of water 
which will cause separation at 0°C. The procedure is similar to other methods 
which depend on critical solution temperature. 

In determining the amount of alcohol in blends which contain benzene, it is 
hardly sufficient to add water alone, as there is some tendency for benzene to 
retain alcohol and vice versa. By using dilute sulphuric acid, which combines 
with alcohol, Spausta^^^ found that it is possible to get complete separation. It 
is also said to be feasible to isolate certain hydrocarbons for subsequent study. As 
a suggested color reaction, the addition of specific dyes, algol red B or lacquer red 
Ciba B, to an alcohol-blended fuel in which there is benzene is said to give a rose 
or red solution.-^- 

See W. R. Ormandy, T. W. M. Pond and \V, R. Davies, J. Inst. Pet. Tech., 1934, 20, 913; 
Rrit. Chem. Abs. B, 1934, 1047; Chem. Abs., 1934, 28, 4862. 

B. Lampe, Spirituxind., 1934, 57, 252, 254; Chem. Abs., 1935, 29, 3453; Brit. Chem. Abs. 

B. 1934, 996 

A Kra|)hic method for the determination of the specific gravitv of motor fuel mixtures is given 
l)y R. Hase. Automobiltcch. 7... 1934, 37, 574, Chem. Abs.. 1935, 29, 3133 

Herbrich, Ann. combustibles luiutdes, 1933, 8. 1 1 13; Brit. Chem. Abs. B, 1934, 1047; 

Chem. Abs.. 1934, 28, 1501. 

F. Spausta, Mitt. tech. I'ersuchtsamtes, H'ien. 1933. 22, 9; Chem. Abs., 1934, 28, 4201. 

J. Formanek. Chem. Obcor, 1934, 9, 41 ; Chem. Abs.. 1934, 28, 5627; Brit. Chem .4hs. B 
1935, 536. 



Chapter 51 
Petroleum Asphalts 

Petroleum asphalts are the thick viscous residues obtained by distillation (or 
cracking) operations, as well as by oxidizing or sulphurizing high-boiling frac¬ 
tions. The proportion of asphaltic (and resinous) substances found in crude 
petroleums are generally greater the higher the specific gravity and sulphur con¬ 
tent of the oil. The data for some American oils are given by Sommer,^ in 
Table 216. 


Table 216. —Asphalt Content of Various Crude Oils, 


Crude Oil Sp. Gr. % Sulphur % Hard Asphalt 

Texas. 0.8955 0.33 0.10 

Mexican. 0.930 3.27 11.08 

Californian. 0.944 3.3 14.98 

Venezuelan. 0.980 7.89 17.0 


The components of asphalt are usually considered to be oily materials, resins, 
asphaltenes, carbenes and carboids, complex bodies which probably represent a 
series of increasingly polymerized or condensed cyclic hydrocarbons.* The close 
resemblance of petroleum and natural asphalts both in composition and in applica¬ 
bility is pointed out by Marcusson.*** In general, natural asphalts show a rela¬ 
tively high proportion of mineral constituents whereas petroleum asphalts contain 
less than 1 per cent. Furthermore, free asphaltogenic acids are present in the 
latter only in small quantities, if at all. Petroleum asphalts, on the other hand, 
contain a much..larger proportion of oily constituents, often 40 to 80 per cent. The 
consistency of the latter, however, varies considerably, depending upon the source 
of the asphalt and its subsequent treatment. 

In this chapter discussion wdll be limited to the preparation, properties and 
uses of petroleum asphalt, that is, those materials obtained in the refining of various 
petroleum distillates or residues, or by treatment of the latter as, for example, by 
oxidation. 


Oily Con.stituknts 

These have been described as thick, fluorescent oils, consisting of unsaturated 
and saturated hydrocarbons, the latter l)eing probably mainly naphthenes or poly- 
naphthenes.^ Mack^ considers that these oily bodies form an essential part of 
asphalts and influence to a high degree the properties of the latter substances. He 
found that asphaltenes swelled on being heated in contact with oils derived from 
asphalts of high susceptibility (q.z'.) to temperature changes. On continued heat¬ 
ing, solution was effected. However, the oleaginous liquids, except those contain- 

' A. Sommer, Petroleum, 1915, 11, 151. 

Marcusson, Z. angew. Chem., 1919. 32, 113; Chem. Abs.. 1919, 13, 2592. 

» J. Marcusson, Z. angew. Chem., 1918, 31, 113, 119; J.S.C.l., 1918, 37, 403A. 

* P. E. Spielmann, ‘‘Bituminous Substances,” Ernest Renn, Ltd., London. 1925. 

® C. Mack, “Physico-Chemical Aspects of Asphalts,” Proceedings of the Technical Session of the 
Association of Asphalt Paving Technologists, Dec., 1933. 
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itijj a hifjh proportion of sulphur compounds, from asphalts of low susceptibility 
were non-solvents for asphaltenes. The physical properties of oils from several 
different asphalts are given in Table 217. Those liquids having a high viscosity- 

Table 217 .—Characteristics of Oily Constituents, 


Vise. Visc.- 

Sample Sulphur Sp. gr. at 210®F. Grav. Index of 

Content at 60®F. (Saybolt) Constant Refraction 

A. S.V'/o 0.9883 510 sec. 0.927 1.5410 

B. — 0.9541 745 ” 0.862 1.5128 

C. ~ 0.9544 977 ^ 0.859 1.5275 

D. — 0.9814 660 ” 0.900 1.5405 

E . — 0.9944 560 " 0.920 1.5450 

F. — 1.0396 340 " 0.986 1.584 


gravity constant,^* specific gravities and refractive indices (indicating the pres¬ 
ence of cyclic hydrocarbons) were gocxl solvents for asphaltenes. Those oils 
(particularly samples B and C) for which these values were low were poor solvents. 

One procedure for isolating the oily portion of asphalts comprises treatment 
of the specimen with 88®Be. straight-run naphtha, filtering the insoluble material, 
and evaporating the naphtha from the filtrate.® The non-volatile liquids thus ob¬ 
tained are absorbed by about five times their weight of fuller’s earth and the latter 
then extracted with the naphtha. Evaporation of the solvent yields the oily con¬ 
stituents. 

It is interesting to note that stable, w'ater-white hydrocarbons have been pre¬ 
pared from Trinidad asphalt.*^ The procedure consisted in treating the asphalt with 
petroleum ether (boiling below 50°C.) thus effecting separation into soluble petro- 
lene hydrocarbons and insoluble asphaltenes. The latter were removed by filtra¬ 
tion and the solution then subjected to the action of fuller’s earth to eliminate resin¬ 
ous materials. Petrolene hydrocarbons were recovered by vacuum evaporation of 
the solvent. The extract thus obtained was dark olive green in color. This was 
then distilled (at pressure less than 1 mm.) and two fractions taken over, one 
boiling at —69 to 135°C. and the other at 135 to 185°C. The undistilled residue 
w'as almost solid at room temperature. 

The lower boiling fraction was treated repeatedly with an equal volume of 98 
per cent sulphuric acid until the acid layer had only a pale red color. The oil 
layer was then washed with water, dehydrated over metallic sodium, and redis¬ 
tilled in vacuo. A water-white distillate was secured. The higher-boiling frac¬ 
tion, after dilution with petroleum ether (previously acid-treated) was subjected 
to the action of sulphuric acid, washed with water, dried over sodium, and the ether 
evaporated under reduced pressure. Distillation in I'acuo of this refined fraction 
yielded a water-white, nonfluorescent distillate. 

The third fraction, or undistilled residue, also was diluted with petroleum 
ether, w^ashed successively with sulphuric acid and water, freed from solvent, (^ried 
and distilled (in vacno) to a boiling point of 263®C. During acid treatment in this 
instance a tarry layer separated. The latter, after refining as outlined, also yielded 
a w'ater-white distillate. 

'I'his is Krivt*!! I>y llir relation 

- C. - 0.24 - 0.022 1ok(1' - .VS.5) 

" 0.75.S 

in which A the constant, (i the s|>ecific gravity at 60*F. and V the viscosity in seconds (Saybolt) 
at 210*F. For a discussion of this constant see J. B. Hill and H. B. Coats, /wd. Eng, them., 
1928, 20. 641. 

• R. R. Thurston and F.. C. Knowles, hid. Eng. Chem., 1936, 28, 88; Chem. Abs., 1936, 30. 
2739; Brit. Chem. Abs. B. 1936, 306. 

’ H. T. (laetz, Jnd. Eng. Chem., 1935. 27, 647; Chem. Abs., 1935, 20. 5258; Brit. Chem. .4bs. B. 
1935. 709; /. Inst. Pet. Tech., 1935, 21, 308A. 
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Resins 

The chemical properties and structures of the resinous and asphaltic constituents 
of petroleum are imperfectly known and their separation from oils is accomplished 
by empirical methods based on their insolubility in various solvents. According to 
Holde and Eickmann^* four types of substances may be obtained: 

(1) Hard asphalt by precipitation with benzine (sp.gr. 0.70). From sulphur-contain¬ 
ing oils this appears to be a variety of asphaltum. 

(2) Softer asphalt by the use of an alcohol-ethel mixture. The proportion of in¬ 
soluble material is greater with this solvent than with benzine. 

(3) Amyl alcohol precipitates not only the same materials as alcohol-ether mixture, 
but in addition a large amount of resinous materials. This solvent has been 
proposed for the preparation of lubricating oils free of asphaltic and resinous 
materials.* 

(4) Extraction of resinous materials with 70 per cent alcohol. 

The resinous materials obtained from a machine oil distillate with the last- 
named solvent had oxygen contents greater than the original oil, gravity was 
greater than 1 and iodine number of 15 to 26 as compared with 7.6 for the oil.'*’ 
Furthermore, they contained 11.8 per cent of saponifiable constituents. Other 
solvents which may be employed for the extraction of such resins, particularly 
from lubricating or turbine oil distillates, are acetone or castor oil,*^ or a mixture 
of methyl alcohol and a hydroaromatic hydrocarbon, e.g., cyclohexane.^* 

Adsorption agents, for example animal charcoal or Florida earth, may be sub¬ 
stituted for solvents.*- As an illustration, mazout is treated with bone charcoal, 
which is freed afterwards from oil by washing with benzine, and then extracted 
successively with 70 per cent ethyl alcohol, amyl alcohol, ether, benzene and chloro¬ 
form. In this manner partial fractionation of the resins was effected as indicated 
by the density, iodine number, sulphur content and molecular weights (given in 
Table 218) of the extracts. 

T.\ble 2IX. —Characteristics of Resins from Mazout. 


fi)xtracl 

Iodine .Molecular 

Solvent d Number % Sulphur Weight 

Ethyl alcohol. 1.0867 8.06 0 5.S 1588 

Amyl alcohol .. 1.059 16.23 1 02 1261 

Ether. 1.044 32 31 2.11 801 

Benzene . . 1 110 

Chloroform. 1.077 


According to Vasiliev and Zhirnova,*'* silica gel is a much better adsorption 
agent thafi fuller’s earth as the latter extracts only about 20 per cent as much resin 
and also effects polymerization.*After removal of asphaltogenic acids (with 
caustic soda) and asphaltenes (with benzine), the.se investigators treated petroleum 

D. Holdc and R. Kickmann. Petroleum. 1907. 24, 1077; Chem. /lbs., 190H, 2, 1341 
* C. Dacschner, British P. 10,6.1.1, 1901; 1902. 21, 765; Rev. prod, chim., 4 (20). .309* 

1902, 21, 168. 

» D. Holde and R. Eickmann, Mitth. kgl. Matcrialprufunysamt, 1907, 25. 8; Chem. Abs . 1908. 
2, 177. 

F. Schwartz and J. Marcusson, Z. aufiew. Chem., 1913, 26, 385; Chem. Abs., 1913, 7, 3019. 

“ C. Krauch, M. Pier and A. Eisenhut, U. S. P. 1,960,974, May 29, 1934, to 1. (I. Farbenind 
A. C,.; Chem. Abs., 1934, 28. 4587. 

** D. Holde and R. Eickmann, loc. cit. P. Smirnov, Reft. Slantscr oe Khos., 1925. 8. 286: 
J.S.C.I., 1925. 44. 836B; Chem. Zentr., 1925, 2, 1000. . . . 

“ N. A. Vasiliev and L. V. Zhirnova. Reft. Khoz., 1929, 17, 707; Chem. Abs.. 1930, 24, 2869. 
5»ee also. A, Sachanen and N. Vasiliev, Petroleum Z., 1927, 23, 1618; Brit. Chem. Abs. B, I9’28, 78 
’♦For a discussion of tba action of various natural and treated earth.s on bitumen see H. T. borne 
/. Inst. Pet. Tech., 1936, 22, 541; Chem. Abs., 1936, 30, 7831; Brit. them. Abs. B, 1936, 966. 
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distillates with silica gel at 50®C. The gel was then freed from oil with benzene, 
and the resins extracted with chloroform or a mixture of benzene and ethyl alcohol. 
The neutral products obtained in this manner exhibited molecular weights (in ben¬ 
zene) varying from 290 to 788, as compared with 5(X)0-6000 for asphaltenes. The 
formulas of the resins appeared to be CnH 2 n-m 02 which n ranged from 16 to 
69 and m from 8 to 48. This suggested that the compounds possessed a highly 
polycyclic structure which was only slightly unsaturated. The resins were easily 
converted to asphaltenes by oxidation which resulted in the removal of hydrogen 
and further condensation. Treatment with sulphuric acid yielded asphaltenes and 
sulphonated bodies. 

In connection with the polycyclic nature of resins, it is interesting to note that 
extraction with benzine of the orange-colored, resinous, oily residue from the 
distillation of crude petroleum yielded a yellow crystalline hydrocarbon.^® This 
hydrocarbon exhibited a spectrum similar to that of anthracene, had a specific 
gravity of 1.204, and melted at 420-430®C. Heated to higher temperatures it 
sublimed and distilled, giving off brilliant yellow fumes. It was designated petroz- 
cene to indicate its polycyclic structure. 

Resin-like bodies formed during the distillation of petroleum were examined 
by Siebeneck.^® He reported that these distil over at 400°C. with steam in about 
a 0.3 per cent yield on the crude oil, have specific gravities greater than 1, soften¬ 
ing points of about 45°C. and flow points about 60°C. They are partially soluble 
in benzine but completely so in benzene or other aromatic hydrocarbon solvents. 
The crude materials may be fractionated by steam distillation to give products of 
somewhat higher softening and flow points. Subjected to cracking distillation 
they yield paraffin oil and coke. 

The resinous components of lubricating oils, although present to only a few 
tenths of a per cent, are solid, oxygenated, lac-like bodies.Removal of these by 
an alcohol-ether mixture appears to reduce the gumming tendency of the lubricants. 
A method of preparing resins of petroleum origin comprises distillation of heavy, 
residual hydrocarbons at low pressures, to remove oily constituents, and extrac¬ 
tion with a hydrocarbon solvent, e.g., naphtha or kerosene, to eliminate asphal¬ 
tenes.^® Agueous suspensions of such resins are suggested as sizing agents for 
paper, for impregnation of porous paper and for the manufacture of laminated 
paper and board.^®* Since these resinous bodies appear to be composed only of 
hydrocarbons, emulsions or suspensions of them may be prepared with the aid of 
bentonite, sodium salts of petroleum sulphonic acids, or the sodium soaps of acids 
made by oxidation of paraffin wax.^‘‘ Another application of these resins includes 
their incorporation with rubber, rubber latex, chicle, gutta-percha or balata to form 
a chewing gum base.^”* 


Asph.altenes 

These compounds are found in crude petroleum and its distillates, particularly 
the higher-boiling fractions and residuums, and are probably the result of con¬ 
i’* H. C. Twccdlc. U. S. P. 189.402. Apr. 10, 1887. 

i^H. Sicl)«neck. Petroleum Z.. 1923, 19. 939; Chem. Abs.. 1924. 18, 462. 

IT A. E. Dunstan and F. B. Thole, Chem. Met. Eng., 1923, 28, 299. A. Seton, JS.C.I., 1929, 
48. 81. 

»• French P. 744,169, 1933, to Standard Oil Development Co.; Chem. Abs., 1933, 27, 4109. See 
also, S. C. Fulton. U. S. P. 2,055,486, Sept. 29, 1936, to Standard Oil Development Co.; Chem. 
Abs., 1936. 30, 7842. 

Carleton Ellis, U. S. P. 1,948,442, Feb. 20, 1934, to Standard Oil Development Co.; Chem. 
Abs., 1934, 28. 2906. 

!• Carleton Ellis, U. S. P. 2,042,299, May 26, 1936, to Standard Oil Development Co.; Chem. Abs., 
1936, 30, 4954. 

Carleton Ellis, C. S. P. 1.976,774, Oct. 16, 1934, to Standard Oil Development Co. 



1190 CHEMISTRY OF PETROLEUM DERIVATIVES 

densation and polymerization of the aromatic constituents in the oil. The asphaltene 
content of such oils varies over a wide ranp^e, being 0.25 per cent in Grozny 
paraffin-free petroleum to 32.3 per cent in solid petroleum pitch.-^ Analysis of 
asphaltenes from one oil showed a content of 85.5 per cent carl)on, 6.8 per cent 
hydrogen and 7.7 per cent oxygen and sulphur. Air-blowing of a tar oil at 350®C. 
did not alter the composition or properties of the asphaltenes though it did increase 
their proportion from 13.7 to 32.3 per cent. Similarly, oxidation of (Weitzer) 
crude oil at 120-130°C. resulted in the conversion of resins into these more complex 
bodies.'-^^ Reaction in this instance was not accelerated by manganese dioxide or 
fuller's earth, as these catalysts were probably poisoned by sulphur compounds. 
According to Rogers and Shoemaker,-- oxidation tests for the stability of lubricating 
oils are a measure of the time required (under specified conditions) for the rapid 
formation of asphaltenes. Compounds having compositions corresponding to 
71.6 per cent carbon, 6.3 per cent hydrogen, 13.3 per cent oxygen and 8.1 per cent 
sulphur have been prepared by heating paraffins and naphthenes with sulphur and 
oxidizing with air,-*"* 

With respect to the composition of asphaltenes, it is interesting to note that 
Nellensteyn^^ reports the following analysis of such bodies derived from asphaltic 
material (from Mohenjo-Daro) thought to be 5000 years old: carbon 78.2 to 78.7 
per cent, sulphur 7.1 to 7.4 per cent, hydrogen 3 to 7.7 per cent, nitrogen 0.7 to 
1.2 per cent, and oxygen 0.68 to 1.7 per cent. 

According to Sakhanov,-^ asphaltenes are soluble in aromatic hydrocarbons, 
carbon disulphide,^^* chloroform and carbon tetrachloride, and dissolution is accom¬ 
panied by evolution of heat and by swelling whereby they are changed from hard, 
brittle particles to viscous, tough masses. The latter are highly dispersed colloidal 
solutions, and are as stable as a(|ueous gelatin solutions. Asphaltenes are lyophilic 
with respect to aromatic or halogenated hydrocarbons, carbon disulphide and pe¬ 
troleum tars, but lyophobic in relation to paraffins and naphthenes. Natural 
asphalts and petroleum pitch are probably solutions of asphaltenes in resins and 
heavy oils. 

Chernozhukov-^ concluded from his experiments that the presence of sulphur 
compounds in ' 6 ils during oxidation is essential for the formation of asphaltenes. 
Treatment of liquid paraffin with oxygen under 15 atmospheres pressure for 4 hours 
at 150°C. or with oxygen under 12 atmospheres pressure for 2 hours at 250°C. 
yielded on dilution with petroleum ether either a white precipitate or a light yellow 
flaky sediment, respectively. No asphaltenes or carbenes were noted in either case. 
On the other hand sulphur-containing distillates (turbine and spindle oils) from 
Balakhanui, Grozny or Emba crudes yielded asphaltenes having compositions 
corresponding to Ci 72 Hi 7 gOi 4 S and Ci3(jHi420i2S. Also white oils, after heating 
with sulphur, oxidizing under pressure and dilution with petroleum ether, gave in¬ 
soluble bodies. When these were heated to 1(X)°C. they furnished asphalt-like 
bodies apparently having the formula (C 24 H 27 O 3 S),. It has been reported also 
that the resinous deposits obtained from Boryslaw (Galicia) paraffin oil, on storage, 
had a sulphur content of 2.5 per cent whereas the oils had only 0.1 per cent 
sulphur.^^ 

A. N. Sakhanov, Neft. Slantsevoe Khoz., 1924, 7, 933; Chem. Abs., 1925, 19, 3158. 

J. Marcusson and M. Picard, Chem.-Ztg., 1924, 48, 338; 1924, 43, 624B. 

«T, H. Rogers and B. H. Shoemaker, Jnd. Eng. Chem., Anal. Ed., 1934, 6, 419. 

"V. Kalichevsky and .S. C. Fulton, Nat. Pet. News, 1931, 23 (51). 33. 

J. Nellensteyn, Chem. Weekblad, 1934, 31, 543; Chem. Abs., 1935, 29, 916. 

»A. Sakhanov, Petroleum Z., 1925, 31, 1441; J.S.C.I., 1925, 44, 745B. 

A discussion of methods for removal of carbon disulphide in recovering bitumens from solutions 
of the latter in thia solvent is given by L. J. Chalk. J.S.C.L, 1937, 56, 156T. 

*• N. I. Chernozhukov, Neft. Khoe., 1928, 15, 670; Chem. Abs., 1929, 23, 1258. 

*"8. von Pilat and J. Dukiet, Erddi u. Teer, 1926, 2, 571; Chem. Abs., 1926, 20, 3560. 
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Spieliiiann-* points out that since asphaltenes and resins are considered to be 
I)olycyclic bodies containing sulphur or oxygen, and both of these elements can 
exist in ring formations, such compounds may result from reactions indicated by 


CH 


HjC—CHj—CH 


+ S* 


H,C—CHz—CH 

l\ 


HjC—CH2 


H 


H,C--CH 2 —CH 
2 1 II +82 

HjC—CH,—CH 


H2C—CH2—CH—S—CH—CH2~CH2 

I i I I 

HiC—CHs—CH—S—CH—CH2--CH2 


Asphaltenes react with sulphuric, or fuming sulphuric, acid to give oxonium 
compounds,^® which are insoluble in water, unattacked by alkalies, but hydrolyzed 
(to sulphuric acid) by dilute hydrochloric acid.^® With fuming nitric acid cyclic 
nitrogen derivatives (containing 4 to 6 per cent nitrogen) are obtained, which may 
be precipitated from an acetone solution by mercuric bromide or ferric chloride 
dissolved in ether. Alkalies transform them into water-soluble salts of isomeric 
isonitric acids.^^ The unsaturated character of asphaltenes is indicated by their 
reaction with halogens or halogen acids to give addition products. Also with 
chlorosulphonic acid they yield compounds containing both sulphur and chlorine. 
Oxidation with Cara’s acid (monopersulphuric acid, H^SO.^) of asphaltenes high 
in sulphur gives rise to sulphoxides and sulphones, while oxygen-containing com¬ 
pounds are produced from those low in sulphur. Nametkin and Putzillo,^^ how¬ 
ever, report that pert>enzoic acid reacts with asphaltenes but iodine does not. 

As previously mentioned, benzine is employed for the precipitation of asphaltenes 
from petroleum distillates.'*'^ When this precipitant is used as an analytical 
reagent the following specifications are advocated for it:"*^ 0.695-0.705. a 

boiling range of 65-95°C., and not more than 2 per cent should be soluble in a 

** P. K. Spielmann, “Bituminous Substances,” Ernest Benn Ltd., London, 1925. 

-■* Oxonium compounds are those in which an oxygen atom appears to function as a tetravalenl 
element, e g., 

RHjC H 

\ / 

O 

/ \ 

R'HjC Cl 

Numerous oxygen-containing substances, such as ethers, esters, ketones and aldehydes, exhibit this 
pro|>rrt>. 

•'*'* L Marcusson, antictv. chcm., 1919. 32, 113; Chcm. Abs.. 1919, 13, 2592. 

** This transformation of nitro comjKiunds is often indicated as 

OH 

/ 

RCH 2 NO 2 —rch=n' 



fn the presence of alkali the reaction is sometimes represented by 


RCHiNO, -f NaOH — 


O 

RCH 2 N—ONa 


\ 

OH 


ONa 


->- RCH==N 






o 


+ H,() 


*8. S. Nametkin and G. Putzillo. .W/t. Khoz., 1929, 16, 230; Brit. C/icm. Abs. B, 1930, 130. 
For the refining of residues from asi>hattic crvtdes with a solvent of this type, see O. E, Bransky 
and F. M. Rogers. IL S. P. 1.698,471, Jan. 8, 1929, to Standard Oil Co. of Indiana; Cht'm. Abs., 
1929. 23, 12t)l. 

I). Holde and R. Eickmann, he. rif. D. Holde, Chcm. 7.ta., 1914, 38. 241. H. Burstin and T 
Winkler. Prscmysl Chem.. 1928, 12, 445; them. Abs., 1928. 22. 478(.. lirdbl u. Tccr, 1926. 5. 26. 
42. 62; Chcm. Abs., 1929, 23. 2289. For a comparison of results on determination of asphalts in 
lubricating oils using benzines having .slightly different physical proi>erties. sec E. A. Evans, J. lust. 
Fct. Tech., 1923, 9, 384. 
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mixture of 80 parts of 96 per cent sulphuric acid and 20 parts of fuming acid (20 
per cent SO 3 ). Garner®® uses a benzine having 0.680-0.690, aromatic hydro¬ 
carbon content of not more than 0.5 per cent and a distillation range (for at 
least 90 per cent) of 60-80®C. Other liquids which may serve as precipitants are 
acetone,®® ethyl acetate®*^ and methyl ethyl ketone saturated with water.®® It is 
also reported that cyclohexane is not a satisfactory reagent since it dissolves a 
large proportion of the substances insoluble in benzine.®® Nellensteyn and 
Roodenburg^® propose ethyl ether as it is a homogeneous substance, does not 
require standardization and has a greater solvent power for hydroxy acids (due 
to oxidation) in asphalts than low-boiling hydrocarbons. 

Removal of asphaltenes and other dark-colored substances from natural or 
artificial asphalts furnishes products which may be used in the manufacture of 
asphalt paper, lacquers, varnishes or paints.^^ The refining procedure consists in 
the addition of a liquid precipitant, such as pentane or aromatic-free gasoline. The 
asphalt solution may then be further treated with decolorizing agents, such as 
bleaching earths. Other agents which may be employed include sulphuric acid, 
anhydrous aluminum or ferric chloride, or boron fluoride.**^® The latter materials 
are said to convert any dissolved asphaltenes into insoluble substances. In the 
case of mineral oils, warm dilute sulphuric acid (1 to 10 per cent)^- may be used, 
or the liquid is allowed to stand in contact with atjueous solutions of heavy-metal 
salts, especially the chlorides.^® 

According to Rakovskii and Balashov,50 per cent sulphuric acid is the l>est 
strength for precipitation of asphaltenes from tar (from Pintsch retorts). In this 
instance the products are contaminated with phenols which may be separated by 
steam distillation.**® In some instances, however, asphaltenes from acid sludges 
are reported to differ from normal asphaltenes in being soluble in basic solvents 
and being coagulated on heating to 100°C.^® They are probably oxonium com¬ 
pounds derived from sulphuric acid. It is suggested that the composition for such 
derivatives may be represented by^^ 

HR'—O—R" 

II 

HSO,H 

Hydrogenation of asphaltenes dissolved in hydrocarbon solvent> converts them 
into resins or resin-like bodies.^® 


F. H. Garner, Private communicaiidn. 

F. Schwartz and H. Schlutcr, Chem.-Zty., IVll, 35, 4U. 

^ H. Kantorowicz, Chcm.-Ztg., 1913, 37, 1438. The use of this li<|uid i.s contoted by O. Huldc 
and G. Meverheim, Chem.-Ztg., 1914, 38, 241. 204. 

=“F. Schwartz, Chem. Ztg., 1911, 35, 1417. 

»M. Jakes, Chem.-Ztg., 1923, 47, 757; Chem. Ahs.. 1924, 18, 1047. 

F. J. Nellensteyn and N. M. RoodenburK, Chem.-Ztg.. 1930, 54, 819; Chem. Ahs., 1931. 25. 

2278. 

W. Ic Nobel, U. S. P. 1.868,211. July 19. 1932, to Hataafsche Petroleum Maatschapinj; 
Chem. Ahs., 1932, 26, 5220. British P. 313,433 1928; Bril. Chem. Ahs. B, 1930. 93. Dutch P 
24,396, 1931; Chem. Ahs., 1932, 26. 1435. 

Cf. u.se of pentane in deasphaltinK of mineral oils, discussed later in this chapter. 

R. N. Donaldson and R. McCollum. IJ. S. P. 1.506,1 15, .\uk. 2(j, 1924, to Standard Oil ("o of 
Calif.; Chem. Abs., 1924, 18, 3270. 

♦•French P. 670,796, 1929, to N. V’. Mijnbouw- en Cultuurmaatschappij “Boeten”; Chem Abs 
1930, 24. 1970. 

♦♦V. E. Rakovskii and E. F. Balashov, Kliim. I verdogo Toplnu, 1932. 3, 180; them. Abs., 1934. 


« For the determination of .asphaltenes in acid sludges by precipitation with benzene and benzene 
alcohol mixture, sec B. M. Ruibak and I. Bluytniii, Aser. .Weft. KUos., 1934, .No 3 27- Chem Abs 
1934, 28, 7509. 

♦'‘V. Kalichevsky and S. C. Fulton, he. cit. 

S. Obryadchikov, Weft. Khoa., 1928. 14, 360; Chem. Ahs., 1928. 22, 2204. 

♦•S. C. Fulton and V. Kalichevsky. U. S. P. 2,006,199, Jutie 25. 1935. to Standard-!. (J. Co • 
Chem. Abs., 1935, 29, 5543. French P. 744,220, 193.1, to International Hydrogenation Patents Co 
l.td.; Chem. Abs., 1933, 27, 4109. 
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Carbenes 

Such compounds have been described as those components of asphalt which 
are soluble in carbon disulphide (and certain other solvents, e.g., nitrobenzene or 
pyridine) but not in carbon tetrachloride.**** The test for these substances (differ¬ 
ence in solubility of the sample in carbon disulphide and tetrachloride) was devised 
to detect those asphalts which had been injured by weathering or by severe heat 
treatment during either refining or production, as carbene-formation appears to 
take place at temperatures of around 700° 

MacKenzie^* observed that the quantity of carbenes (insoluble portion) in¬ 
creased when a solution of asphalt in carbon tetrachloride was allowed to stand 
and also when the solution was exposed to light. He suggested that “pure car¬ 
benes’* be defined as those which are precipitated from carbon tetrachloride solu¬ 
tion after 12 hours in the dark. “Pseudo carbenes’’ are those precipitated on 
exposure of the tetrachloride solution to light, generally for periods greater than 
12 hours. He proposed the following theory: “That light acting upon a solution 
of bitumen in tetrachloride causes the bitumen to decompose, the tetrachloride giving 
hydrochloric acid, which in turn combines with unsaturated hydrocarbons and 
precipitates them.’’ Both types of carbenes contained 3 to 4 per cent chlorine, and 
also nitrogen and sulphur. “Pure carbenes’’ did not melt at red-heat while the 
pseudo variety melted with effervescence at temperatures above 300°C. The effect 
of light, as mentioned by Mackenzie, was also noted by Alexander.^2 

The following procedure is suggested for determining carbenes in brown-coal 
generator tar :'*•* 2 grams of the tar are dissolved in 30 cc. of benzene and to this 
solution (at 50°C.) are added 100-150 cc. benzine. The precipitate, after washing 
with l)enzine and drying, includes asphalts and insoluble material. The asphalts 
are separated by extraction with acetone, and to the latter solution is added excess 
carbon tetrachloride. This liquid mixture is then distilled until the temperature 
nearly reaches 77°C. (to remove acetone), after which the insoluble carbenes are 
filtered, washed, dried and weighed. A method for estimating asphaltenes, car- 
l)enes and carboids by etching the sample with benzine, carbon disulphide or tetra¬ 
chloride and examining under the microscope is described by Schwartz.''^ 

Carbenes are black solids, resembling coal in appearance and, like asphaltenes, 
they react with sulphuric acid to give sulphur-containing acidic derivatives.**^ 
The latter are soluble in pyridine and the solution may be diluted with water. 
Addition of mineral acids or salts of calcium, iron or silver to such diluted solu¬ 
tions precipitate the free acids or the corresponding salts, respectively. The sulphur 
derivatives are hydrolyzed by boiling with water or dilute alkalies with the libera¬ 
tion of sulphuric acid, but are stable towards alcoholic alkali. 

Carboids 

These compounds are deep black in color like coal. In contrast to carl)enes 
they are insoluble in carbon disulphide and probably represent a further stage in 
decomposition (polymerization or condensation) than carbenes.’*’’* Like the latter, 

^'•L. Kirschbaum. Municipal Eng., 1909, 35, 349; Chem. Abs.. 1909, 3. 1212. 

C. Richardson and C. N. Forrest, J. S. C. /., 1905, 24, 310. 

K. Ci. MacKcnzic. hid. Eng. Chem.. 1910, 2, 124. 

“ I). B. W. Alexander. Ind. Eng. Chem., 1910, 2, 242. 

“ B. G. Simek, Mitt. Kohlenforschungsinst. Pray., 1932, No. 3, 111; Chem. Abs., 1932, 26, 4445. 

F. Schwarts, Allgem. osterr. Chem. Tech.-Z/a.. 1933, 51, 41; them. Abs., 1933, 27, 4385. 

»J. Marcussoii, Ckem. Zty., 1918, 42. 437; J.S.C.I., 1919, 38, 98A. 

Marcusson. Chem.-Ztg., 1918, 42, 437; Chem. Abs., 1919, 13, 2750; Z. angesv. them., 1919, 

32, 113; Chem. Abs., 1919, 13. 2592. 
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carboids react with sulphuric acid to give acidic sulphur derivatives which are 
hydrolyzed by boiling with water or dilute hydrochloric acid. These sulphur coni- 
poundSi however, are insoluble in pyridine and are decomposed by aqueous potas¬ 
sium hydroxide. 

Not only are carboids isolated from natural or petroleum asphalts, but they are 
also formed during certain hydrogenation operations.*'*^ For example, in the hydro¬ 
genation of shale tar (boiling 230-340°C.) the optimum temperature was found 
to be 440°C. since higher temperatures accelerated formation of carboids and 
coke.®** Hydrogen pressure also exerts a considerable inHiience, lower pressures 
favoring the development of these bodies.®** 

Asphaltogenic Acids 

In addition to the four main constituents of asphalts previously mentioned, i.e., 
petroleum resins, asphaltenes, carbenes and carboids, another type of compounds 
present are the asphaltogenic acids or their anhydrides.**** These are described as 
tar-like or resinous masses which are soluble in alcohol or chloroform, but nearly 
insoluble in petroleum ether. Their sodium salts are also sparingly soluble. The 
acids usually exhibit a specific gravity greater than 1, and contain variable pro¬ 
portions of sulphur. By continued heating at 200°C. they are transformed into 
the corresponding anhydrides and at higher temperatures substances resembling 
asphaltenes are formed. A comparison of the properties of some acids from Trini¬ 
dad crude and from a Texas oil heated for 70 hours at 12()°C\, in air, is given in 
Table 219. 

Table 219. — Properties of Asphaltogenic Acids from Trinidad Crude Asphalt and from 

Heated Texas Oil. 

Solubility in Saponifi- 


Acids from 

Petroleum 

Ether 

Acid 

Value 

cation 

Value 

Iodine 

Value 

Sulphur 
( ' 
r 

Trinidad crude asphalt . 

Nearly insoluble 

98.5 

120 4 

22.4 

3 1 

Texas oil. 

Nearly insoluble 

89.3 

147.0 

17.3 

1.2 


The acids may be isolated in the following manner; The bitumen is dissolved 
in benzene (5 times the volume of asphalt) and the solution treated with neutral 
alcohol (8 times the volume of benzene). In this manner most of the neutral con¬ 
stituents are precipitated. The benzene-alcohol solution is decanted, neutralized 
with sodium hydroxide and then diluted with an equal volume of water. Un- 
saponifiable constituents are extracted with benzene, and the aqueous solution con¬ 
centrated on a water bath. Asphaltogenic acids arc liberated by acidifying with 
a mineral acid. 

To secure the acid anhydrides, the unsaponifiable portion is united with the 
pitch-like substances precipitated by alcohol (in the first operation) from the 
benzene solution, and the mixture saponified with alcoholic potassium hydroxide 
in the presence of benzene. The resulting alcoholic solution of potassium soaps is 
diluted with water, extracted with benzene, concentrated, and then acidified with 
a mineral acid. 

The formation of asphaltogenic, f)r polynaphtbenic, acids by air oxidation of 

For the determination of carboid formed dtiritiR hydroRctJation. see I. Rapoport and M. A'^ipox, 
Khim. Tverdoffo Tof>lix‘a, 1933, 4, 79; Chem. Abs.. 1934. 28. 

*♦1. Kluykvin, V. Efremox’ and F. .Mechel, Khim. Tverdof/o Tof'tna, 1932. 3, <)H; Chem Ah.s 
1934, 28,^ 5645. 

I. S. Diner and M. S. Nemtzov. Khim. Tverdofio Topliva, 1932. 3, 727; Chem. Abs., 1934, 28. 

5645. 

•"J. Marcusson, Z. angetv. chem.. 1916. 29, 346. 349; J.S.C.I., 19l6. 35, 1099; Chem. Ztg., 1914, 
38, 813, 822; 1914, 33, 739; Mitt. Matcriatpriifuuiisamt, 191H, 36, 209; Chem. Abs 1921 

15, 1806. 
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naplithcMic-containing petroleum distillates in the presence of alkali was observed 
by Charitschkov He described these acids as syrupy liquids, density 1.2, in¬ 
capable of crystallizing:, soluble in alcohol, chloroform, ^nzene, ether and carbon 
disulphide, and not being reduced by sodium amalgam. They gave a red colora¬ 
tion (like ketones) with sodium nitroprusside, reduced ammoniacal silver nitrate 
or Fehling's solution, and decomposed on distillation even under reduced pressure. 
As an example, oxidation of a kerosene fraction (boiling 169-171 °C.), containing 
mainly one of the isomeric decanaphthenes, yielded an acid of the formula 
C 2 oH 2 r, 04.®2 The acid C 24 H 34 O 4 was obtained similarly from another decanaph- 
thene fraction (boiling 164-168®C.). These products furnished viscous esters and 
on exposure to air (particularly in the presence of alkalies) resinified to asphalt¬ 
like bodies. Hence the name asphaltogenic acids. Charitschkov believed that at 
least two of the four oxygen atoms (in each acid molecule) were in hydroxy 
groups, and to the latter he attributed the pseudo acidic properties of the com¬ 
pounds. The presence of an aldehyde group (CHO) could not be proven. 

Staeger®*^ reports that asphaltogenic acids are obtained as some of the oxidation 
products of transformer oils. In agreement with Charitschkov, he considers them 
to be highly unsaturated, dihydroxy monocar boxy lie acids. The exceptions appear 
to be the monohydroxy monocarboxylic acids resulting from the oxidation of 
mineral oils in the presence of lead as a catalyst. Rodman®^ and Brauen®^ observed 
the presence of polynaphthenic acids in transformer oils which had been subjected 
to long continual use. The latter investigator found the saponification number®® 
of such bodies to be 187 and their molecular weights about 6 (X). 

It is interesting to note that a toxic effect of plant sprays (containing petroleum 
hydrocarbons) to foliage is ascribed by Tucker®^ to oil-soluble asphaltogenic acids. 
The latter are oxidation products resulting from the action of air and light on 
unsaturated hydrocarbons present in the spray. He believes that this toxic 
property can be attributed to the greater ease with which these acids pass through 
the wall?! of the leaf cell than the unoxidized oily portion and to their further 
hrcakd<jwn into colloidal asphaltic Ixxiies during which they absorb oxygen from 
the cells which they surround or into which they have gained entrance. Only 
a small proportion of acids (about 0.5 per cent) is required before injury to the 
foliage is apparent. Tucker suggests, therefore, that only oils having a low olefin 
content be employed in spray compositions and furthermore that such oils should 
be examined w ith respect to their resistance to oxidation in light. 

.Asth.vlts as Colloidal Systkms 

It is generally conceded that asphalts are colloidal systems but there are con¬ 
siderable differences of opinion as to the constitution of such systems. Sakhanov®® 
suggested that asphalts are colloidal solutions of asphaltenes in tars and heavy oils 
and furthermore that carbenes and carboids are colloidal modifications of asphal¬ 
tenes.®® The latter being lyophilic with respect to aromatic hydrocarbons, terpenes, 

•IK. W. Charitschkov. J. Russ. Rhys. Client. Soc., 1908, 40. 1757; J.C.S., 1909, 96 (1). 154. 
'Phi* procvdnrr is sngK^^tctl a> a means of (li-stinguishinK aliphatic and naphthenic hydrocarbons, the 
former being only slightlv oxidized ami the latter yielding indynaphthenic acids. 

‘“K. W. CharitschkoC Chem./.tfj., 190^^. 33. 1165; J.C.S., 1909. 96 (1), 8^6; /. Russ. Phvs. 
Chem. Soc., 1909. 41. 345; J.C.S., 190^^. 96 (1). 471. 

H. C. Staeger, Ind. ling. Chem.. 1925. 17. 1272. 

'** C. J. Rodman. Elec. World. 1922, 79, 1271. 

\V. Brauen, FJcktrotech. Z., 1914, 35. 145. 

"*• A method for determining saponification numbers of petroleum asphalts is outlined bv T. H. Bruun 
and L. W. Cl^ffcy, Ind. Eng. Chem., Anal. Ed., 1936, 8. 255; J. lust. Pet. Tech.. 1936, 22. 498.\; 
Chem. Ahs., 193(), 30. 6180. 

R. F. Tucker. Ind. Eng. Chem., 1936, 28, 458. 

•"A. N. Sakhanov, Meft. Slantsevoe Khotr., 1924, 7, 933; Chem. Abs., 1925, 19, 3158. 

••A. N. Sakhanov, Petroleum Z., 1925, 31, 1441; J.S.C.I.. 1925. 44. 745B, 
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chlorinated hydrocarbons and carbon disulphide are dissolved by them forming 
Jiighly dispersed and stable systems. On the other hand, as stated previously 
asphaltenes are lyophobic toward paraffin hydrocarbons and naphthenes and are 
coagulated by these substances. 

Nellensteyn*^® advances the theory that asphalts contain elemental carbon in 
colloidal form, the latter being the essential constituent. In other words, the 
asphaltene micella may be viewed as a carbon nucleus enveloped in hydrocarbons. 
Evidence for this was based on the synthesis of asphalt-like bodies (carbon 
organosols) by the electrical dispersion of carbon in carbon tetrachloride, in this 
liquid containing 5 per cent of an asphalt-base oil or protective bodies extracted 
from asphalt, or in liquid paraffin or an asphalt-base oil distillate. Brown, .stable 
sols were obtained whenever protective bodies were present, otherwise gray-black, 
unstable colloidal solutions resulted. However, the latter could be stabilized and 
the color changed to brown by incorporation of protective agents. Furthermore, 
the dispersed phase (after filtering off large particles which were always formed) 
could be separated by addition of benzine (boiling 40-60°C.). 

Further substantiation of this theory was secured by ultramicroscopical ex¬ 
amination of natural asphalt (from Trinidad) and Persian, Mexican and Borneo 
petroleum asphalts.^^ Of the three latter, the first was an oxidized asphalt and 
the other two were prepared by distillation of corresponding asphalt-base crude 
oils. All of the materials exhibited the Brownian movement, this being very slow 
when a viscous medium (lubricating oil) was employed, but intense when benzene, 
toluene or carbon disulphide was the diluent. As viewed under the ultramicroscope 
lyophobic ultramicrons appear to l)e strongly protected and assume the properties 
of lyophilic sols with regard to reversibility in solubility and decrease of sensitivity 
to flocculating agents. It was believed that in asphalt solutions there are present 
highly protected lyophobe sols, showing reversibility because of protectors, and 
the ultramiscroscopic image is due to lyophobe carbon particles. 

If asphalt be considered as consisting of three principal groups of components: 

1 . the medium 

2 . a lyophile part: the protective bodies 

3. a lyophobe part: the elemental carbon 

and the dispersed phase (or asphalt micelles) consisting of the last two groups, 
then the stability of the system depends upon the relation between the micelles and 
oily medium. According to Nellensteyn'^^ niost important factor affecting 
stability is the interfacial tension. When this is decreased (e.g., by the addition 
of benzine)flocculation or precipitation occurs due to the joining of particles of 
the dispersed phase. Liquids of low surface tension (17 to 24 dynes per cm.), such 
as benzine, ether, n-hexane or acetone, are flocculating agents. Those possessing 
higher surface tensions (27 to 36 dynes per cm.), such as benzol, carbon disulphide 
and pyridine, are peptizing agents. Nellensteyn points out that in the standardiza¬ 
tion of normal benzine as a precipitant (for the analysis of asphalts) its surface 
tension should be considered as well as its boiling range and gravity. He also 
believes that the action of carbon tetrachloride on carbenes (i.e., precipitation) 
may be explained by the fact that the surface tension of this chloride (25.7 dynes 
per cm.) places it in a class intermediate between precipitating and peptizing agents. 
For this reason the tetrachloride affects only the less stable micelles. The latter 
would be formed by decomposition as for example by overheating, distillation or 
air-blowing. 

F. J. Ncllen«ite>n, /, Inst. Pet. Tech., 1924. 10. 311. 

F. J. Nellensteyn and A. J. P. van der Burgh. J. Inst. Pet. Tech., 1925, 11, 346. 

” F. J. Nellensteyn, J. Inst. Pet. Tech., 1928. 14. 134. /Isphalt u. Tcer, 1935, 35, 200, 233, 
2»1, 303; J. Inst. Pet. Tech., 1935, 21, 205A. 
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Pfeiffer and van DoormaaP^ agree with other investigators that asphalts may 
be considered as colloidal systems, and suggest that the latter consist of asphaltenes 
dispersed in inaltenesJ^ These two constituents may be readily separated by 
treatment of asphalt with benzine (boiling 60 to 80°C.). The dispersed phase or 
asphaltenes (benzine-insoluble) are believed to consist of high-molecular hydro¬ 
carbons which are predominantly aromatic or hydroaromatic in character, having 
a comparatively low hydrogen content, and formed by polymerization and dehydro- 



Courtesy Journal of Physical Chemistry 

Fig. 299.—Concentration Plotted Against Logarithm of \’iscosity for Solutions of 
Asphaltenes in Petrolenes. Viscositv at 12()®C. in poises; others in g sec cm 
(C. Mack) 


genation of lower-molecular hydrocarbons. The dispersing medium or maltenes 
(benzine-soluble portion) governs the rheological properties of asphalts. 

When the maltenes are highly aromatic (or hydroaromatic) the asphaltenes are 
so well peptized that the resulting compositions How readily and can be classed as 
purely viscous materials. Maltenes of slightly lower peptizing power give rise to 
products which exhibit a .somewhat pla.stic character and which may be designated 
as normal types. If the peptizing action of the dispersing medium be further re¬ 
duced, due either to low aromatic content of the crude oil serving as the source 
material or to the elimination of aromatics and hydroaromatics by air-blowing, 
then the resulting asphalt has a strongly plastic character. 

These conclusions were substantiated (at least in part) by extracting maltenes 


”J. P. Pfeiffer and P. M. van Doormaal, /. Inst, Pet, Tech., 1936, 22, 414* 
30, 6545; Brit. Chem. Abs. B, 1936, 774; J. Inst. Pet. Tech., 1936, 22, 362A. 
Maltenes are also known as petrolenes. 


Chem. Abs., 1936, 
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from asphalts representing the three classes mentioned above. Asphaltenes of the 
same type were then dissolved in each of three maltenes. In each instance the 
rheological property of the asphalt so-made corresponded to that shown by the 
sample from which the maltenes were obtained initially. 

According to Mack,"^® petroleum asphalts may be considered as a dispersion 
(lyophilic sol) of asphaltenes in petrolenes (asphaltic resins and oily constituents), 
though carbenes, carboids and asphaltic acids (or their anhydrides) may be 
present also in small proportions. Viscosity measurements, particularly relative 
viscosities, indicated, however, that at high temperatures (120°C.) liquid asphalts 
behaved as ideal solutions. Such measurements were made on solutions (in the 
same petrolenes) of asphaltenes derived from asphalt by precipitation with petroleum 
ether."^® The falling cylinder method was employed.'^'^ The apparatus consisted of 
two vertical coaxial cylinders. Asphalt was placed between the cylinders, weights 
placed on the outer cylinder and the velocity with which it moved was measured. 
Viscosity was calculated according to the formula 


N = 


2 LI 


>ln 


Ri 


in which N = the viscosity in poises, P = total weight, V =■ velocity, L = height 
of asphalt, and R 2 and Ri = radii of the outer and inner cylinders, respectively.'^® 
The viscosity of solutions of asphalts, varying in concentration from 2 to 20 
per cent, are shown graphically in Fig. 299. Relative viscosities, i.e., the viscosity 
of the solution divided by that of the solvent, are given in Table 220. 


Table 220. —Relative Viscosities of Solutions of Asphaltenes in Petrolenes. 


% Concentra--—Relative V^iscositics at---- 

tion O^’C. 15.5X. 25‘^C. 37.8°C. 120°C. 

2. 2.137 2.136 1.82 1 552 1.353 

5. 6.76 5 281 4 23 3 00 2 09 

10. 71.82 28.81 20 01 19 37 4.312 

16. 596.4 294.1 201.8 116 2 11 45 

20. 1792.3 592.9 367.0 224 2 20 12 


Mack has .also shown that the molecular weight of the solute (asphaltenes) may 
l)e calculated from the relative viscosity by application of the formula 


log relative viscosity = kcM 


in which Ar is a constant, c is concentration in per cent by weight, and M is the 
molecular weight. By the use of this equation and the above data, the molecular 
weight of the asphaltenes investigated was shown to be 1800 at 120°C. (See Table 
221.) At lower temperatures the values ranged from about 3000 to 5000.“^** Mack 
believes these latter values can be attributed to association of the asphaltene mole¬ 
cules. Furthermore, this phenomenon (association) is responsible for the high 
relative viscosities (at low temperatures) rather than solvation. 


Preparation of Asphalt from Petroleum 


As previously mentioned, the high-boiling residues from distillation or cracking 
operations are the source of petroleum asphalts. The quality of the product so 

^C. Mack, /. Phys. Chem., 1932, 36, 2901. 

In thia connection C. Mack Hoc. cit.) points out that after precipitation atu! filtration the 
aspttaltenes must be kept dissolved in benzol, otherwise on drying they become insoluble in solvents. 
This was devised by A. Pochettino, Nuox'o cimento, 1914, 8, 77. 

^ The term In serves to indicate natural logarithm or loge. 

‘^Values of 5000*6000 had t>ecn reported previously for asphaltenes from Russian crude oils* A 
Sachanov, Neft. Khoz., 1924, 7, 933; Chem. Zentr., 1925, 1, 1828. 
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Table 221 .—Molecular Weight and Degree of Association of Asphaltenes in Petrolenes. 


.‘r Cone, of 

Value of 

—At 0®C.— 

Molecular 

Degree 
of Asso¬ 

Value of 

—At 25®C.— 

Molecular 

Degree 
of Asso¬ 

-At 1 

Value of 

120®C.- 

Molecular 

Solution 

kM 

Weight 

ciation 

kM 

Weight 

ciation 

kM 

Weight 

2 

0.16496 

4580 

2H 

0.1301 

3610 

2 

0.06568 

1820 

6 

0 1650 

4580 

2H 

0.12531 

3480 

2 

0.0640 

1780 

10 

0.1856 

5160 

3 

0.13012 

3610 

2 

0.06.35 

1760 

16 

0.17347 

4820 

2^ 

0.14405 

4000 

2H 

0.0662 

1830 

20 

0.16267 

4520 

2H 

0.12823 

3560 

2 

0.0652 

1810 


prepared is affected by the distillation operation and by the presence of free 
carbon.When the latter is in a colloidal state it exerts no deleterious action, but 
if merely suspended (e.g., due to overheating during distillation) in the asphalt 
then an inferior product is the result. It is reported that the material made from 
asphaltic-base crudes in a shell still has a higher softening point than that made 
in a pipe still®^ for a given penetration of the asphalt. This may be accounted for 
by the low resin and asphaltene contents and high proportions of hard asphalt and 
coke. Paraffin base oils on straight distillation yield a residue consisting of oil, 
asphalt, coke and solid paraffins, the latter being disadvantageous if the percentage 
of resins and asphaltenes is low.^- Such oils, however, furnish satisfactory asphalts 
if they are fir.st subjected to mild cracking, that is not severe enough to form coke. 

Ichikawa^'* reports that in the steam-refining of petroleum asphaltic residua 
much better products, especially with respect to cementing and tensile strengths, 
are obtained if a large rather than a small volume of steam is employed. Distilla¬ 
tion at low pressure (2 mm.), however, was considered as the best method of 
manufacture. 

Egloff and Morrell^'* point out that cracking can be controlled so as to permit 
production (10 to 20 per cent) of asphalt in addition to high yields of gasoline 
from paraffin-base charging stocks (e.g., Pennsylvania crude oils) which have 
low sulphur contents. Because of the absence of this latter element, and also 
oxygen, they believe that under these conditions asphalt formation is the result of 
condensation and polymerization accompanied by dehydrogenation. By subsequent 
blowing operations (with air or steam) the cracked asphaltic residues can be made 
to meet many specifications. 

Another procedure for making asphalt includes dissolving the oil, or distillation 
residues, in liquid aliphatic esters or ethers, and then cooling the mixture so that 
both the paraffin wax and hard asphalt are precipitated.®^ Ethyl acetate, methyl 
butyrate or propionate or diisopropyl ether are appropriate liquids. After separa¬ 
tion of the insoluble portion by filtration the liquid can be subjected to distillation 
to secure the soft asphalt. 

The effects of continuous heating, for 70 days at 170®C., on the properties of 
two asphalts (m.p. 32.8°C. and 41.1°C.) from Mid-Continent crudes were investi¬ 
gated by Sikes and Corey.®® They found that the acid value, after an initial increase, 
decreased considerably, which may l)e attributed to loss of volatile acids. Ductility 
and penetration also decreased rapidU^ while an increase was noted in the softening 

•^R. Fusstcitf, Asphalt u. Tcer, 1935, 35. 627; /. Inst. Pet. Tech., 1935. 21, 377A. 

The advantages of pipe still operation (distillation under reduced pressures with lower tern* 
i»eratiires and heating periods) over batch operation are discussed by N. Mayer, Ckem.-Ztg., 1935. 
59, 456; J. Inst. Pet. Tech., 1935, 21. 308A; Brit. Chem. Abs. B. 1935. 757. 

Determination of paraffin in asphalts is discussed by V^ Parini, Neft., 1933, 4 (5), 18; Chem. 
Abs., 1935, 29. 2726; Brit. Chem. Abs. B. 1935, 1028. 

Y. Ichikawa, J. Sac. Chem. Ind. Japan, 1936, 39, Suppl. bind., 129, 161; Chem. Abs., 1936, 
30, 5402; Brit. Chem. Abs. B, 1936, 626. 676. 

•^G. Egloff and J. C. Morrell. Ind. Ena. Chem., 1931, 23, 679, See also. J. C. Morrell, U. S, P. 
2,004.210. June 1 1. 1935, to Universal Oil Products Co.; J. Inst. Pet. Tech.. 1935, 21, 313A. 

K; Kell and W. H. Schmitz, French P. 783.443, 1935; Chem. Abs., 1935, 29. 8318. British 
P 443,287, 1934; Brit. Chem. Abs. B, 1936, 485. 

••A. W. Sikes and C. H. Corey, Ind. Eng. Chem., 1935, 27. 192; Brit. Chem. Abs. B, 1935, 885; 
Chem. Abs., 1935, 29. 2725. 
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point and viscosity. The flash point was not altered much, and the solubility of the 
asphalt in carbon disulphide remained between 99.6 and 99.9 per cent. 

Low-boiling petroleum hydrocarbons, e.g., benzine, have been proposed as 
solvents for the extraction of heavy oils from petroleum asphalts.^^ According 
to Stratford and Pokorny,®® such light hydrocarbons may be admixed with methyl, 
ethyl, propyl, isopropyl or cyclic alcohols. Zwergal®^ treated asphalts with methyl, 
ethyl, propyl, butyl and amyl alcohols successively. He observed that the extracts 



Courtesy Cnion Oil Co. of California 

Fig. 300. —Plant for Deasphalting and Dewaxing with Li(iuid Propane. Tall column at 
left is for deasphalting; unit at right is tor dewaxing. 


obtained with the first tw'o alcohols were oily and resinous, while those with the 
last two were coke-like. Those constituents which were .soluble in propyl alcohol 
possessed the highest carbon and hydrogen and lowest sulphur and oxygen con¬ 
tents, and exhibited the highest ductility. 

Treatment of asphaltic oils with a normally gaseous hydrocarbon,^^^ c.g., pro- 

^ British P. 437,843, 1935, to X. V, Machiiicriccn-fn Apparatcii Fabrikcn ".Mcaf**; Chem. Abs., 
1936, 30, 2747. 

R. K. Stratford and O. S. Pokorny, Canadian P. 353,486, 1935, to Standard Oil Development 
Co.; Chem, Abs., 1935, 29. 8322. 

*A. Zwergal, Ocl, Kohlc, lirdol, Tver, 1935, 11. 608; Chem. Abs., 1935, 29, 8309; J. Inst. Pet. 
Tech., 1935, 21, 401A. 

•For u»e of natural gas under pressure to fractionate crude oil nr heavy residues into asphalts, 
resins and oils, sec S. v. Pilat, Prscmysl Naftowy, 1935. 10, 661; Chem. Abs , 1936, 30, 0542. 
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pane,^' at temperatures and pressures at which the latter is liquid, results in the 
precipitation of asphalt.**- This product is said to have a lower carbene content 
and higher solubility in naphtha (86°Be.) than that obtained by distillation of the 
oil. When both wax and asphalt are present in the petroleum fraction, after 
precipitation of asphalt the pressure is released and some propane evaporated, thus 
chilling the oil and effecting separation of wax.®*^ Following removal of the oil, 
the mixed precipitate is treated with liquid propane at a temperature sufficiently 
high to dissolve the wax. By adjusting conditions and methods of treatment of 
this type of oil, asphalt and wax can he precipitated separately or simultaneously.®'‘ 
Also, separation of soft and hard asphalts may be made in this manner.®^ Fractions 
of petroleum oils, resins and asphaltenes, obtained by treatment of petroleum residues 
with propane, may be remixed in proper proportions to give asphalts of the desired 
physical properties.®® 

Instead of using licjuefied propane alone, the sohent may consist of this hydro¬ 
carbon and approximately 40 per cent of ethane.®®® Partial precipitation of asphalt 
and complete elimination of wax are secured by dilution of distillates (from hydro¬ 
genation operations) with 20 per cent by weight of liquid butane.®^ von Pilat®** 
reports that a liquid, propane-butane mixture (61.2 per cent propane, 34.36 per 
cent isobutane and 4.17 per cent //-butane) removed only part of the asphalt from 
petroleum residues. By introducing dry natural gas, containing about 97 per cent 
methane, into the licjuid mixture (until the pressure had risen to 30 atmospheres) 
almost complete separation of asphalt took place. Continued introduction of 
methane, until the pressure increased to 130 atmospheres, effected a step-wise frac¬ 
tionation of the oily portion, the higher-molecular weight hydrocarbons separating 
first and then those of lower molecular weights as the proportion of methane was 
increased.®® 

Ellis®®* suggests treatment of hydrocarbon oils by mixing a stream of such 
oils with a stream of liquefied hydrocarbon gases (e.g., 75 per cent propane and 
25 per cent ethane) at 20 atmospheres pressure and 75°?'. to cause precipitation of 
asphaltic bodies, subse(|uently cooling the treated oil solution to about 20° to 
— 10°F*. to remove wax and then releasing the pressure to rid the oil of the lique¬ 
fied gas. 


For tliscussions of the use of liquid propane in dewaxing. dea>phalting and other refining 
operations, see R. E. Wilson. P. C. Keith, Jr., and R. E. Haylett. hid. Eng. Chem., 1936, 28, 1065; 
Trans. Am. In.st. CItem. Eng., 1936, 32, 365; them. Ahs.. 1936, 30, 8585; J. Inst. Pet. Tech., 1936, 

22, 455A; Bnt. Chem. Ahs. B. 1936, 775. .A. P. Anderson. H. O. Forrest and L. Van Horn, 

Refiner, 1936, 15, 210; Xat Pet. Nt^res, l‘/36. 28 (21), 49; Oil and Gas J., 1936, 35, 103; Chem. 
Ahs., 1936, 30, 5773. 6176; J. Inst. Pet. Tech., 1936, 22. 358A. 

r. B. Bray. V. S. I*. 1,988.714, |an 22. 1035. to Tnion Oil Co. of Calif.; Chem. Ahs., 193.';. 

29 , 1624. See also. V. S. P. 2.010,007 and 2.010,008. Aug. 6. 1935; Chem. Abs., 1935, 29. 6420; 

J. Inst. Pet. Tech., 1935, 21, 383A. C. B. Bray and C. E. Swift, V. S. P. 2,006,092 to 2.006,097, 
June 25, 1935, to Union Oil Co. of Calif.; Chem. Abs. 1935, 29, 5648; Brit. Chem. Abs. B, 1936. 
731, 1 139. U. B. Bray, U. S. P. 2,006.098, lune 25. 1935; Chem. Abs., 1935, 29, 5649; Bnt. Chem. 
Abs. B, 1936, 731. M. Pier and A. Eisenhut. U. S. P. 2,055.135, Sept. 22, 1936, to I. ('.. Farbenind, 

A. -G.; Chem. Abs., 1936, 30, 7837. W. H. Bahlke, F. W. Sullivan. Jr., and R. E. Wilson, U, S. 
P. 2,086,487. July 6. 1937, to Standard Oil (o. of Ind. 

U. B. Bray, ( anadian P. 352.059. 1935, to I'nion Oil Co. of Calif.; Chem. Abs., 1935, 29, 
7068. U. S. P. 2.049.046. July 28. 1936; Chem. Abs., 1936. 30, 6550. 

**V. B. Bray. U. S. P. 2.041,275; 2.041,277, May 19, 1936, to Union Oil Co. of Calif.; Chem. 
Abs., 1936, 30, 4664. 

B. (i. Aldridge and B. Hopj)er, U. S. P. 2,041,278, May 19, 1936, to Union Oil Co. of Calif.; 
Chem. Abs., 1936, 30, 4664. 

"•French P. 800.144, 193(». to Standard Oil Development C'o.; Chew. Abs., 1936. 30, 8602. 

"•» U. B. Bray and ('. E. Swift, S. P. 2,040,239, May 12, 1936, to Union Oil Co. of Calif.; 
Chem. Abs., 1936, 30, 4664; J. Inst. Pet, Tech., 1936, 22, 319A. 

•’British P. 445.898, 1934. to International Hydrogenation Patents ('o.. Ltd.; Brit. Chem. Abs. 

B, 1936, 679. 

**"8. von Pilat, Oil and (,as J.. 1936. 35 (10). 54. See also M. Naphtali. Refiner, 1936, 15, 116; 
I. Inst. Pet. Tech., 1936. 22, 314A. 

"•For a discuHsion of the fractionation of oils in this niatiner. see Chapter 1. 

Carleton Ellis, U. S. P. 2.081,174, May 25. 1937, to Standard Oil Development Co. 
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Other extractants proposed include phenol, furfural,cyclic nitrogen com¬ 
pounds, e.g., pyrroles, indoles, quinolines or piperidines,and mixtures of sec¬ 
ondary or tertiary aliphatic alcohols, e.g., t^r-butyl, with water, alcohols or 
ketones.'®^ Such aliphatic ethers as ethyl, isopropyl, butyl or amyl and esters of 
the corresponding alcohols with the lower fatty acids (formic to capric) are said 
to act as selective solvents for soft asphalt constituents, causing precipitation of 
the hard asphalt resin and also paraffin wax.^^"* For obtaining high-grade asphalt 
from Mid-Continent crude oils it is suggested that residua from such crudes, con¬ 
taining constituents heavier than gas oil, be subjected to selective solvent action 
of furfural, nitrobenzene or sulphur dioxide, the insoluble portion furnishing 
lubricating oil stock and the soluble fraction a source of asphalt. 


Oxidized Asphalts 


Oxidation, or air blowing, is often found to be the most desirable method of 
finishing many of the asphalts obtained from petroleum.The exact nature of 
the reactions taking place during such operations is not definitely known and 
there is need of considerable investigation in this direction. Lahocinski^®** oxidized 
asphalts (from Polish crude oils) which he considered to consist of resins, 
asphaltenes and oil plus paraffin wax. Although the materials contained different 
proportions of the three ingredients, nevertheless the effect in each instance was 
the same, viz., diminution of the oil and resin contents and an increase of the 
asphaltene fraction. The latter influenced the melting point of the asphalt. He 
believed that the resin fraction wa> the carrier of all fundamental properties of 
asphalt, while the oil fraction exhibited no such characteristic properties. 

Thurston and Knowles^®^ have investigated the oxygen absorption of various 
constituents of asphalt (238 penetration at 25°C.) from Mexican petroleum. The 
following method of separation was employed. AspJialtotis acids and anhydrides 
were extracted by dissolving the specimen in benzene and refluxing with aqueous 
alcoholic potash. Afterwards the alcohol layer was separated, acidified and the 
acids dissolved, in ether. Evaporation of the latter yielded a brown, sticky mass. 
Asphaltenes were obtained by precipitation with straight-run Pennsylvania naphtha 
(88°Be.) using 40 volumes to 1 of asphalt. Extraction of the precipitate with 
more naphtha eliminated occluded resins. Asphaltenes do not melt but swell and 
decompose on heating. According to Thurston and Knowles, asphaltenes are the 
essential constituents of asphalt, distinguishing it from other petroleum products, 
and are responsible for its plastic properties. 

After separation of acids and asphaltenes, the remaining “petrolenes” were 
treated with fuller’s earth, and the latter then extracted successively with naphtha, 
carbon disulphide and benzene to secure oils, petroleum resins and asphaltic resins, 


A. A. Wells, U. .S. P, 2,010,423, Aug. 6, 1935, to Standard Oil Development Co.; Chrm. /1h\. 
1935, 29, 6420; Brit. Chem Abs. B. 1936, 583; J. Inst. Pet, Tech., 1935, 21, 383A. French P 753 ' 
036, 1933; Chem. Abs., 1934, 28, 892. 

'‘’••French P. 800,473, 1936, to Bataafsche Petroleum Maatschapi)ii; Chem. Abs., 1936, 30, S597. 
'w British P. 450,511, 1936, to Bataafsche Petroleum .Maatschappij; Chem. Abs., 1937 31 249' 
Brit. Chem. Abs. B, 1936, 969; J. Inst. Pet. Tech., 1936, 22, 455A. 

K. Kell and W. H. Schmitz, British P. 443,287, 1936, Chem. Abs., 1936, 30, 5407; Brit. Chem 
Abs. B. 1936. 485. 

R. R. Thurston, Canadian P. 359,103, 1936, to Texaco Development Corp.; Chem. Abs., 1936 
30, 6181. 

P. Hubbard, J.S.C.I., 1929, 48, 108T. For descriptions of a number of methods for oxidizing 
f>ctroleum oils or residues to asphalts, sec Caricton Ellis, “The Chemistry of Petroleum Derivatives,* 
The Chemical Catalog Co.. Inc., Xew York, 1934. For description ot a plant for manufacturing 
asphalts from Mid-Continent oils, sec H. B. Batchelor, Oil and Cas J., 1934, 33 (15). 18’ J Inst 
Pet. Tech., 1934, 20, 615A. ' . • / 

Z. I.ah(»cinski, Przemysl Naftoivy, 1933, 8, 229; Chem. Abs., 1933, 27, 4065. 

R. R. Thurston and E. ('. Knowles, Ind. Enq. Chem., 1936, 28. 88; J. Inst. Pet Tech 1936 
22. 106A; Brit. Chem. Abs. B, 1936, 306; Chem. Abs., 1936, 30. 2739. 
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respectively. Both of these resins have moderate drying properties when exposed 
to air in thin films, and this is more pronounced with asphaltic resins which are the 
heavier and more viscous. No carbcncs or carboids were present in the specimen 
tested. The analytic data are summarized in Table 222. 

'Fable 222. —Constituents of Soft Mexican Asphalt. 

Original Asphaltic Petroleum 

Asphalt Acids Asphaltenes Resins Resins Oils 


Yield, %. 100 0.3 28.0 15.7 22.0 34.0 

Sp. gr. (25“C.). 1.024 — 1.167 0.995 0 995 0.946 

Iodine value. 51 — 65 52 55 42 

Sulphur, %. 6.1 — 8.09 8.55 5.6 4.04 

Carbon. 85.05 — 79.61 82.19 82.70 85.39 

Hydrogen. 10.38 ~ 7.79 10.38 10.89 11.39 

Ash. 0.27 - 0 59 Trace 0.0 0.0 

Sol. inCSj. 99.7 ______ 

Sol. in ecu. 99.7 - - — — — — 


The rates of absorption of oxygen by the asphalt and also its constituents were 
measured (using 1 g. samples mixed with sand, at 200°C. for 3 hours) and these 
increased progressively with oily constituents, petroleum resins, asphaltic resins 
and asphaltenes. Also the quantity of oxygen absorbed was determined, and that 
recovered as water or carbon dioxide. Asphaltenes proved to be the most readily 
oxidized and oils the most resistant. Data obtained in the latter instance are given 
in Table 223. Some oxygen was used in the formation of alcohols, aldehydes and 
ketones, which were not measured but included under the heading “unaccounted for.'^ 
Asphaltenes from oxidized asphalts did not react with oxygen any more readily 
than those from soft asphalts. Those obtained from air-blown cracked residuum, 
however, were the least reactive of any investigated. 

'Farle 22i.~ OxidaUon of Constituents from Soft Mexican Asphalt. 



Original 


Asphaltic 

Petroleum 



Asphalt 

Asphaltenes 

Resins 

Resins 

Oils 

Oxidation: 




Oxygen used, % of sample ... . 

17 3 

23 6 

1.85 

15.4 

13.4 

Change in weight, % of sample . 

-5 0 

+ 2 7 

-2.3 

-3 67 

-2.8 

Oxygen used: 

Absorl>ed by sample, %. 


23.6 




Recovered as HjO. 

67.9 

59.6 

71.3 

72.1 

71.5 

Recovered as CO^. 

14 2 

12.9 

10.7 

9.2 

8.9 

Unaccounted for. 

17 9 

3.9 

18.0 

18.7 

19.6 


Thurston and Knowles suggest that oxidation may take place in three ways : 

1. Addition of oxygen, which forms unstable compounds from which water is 
eliminated, leaving unsaturated compounds which polymerize. 

2. Oxidation with the formation of carboxyl derivatives from which carbon 
dioxide is eliminated, followed by polymerization. 

3. Elimination of volatile oxidation products other than water and carlK)n 
dioxide from the above types of unstable oxygen compounds, followed by 
|M)lymerization. 

These investigators also report that oxidation of asphaltenes results in the 
formation of carboids, 96 per cent conversion being obtained at 200°C. (for 3 
hours) and 68 per cent at 150®C. In the absence of oxygen, at 150®C., 7 per cent 
transformation was effected. This indicated that oxidation and not merely heat 
polymerization was the cs.scntial reaction. Typical analyses of asphaltenes (from 
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hard steam-reduced Mexican asphalt) and of the carboids from them by oxidation 
are given in Table 224. 

Table 224 .—Asphaltenes and Carboids from Steam-reduced Mexican Asphalt. 


Asphaltenes Carboids 


Carbon. 

81.50 

74.25 

Hvdrogcn. 

7.50 

5.13 

Sulphur. 

8.60 

8.16 

(^hlorine. 

T race 

— 

Ash. 

0.51 

0.50 

Nitrogen. 

1.16 

I.IO 

Oxygen. 

0.73 

10.86 

Sol. in CSi. . 

99.7 

3.0 

C:H ratio. 

10.9 

14.5 

Saponification value.... 

6.4 

124 

Acid value. 

3 0 

4.0 


That asphalts made by air oxidation do not contain carboids was explained on 
the basis that the usual conditions of oxidation are not as severe as those in the 
above tests. Furthermore, during treatment the asphaltenes are not isolated and 
exposed intimately to the action of oxygen but remain dissolved in oils and resins. 

A number of methods, differing essentially in construction details, have been 
suggested for the preparation of oxidized asphalts. Manheirner'^^^ points out that 
oxidation in tanks requires long periods of time, only a moderate period in batch 
stills, a short time in continuous shell stills, and is effected (juickest in towers. The 
fundamental factors are (1) temperature, (2) air-blast, (3) nature of the initial 
product, (4) the oxidation surface, (5) carbon separation and (6) height of the 
liquid column. The temperature required varies with the composition of the charg¬ 
ing stock, an average of 235-260°C. for paraffin base, 230-245°C. for asphalt base, 
while 220°C. is sufficient if the charge has a large proportion of soft asphalt. In 
addition to asphalt, gas and gas oil are the main by-products. 

Card and Aldridge^®® suggest heating the oil in a still and circulating hot oil 
through a heat-exchanger and back into the still. Before entering the heat-ex- 
changer air h introduced into the hot body of oil and at the same time steam is 
forced into the liquid through a perforated pipe in the bottom of the still. By 
controlling the rate of air and steam supply and the temperature by the heat-ex- 
changer, asphalt of a desired melting point, penetration and ductility may be 
obtained. In another operation, the hot residuum from a pipe still is mixed with 
air, and then conducted into a reaction chamber.^'® The temperature in the latter 
is regulated by cooling coils through which a portion of feed stock is passed. The 
same effect is accomplished by adding a liquid heat-absorbing medium, such as 
water or oil, which has a boiling point lower than the reaction temperature.'*' 
Before subjection to oxidation the residuum may be blended with cylinder oil 
having a vi.scosity (at 99°C.) of 190 seconds Saybolt.'*'-^ 

After being heated to high temperatures (about 220°C.), the asphaltic petro¬ 
leum residue is conducted through a series of compartments in each of which air 

Manbeimer, Petroleum Z., 1935, 31 (40), 4; Chem. Ahs., 1936, 30, 2740. 

W. Card and B. G. Aldridge, U. S. P. 1.999,018, Apr. 23. 1935; Bnt. Chem. Abs. B, 1936, 
357; /. Inst. Pet. Tech., 1935, 21, 223A. See also U. S. P. 1.9.53,345 and 1.953.346, Apr. 3, 1934; 
Chem. Abs., 1934, 28, 3890. R. T. Howes and C. N. Whitaker. Refiner, 1935, 14, 102; J. Inst. Pet. 
Tech., 1935, 21, 171A. 

’•«(:. P. McNeil, U. S. P. 1,942,656, Jan. 1, 1934, to .Standard Oil ( o. of Indiana; Bnt. Chem. 
Abs. B, 1934, 951. Cf. C. P. McNeil and .S. A. Montgomery, V. S. P. 2,032,546, Mar. 3, 1936, to 
Standard Oil Co. of Indiana; Chem. Abs., 1936, 30, 2747. 

’*iB. G. Aldridge, U. S. P. 1,988,766, Jan. 22, 1935, to Union Oil Co. of Calif.; Chem. Abs., 
1935, 29, 1624. 

B. I.. Rose, U. S. P. 2,028,922. Jan. 28, 1936, to Standard Oil Co. of Ohio; Chem. Abs., 193»», 
30. 1994. 
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is supplied below the surface of the liquid.^Any vapors formed are removed 
and passed through a condenser. Catalysts which may be employed include spent 
clarifying and decolorizing agents (e.g., clays) from petroleum oil refining^^^ and 
sulphuric acid mixed with persulphates or perborates.^In the latter instance 
reaction may be effected at 130°C. More intimate contact between the reactants 
is secured by forcing air through a porous ceramic diaphragm (before mixing with 
the heated hydrocarbon) thus transforming it into a state of minute subdivision^^® 
or by passing atomized petroleum residuum countercurrent to a hot air stream.^*’’^ 

Stratford^proposes as raw material, for the manufacture of oxidized asphalts, 
the extracts obtained by treating petroleum oils with selective solvents, e.g., phenol, 
aniline, sulphur dioxide or furfural. Hydrocarbons procured in this manner may 
be subjected to air-blowing at 200®C. and under a pressure of 50 lbs. per sq. in.^^^ 

After oxidation at relatively low temperatures (175°C.) the asphaltic product 
is subsequently maintained at a higher temperature (350®C.) to effect polymeriza¬ 
tion of oil fractions.^ 20 'Yhe latter operation may be conducted under pressure 
sufficient to prevent distillation of vaporizable oil fractions. When cracked 
residuum, relatively high in unstable compounds insoluble in carbon tetrachloride, 
is heated and air-blown it may then be blended with uncracked residue which has 
been similarly treated. ^21 this manner unstable constituents are reported to be 
stabilized and their segregation inhibited. 

Bray and Beckwith^ 22 treat oxidized asphalt with benzine or liquid propane 
to extract oily components. Afterwards the bitumen fraction may he mixed with 
an oil possessing different characteristics than that separated. Or the separated 
oil may be subjected to the action of licjuid sulphur dioxide. ^ 2 :{ extract thereby 

obtained is blended with the asphalt and the mixture is air-hlown. In this way a 
product of high susceptibility to temperature changes is made. 

The use of air containing a small proportion of chlorine is recommended by 
Douthett.^2-1 Asphalts are secured which have a high melting point for a given 
consistency and contain only about 0.5 per cent chlorine, but are free of undesirable 
non-volatile decomposition products. ^25 Hoover^ 2 c proposes adding a small pro- 

S. Tijmstra, U. S. P. 1,975,563, Oct. 2, 1934, to Shell Development Co.; Chem. Abs., 1934, 
28, 7520. French P. 791,278, 1935, to Bataafsche Petroleum Maatschappij; Chem. Abs., 1936, 
30. 3226. 

»*W. A. Craig and F. E. Griffith, U. S. P. 1,997,569, Apr. 16, 1935, to W. C. McDuffie; Brit. 
Chem. Abs. B. 1936, 438. 

F. Jacobsohn, British P, 427,777, 1935; Chem. Abs., 1935, 29, 6726; J. Inst. Pet. Tech., 1935, 
21 , 269A. 

E, B. McConnell. U. S. P. 1,950,900. .Mar. 13, 1934, to Standard Oil Co. of Ohio; Chem. Abs., 

1934, 28. 3580; Brit. Chem. Abs. B, 1935. 294. 

E. B. McConnell, U. S. P. 1,982.920. Dec. 4. 1934, to Standard Oil Co. of Ohio; Chem. Abs., 

1935, 29, 598; Brit. Chem. Abs. B, 1936, 8; J. Inst. Pet. Tech., 1935, 21, lOlA. V. S. P. 2,002,670. 
May 28, 1935; Chem. Abs., 1935, 29, 4934; Brtt. Chem. Abs. B. 1936, 583. 

*** R. K. Stratford, Canadian P. 343,216, 1934, to Standard Oil Development Co.; Chem. Abs., 

1934, 28, 7000. 

«*H. L. Allan, U. S. P. 1,990.466, Feb. 2. 1935, to Burmah Oil Co., Ltd.; J. Inst. Pet. Tech., 

1935, 21, 176. British P. 407,522, 1934; Chem. Abs., 1934, 28. 5226; Brit. Chem. Abs. B, 1934, 
532; J. Inst. Pet. Tech., >19^. 20, 335A. 

E. G. Ragatz, U. S. P. 2,029.504. Feb. 4, 1936, to Cnion Oil Co.; Chem. Abs.. 1936. 30, 1994. 
Cf. C. P. SlcNeil, U. S. P. 2,046,081, Tune 30, 1936, to Standard Oil Co, of Ind.; Chem. Abs., 193i», 
30, 5784; J. Inst. Pet. Tech., 1936, 22,’410A. 

F, S, Dengler, E. W. Gardner and I). H. Felder. V. S. P. 2,024,096, Dec. 10, 1936. to 
Texas Co.; Chem. Abs., 1936, 30, 1226; Bnf. Chem. .4bs. B, 1936, 822. The use of antioxidants 
to retard excessive reaction in the manufacture of a.sphalt.s by oxidation of cracked residues is advo¬ 
cated by E. F. Nelson, IT. S, P. 2,085.992. July 6. 1937, to I niversal Oil Products Co. 

J«17. B. Bray and L. B. Beckwith. V. S. V. 1.988.715, Jan. 22, 1935, to Union Oil Co. of 
Calif.; Chem. Abs., 1935, 29. 1624; Bnt. Chem. Abs. B. 1936. 85. 

U. B. Bray and T,. B. Beckwith, U. S. P. 2.029.290, Feb. 4. 1935, to Union Oil Co. of C'alif.; 
Chem. Abs., 1936, 30. 1994. 

*•* O. R. Douthett, II. S. P. 1.979.676, Nov. 6. 1933, to Barber Asphalt ('o.; Chem. .4bs., 1934, 
28, 336; Brit. Chem. Abs. B, 1935. 936 

»»O. R. Douthett, U. S. P. 1.976.677, Nov. 6. 1933, to Barl)er Asphalt Co.; Chem. Abs., 1934, 
28, 336; Bnf. Chem. Abs. B, 1935. 936. See also J. W. Sparks. V. S. P. 2.059,051. Oct. 27. 1936, 
to Standard Oil Co. of Ind.; Chem. Abs., 1937, 31, 236. 

>«G. R. Hoover. U. S. P. 2.026.039. Dec. 31. 1935. to American Rolling Mill Co.; Chem. Abs.. 

1936, 80, 1226; Brit. Chem. Abs. B, 1936. 822; J. Inst. Pet. Tech., 1936, 22. 107A 
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portion of aninionia to the air for the purpose of reducing the olefin content and 
prolonging the adhesive life of the oxidized material. 

Physical Propkrties of Petroleum Asphalts 

l*ossibly the more important characteristics of asphalts are their melting or 
softening points, penetration, viscosity and ductility.^^®* The softening point is 
determined generally hy the ball and ring method. This comprises ascertaining 
the temperature at which a sample of asphalt, in a standard molded ring, will sag 
to a depth of 2.5 cm. under the weight of a small steel ball (of 0.375 in. diameter). 
.A variation of this consists in placing 5 g. of mercury on a plug of asphalt (in a 
glass tube) and determining the temperature at which the mercury drops through 
the tube.^-^ 

Viscosity. The viscosity of an asphalt may be determined by any one of 
several methods,including rate of flow through a capillary opening (RedwtMKl, 
Saybolt or Ostwald viscosimeter), Couette rotating cylinder, and velocity with which 
a body of given weight sinks into the sample (e.g., Pochettino viscometer,*-^* 
previously mentioned). Traxler and Schweyer*-** found that this property was 
a linear function of the temperature between 15° and 35°C. and may be repre¬ 
sented by the equation 

logij = a/ -f- log b 

in which rj = viscosity in poises, T = temperature in °F., and a and n are con¬ 
stants. These investigators also suggest that the temperature susceptibility should 
be measured by the percentage decrease in viscosity for 1°C. temperature rise over 
this range. This value (also designated asphalt viscosity index or A.V.I.) may be 
calculated according to the formula 

A.V.I. = 100kA,i(l/4-/d)~ll 

in which t/c and rj,i are the viscosities in poises at the temiicratures /c and I.i. Paraf¬ 
fin was is reported to lower the viscosity, and also adhesiveness, of asphaltic bitumen 
and the total quantity (including soft paraffin) should not exceed 5 per ccnt.*’^’ 

Mitchell and Lee**” call attention to the formula, 

rjT'* = a 

in which rj = viscosity in poises, T = temperature in °F., and a and n are con¬ 
stants. In its logarithmic form 

\ogrj -f nlog T = A 

this indicates a straight line function between temperature and viscosity. Curves 
illustrating this linear relation are .shown in Fig. 301 in which the logarithms of 

For details of the procedures for dcterniiniiiK these values, see Handbook of Petroleum, Asphalt 

and Natural Cias, Kansas City Testing I.a!>oratory, 1931; ,\. .S. T. M. Standards, American Soci€<y 

for Testing .Materials. Philadelphia. 1933. An investigation of the relationship between the physical 
properties of i>etroleum asphalts and their chemical coniposition has l>een made by J. O^rbach. 
“Uber die Zusammensetzuiig von Erddlasphalten.” AIlKcnieiner Industrie-Veilag, (j.m.b.H., Berlin, 
1936. See also J. Inst. Fet. Tech.. 19.17, 23. 222A. 

(I. Kraemer and C. Sarnov, Client. Ind.. 190.1. 26 (.1). .SS; J.S.C.I., 190.1, 22, 291. Another 
modiheation of the ball and ring method has lieen propo.nrd by Y, I’no and .Si. Jshida, J.S.C.I., Japan, 
193.S, 38, Sii|>pl. bitniing 6.SX; Cheni. /ihs.. 19.16. 30, 27.19. 

For tlescriptioii.H and tlisciis.sioiis of the«ie procedure^*, see K. N. J, Saal, Frot’cedings H'orld 

Petroleum Congress, London, 19.1.1, 2, .*>15; Brit. Chem. Abs. B, 1934, 913, 

.See. A. Pochettino. Xutrt’o rimento. 1914, 8. 77. Also, ('. .Mack, J. Ptiys, Chem., 1932, 36, 2901. 

R. N. Traxler and H. K. Schweycr, Physics, 1930, 7, 67; Chem. Ahs., 1936, 30, 3214; J. Inst. 
Pet. Tech., 1936, 22. 164 A. 

Riehm, Proc. World Petroleum Congr., 1933, 2, .S.s2; Chem. Ahs., 1935, 29, 2726. See also J. 
Muller and I). Wandyez. Przemysl Naftotey, 1933, 8 , 361; Chem. Abs.. 1933, 27, 5957. Increase of 
viscosity of asphalts on aging is discussed by R, N, Traxler and H. K. .Schweyer. Proc. Ann. \oc. 
Testing Materials, 1936, 36. 88; Brit. Chem. Abs. B. 1936. 991. 

G. Mitchell and A. R. I-ee, J.S.C.!., 19.1.1. 54. 4nrT. 
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the temperature (°F.) are plotted against the logarithms of time of flow (in 
seconds) in a modified Ostwald viscosimeter.^^^ Viscosity measurements at two, 
or better three, temperatures thus enable one to determine graphically the vis¬ 
cosity of the sample at any desired temperature. The slope of the line drawn 
through these points is equal to the value of n, and may be calculated according 
to the formula 


l ogi?i - lQgiy2 
* log Tx - log Ti 

in which r)\ and t/i* arc viscosities in poises at temperatures (°F.) T, and To, re- 
S|)ectively. d'his value // is also designated as the logarithmic temperature co- 



LOg tlD)0 


efficient, and may be regarded as measure of susceptibility and is therefore a 
characteristic coefficient for the bitumen under consideration. 

Certain exceptions are tars having a low content of aromatics. In such in¬ 
stances the viscosity-temperature relation is represented by two intersecting straight 
lines, one for the lower temperature range and one for the upper. Such asphaltic 
bodies will, therefore, possess two logarithmic temperature coefficients, each char¬ 
acteristic over a particular temperature interval. An example of this is shown in 
Fig. 302. 

Ductility. This is the distance (in cm.) which a briquette (of specified 
shape and dimensions) will stretch at 25®C. before breaking occurs, the rate of 
distention being 5 cm. per second. According to Muller and von Pilat^^^a asphaltene 
micelles are responsible for the very low ductility of some petroleum asphalts. This 
was indicated by the absence of these compounds in ductile asphalts, the increase 
in ductility (accompanied by increase in penetration) on their partial removal, and 
decreased ductility (and penetration) on their addition. Incorporation of an 

'“This instrument is described by A. R. Lee, 1934, 53, 69T. 

J. Mtiller and S. von Pilat, Asphalt Teer Strassenbautech., 1934, 34, 649; Chem. Abs., 1935, 
39, 6036; Brit, Chtm. Abs, B, 1935, 535; Chem. Zentr., 1934. 2, 2929. For a discussion on the 
testing of asphalts, see A. R. Lee and A. H. D. Markwick, 1937, 56, 146T. 
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asphaltene solvent (e.g., naphthalene) increased ductility and penetration but 
lowered the softening point of asphalts, the optimum quantity being 7.5 per cent. 
Fulton and Kalichevsky^®^ point out that blending tar resins substantially free of 
asphaltenes (and also oil) with low-grade asphalts improves the latter. 

Penetration. This is the depth in one-hundredths of a centimeter to which 
a standard needle pierces the sample under specified conditions of time, temperature 
and weight. Generally the weight applied is 50, 100 or 200 g., depending upon 


Fig. 302. 

Logarithmic Relationship of 
Temperature and Time of Flow 
for Tars of Low Aromatic Con¬ 
tent. (J. G. Mitchell and A. R. 
Lee) 


Courtesy Journal of the Society of 
Chcmtial Industry 

1-5 2 0 2 r, 

Log time (secs.) 



the temperature. Holmes, Collins and ChiUO**^'* state that two methods have been 
employed for expressing the susceptibility factor, or change in consistency, of 
asphalts with the temperature: 


Susceptibility 

Susceptibility 


penet ration at 46.rC./50 g./5 se c. - penetration at O^./200 g./60 sec. 

penetration at 25X./ibO g./5 sec. 
penetration at 37.8°C./100 g./5 sec. 
penetration at 25®C./lOO g./S^ecT 


The first of these two, however, has been almost entirely supplanted by the second. 

The.se investigators point out that no single method or factor has been de¬ 
veloped which will serve to measure susceptibility over the desired range of 
consistency and temperature. They suggest three methods which can l>e u.sed in 
conjunction with one another to give a fairly complete picture of the susceptibility 
characteristics of an asphalt. 

Softening Point-Penetration Index. Correlation of data on the soften¬ 
ing point and penetration of asphalts from a number of sources indicated that the 
following relation existed. 


log M « alog P + \og k 
or A/ » kP- 


in which M is the softening point (ball and ring) in °F., P is the penetration (at 
25®C. per 100 g. per 5 sec.), and a and k are constants. Holmes, Collins and Child 
state that although the above relation gives no indication, by itself, of the change 
in consistency of an asphalt with temperature, nevertheless it is known (in a gen¬ 
eral manner) that the higher the penetration (at 25°C.) for a given softening point 


1*«S. C. Fulton and V. Kalichcvsky. U. S. P. 1,926,523, Sept. 12, 1933, to Standard Oil De¬ 
velopment Co.; Brtt. them. Abs. B, 1934, 708. 


*•* A. Holme», T. O. Collins and W. C. Child, Ind. Enff. Chem.. Anal. Ed 
Abs., 1936, 30. 3996; J. Inst. ” * .— . .. 


Pet. Tech., 1936, 22, .320A; Brit. Client. Abs. B,’ 1936^’5*’ Chem. 
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the less’susceptible is the asphalt to temperature changes. To obtain more specific 
comparisons between different asphalts, a softening point-penetration index chart 
(Fig. 303) was developed, based on the same principle as that for a viscosity 
index chart for lubricating oils.^^^ As standards, asphalt from heavy Mexican 
crude oil was chosen as 100 on the index scale and petroleum tar as 0. In the 
chart, the ordinates at the extreme left represent the penetrations (at 25°C. per 
100 g. per 5 sec.) for petroleum tar and those on the heavy vertical line at 100 



SOFTENING POINT - PENETRATION INDEX 


Courtesy Industrial and En<jinccrinq Chemistry 


Fic. 303.—Softening Point 


Penetration Index Chart for Asphalts. (A. Holmes, J. O. 
Collins and W. C. Child) 


index for Mexican asphalt. Diagonal lines connecting these ordinates are the 
so-called iso-softening point lines. Thus, the straight line shown for 54.4°C. 
(130®F.) softening point is drawn between 19.5 and 57 penetration for petroleum 
tar and Mexican asphalt, respectively. The abscissas represent the index numbers. 

As an example of the use of this chart, it is desired to determine the softening 
point-penetration index of an asphalt having a softening point of 54.4°C. (130°F.) 
and 40 penetration at 25°C. per 100 g. per 5 seconds. The penetration is read on 
the ordinate scale, and the horizontal line at this point is followed until it inter- 

For the viscosity index of lubricating oils, see E. W. Dean and G. H. Davis, Chem. Met. Eng., 
1929, 35, 618. Also Carleton Ellis, "The Chemistry of Petroleum Derivatives," The Chemical Cata¬ 
log Co., Inc., New York, 1934. 
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sects the 54.4®C. (130°F.) iso-softening point line. At this point the index num¬ 
ber is read from the abscissa scale (vertically downward) giving a value of 67. 

Susceptibility Factor at Subnormal Temperatures. For temperatures 
below 25®C. (77°F.) the susceptibility factor may be expressed as: 


Susceptibility Factor 


penetration at 25°C . /100 g . /5 sec. 
penetration at 0X./200 g./^ see. 


The smaller the ratio of these two penetrations the lower, of course, is the change 
in consistency of the asphalt over this temperature range. 



Coitrtcsy Industriai and linyinrcrnuf Chcmiitry 

Fig. 304.— Chart for Fluidity Index of Asphalts. (A. Holmes. I. (). Ctdlins and 

W. C. Child) 

Fluidity Index. This was devised as a means of determining the suscepti¬ 
bility of asphalts at high temperature, and was developed in essentially the same 
manner as the softening point-penetration index except that the viscosity (seconds 
Furol) at 135®F. was substituted for the softening point. In the fluidity chart 
(Fig. 304) which can be employed in an analogous manner to the softening point- 
penetration chart, the ordinates are viscosity (Furol), the abscis.sas the fluidity 
index and the diagonal lines repre.sent the penetration at 25''C. per 100 g. per *5 
seconds. 
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An application of these three different values is shown by comparing the data 
(Table 225) obtained with asphalts having approximately the same penetration. 
I'or example, comparing Healdton and Colombian asphalts, it is seen that the for¬ 
mer is less susceptible to normal temperature changes than Colombian, while the 
latter does not harden so rapidly (as indicated by the susceptibility factor) as 
Healdton at lower temperatures. Again, Mid-Continent and West Texas change 
in consistency to about the same degree at normal temperatures, but the former (as 
shown by fluidity index) is more readily affected by higher temperatures. 

Table 225. —Changes in Susceptibility Characteristics between Low and Elevated Temperatures 

Softening Point- 

Penetration Penetration Susceptibility Fluidity 


Asphalt at 25°C. Index Factor Index 

Colombian . 53 70 3.83 81 

Healdton . 55 73 6.11 — 

Mid-Continent. 50 63 3.92 85 

West Texas. 50 63 5.88 70 


Pfeiffer and van DoormaaP^^ report that the following relation 
log 8(X) - log penetration = ait - 25®C.) 

exists between the penetration (ZS^^C./lOO g./5 sec.) and softening point (/) by 
the ball and ring method. The term a is characteristic of the susceptibility, and 
as it becomes greater or smaller the asphalt is designated as being correspondingly 
more or less sensitive to temperature change. To represent graphically the above 
relation and to furnish a means of classifying asphalts according to an index num¬ 
ber, these investigators developed a nomogram (shown in Fig. 305) in which the 
ordinates are temperature and penetration and the diagonal represents the term a 
(or the susceptibility ). Zero on the diagonal was chosen as the point at which 
the diagonal was intersected by a line connecting the softening point (40°C.) and 
penetration (200) for “not too heavy, steam refined Mexican bitumens.*^ Division 
marks above and below the zero point were designated as -p or —, respectively. 
A minus number indicated a high susceptibility index, a plus number the reverse. 

According to this system, a^phalts may he divided into three classes: 

1. Those having an index between —1 and -f-1, and designated as the “N type” 
or normal asphalts. In this are included most steam refined bitumens generally 
used for road making. 

2. Asphalts possessing an index number below -—1 or the “Z type.” These 
resemble coal-tar pitch in that they are characterized by great susceptibility and 
usually brittleness. 

3. This class comprises bitumens exhibiting index numbers above -fl, and are 
called the ”R type.” They possess low susceptibilities and only slight brittleness. 
The majority of blown-asphalts tall within this subdivision. 

When asphalts are used in road construction, which constitutes their largest 
field of application, their efficiency as binding agents for stone and other mineral 
aggregates plays an important role. A study of the interfacial tensions between 
asphalts and solids has been made by Mack.*^' It was stated that when a liquid 
spreads over a solid surface two opposing forces are in play, one the adhesion of 
the liquid to the solid, and the other the cohesion of the liquid. The coefficient of 

A dtscus.sion of penetration-temperature relationships is given by I. Bencowiu and E. S. Boe, 
Ind. ling. Chem., AmI Ed., 1936, 8. 157; Chem. Abs., 1936, 30, 8592; Brit. Chem. Abs. B, 1936, 
774; J. Inst. Pet. Tech., 1936. 22, 36iA. 

jwj p Pfeiffer and P, M. van Doormaal, J. Inst. Pet. Tech., 1936, 22, 414; Chem. Abs., 1936, 
30, 6545; Brit. Chem. Abs. B, 1936. 774; J. Inst. Pet. Tech., 1936, 22, 362A. 

C. Mack, Ind. ling, them., 1935, 27, 1500; Chem. Abs., 1936, 30, 1201; Brit. Chem. Abs. B, 
1936, 148; J. Inst. Pet. Tech., 1936, 22, 58A. 
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Courtesy Journal of the Institution of Petroleum Technologists 

Fk;. 305.—Diagram for Determining Penetration Index. (J. P. Pfeiffer and P. M. 

van Doormaal) 
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spreading was defined as the energy of adhesion minus the energy of cohesion. 
Spreading occurs only if this coefficient is positive.^^® Asphalts having a high 
spreading coefficient toward a solid exhibit a high degree of wettability for that 
solid and give a thin film which leads to increased adhesivity. 

The interfacial tension of asphalt and mineral aggregates was measured by 
determining the volume of powdered material, (200 mesh) which settled out of 
benzene solutions of the asphalts on standing after the two components were 
shaken. It was assumed that there is a straight-line relationship between the 
settling volume of powders in asphalt solutions and the concentration of the lat¬ 
ter, and thus by extrapolation the value for the asphalt itself was computed. The 
interfacial tensions were found to vary with the type of aggregate and also with 
the type of asphalt. Low coefficients of spreading and low energies of adhesion 
were observed for the asphalts against silica and high values against limestone and 
blue clay.*^^* Geissler^^'* reports that the greatest adhesion for bitumens is shown 
by stones of a hydrophobic character. When the latter are hydrophylic in nature 
there is a tendency for water to penetrate between the stone and the bitumen layer. 

Lee^^^ also considered tlie problem of adhesion of bituminous materials to stones 
for road construction, particular attention being given to the effect of moisture 
present on the stones. It was assumed that the degree of wetting of a solid by 
a liquid will depend on the nature of the latter, its viscosity (which influences the 
rate of spreading), the character of the solid and the texture and cleanliness of the 
surface. Tests showed that the wetting properties of road tar on highly polished, 
water-moistened surfaces of stones were not influenced to any great extent by the 
type of stone employed. Differences in wetting tendencies were found to be the re¬ 
sult of various degrees of roughness, water being presumably trapped in the 
minute crevices of a rough surface and preventing wetting of the solid by the 
binder. 


UsKs OF Pktrolel'm Asi*h.-\L'is 


As stated previously the principal application of asphalt is in the construction 
of roads, acting as a binder for a filler of broken stone or sand or both.'^- Fre¬ 
quently asphalts are not used alone but are mixed with various proportions of tars 
and heavy oils to obtain a material best suited for the problem at hand.^^^ Other 
uses include employment in roofing and flooring compositions and as coating ma¬ 
terial either alone or in paints and varnishes. An interesting application is in 
asphalt mattresses which are laid on the banks and beds of rivers to resist erosion 
by river currents. 

For altering the flowing (jualities and hardness of asphalt compositions it has 

.See also Roads and Road Construction, 10.15, 13, 77; /. Inst. Pet. Tech., 19.15. 21. 227A. 

For a general discussion of admixtures of asphaltic products and mineral aggregate'', sec P. 
lluhbard, Proc. World Petroleum Conor.. 19.1.1, 2, (>01; Chem. Abs., 1934, 28, 4895; Brit. Chem. Abs. 
B. 19.14. 6f)l. 

Oissler. Bitumen. 1934. 4. 191; Chem. Abs., I93(,. 30, 319(>; J. hist. Pet. Tech., 1934. 20. 
612A. W. (Icissler and H. Klcitiert. Asphalt Teer .S'trassenbautcch.. 19.U*. 36, 481; J. Inst. Pet. Tech., 
1936, 22. 461 A; Chem. Abs.. 1936. 30. 6528. 

A. R. Lee. J..S.C.1.. 1936, 55. 23T; Chem. Abs., 1936, 30. 2722; .f. Inst. Pet. Tech., 1936, 
22, 220A. 

For an extended discuNsion of this subject see P. K. Spielmatin and C. Hughes. “Asphalt 
Roads.” Edward Arnold A- ('o.. London. 1936. See aNo D. M. Wilson. Chemijttrv and Industry, 
1934, 924; ./. Inst. Pet. Tech.. 1934. 20, 624A; Chem. Abs.. 1935, 29. 1603. Road asphalt specifica¬ 
tions are con»idere<l in Rat. Pet. .Weses. 1936, 28 (31), 24B. 

Sec F. Macht, Proc. li'orld Petroleum Conijr.. London, 1933. 2, 581; Brit. Chem. .Abs. B. 1934, 
661, The significance of visco.sity of road tars is discussetl bv (i. H. Fuidge. Chenustrv and Industry, 
1936, 301; J. Inst. Pet. Tech.. 1936, 22. 321A; Brit. Chem. Abs. B. 1936. 581; Chem.'Abs., 1936, 30. 
4294; Asphalt Teer .Strassenbautech, P)36. 36, 595; Chem. .Abs., 1936. 30, 8557. C. Rarr. Chemistry 
and Industry, 1936, 576; Chem. Abs., 1936, 30. (i924. 

^♦*See C. O. Willson. Oil and Cas. .1.. 1934. 33. (16». 20; ./. Inst. Pet. Tech, 1934, 20. 

W. C. Carey, Information Series Asphalt Institute. 1936, No. J5. 



1214 


CHEMISTRY OP PETROLEUM DERIVATIVES 


been proimsed to add phenols,fatty acids, soap and tetralin,^^^ naphthalene, 
bleaching earths^*^^ and paraffins and ceresin waxes.Various molding com¬ 
positions include asphalt mixed with such fillers as powdered quartz,fuller's 
earth, talc or slate'^^ and hydrated magnesium silicate.A proposed wallboard 
material contains asphaltenes incorporated with cement and cotton or asbestos. 
For the purpose of preservation, ropes may be impregnated with a solution of 
asphalt and rubl)er to which graphite has been added as a lubricant.Steam- 
refined petroleum asphalt has l)een proposed as a final coating material for rub¬ 
berized fabric, an intermediate layer of varnish being applied to impart flexi¬ 
bility. 


Asphalt Emulsions 

Usual procedures for the application of asphalt as a protective coating consist 
in either heating until it becomes fluid and then applying in a molten condition or 
effecting a suspension in organic liquids (so-called “cutbacks”), e.g., naphtha, and 
brushing or spraying such compositions on surfaces to be covered. Later develop¬ 
ments, however, comprise the preparation of aqueous emulsions of asphalts, usually 
with the aid of some emulsifying agent, followed by spreading such emuLions on 
the surfaces to be coated.After evaporation of the water, the residual film is 
irreversible, i.e., will not re-emulsify when placed in water. Also it is ductile and 
resistant to flow under heat, this latter property being attributed to a gel or honey¬ 
comb structure. 

According to Ross,'”’^ the proportions of ingredients may vary over a wide 
range, representative limits being 45 to 75 per cent asphalt, 25 to 55 per cent water, 
and 1 to 10 per cent emulsifying agent. However, as extreme examples as low as 
30 per cent and as high as 95 per cent asphalt have l)een employed. As a rule the 
bitumens possess softening points of 110° to 160°F. and penetrations of 35 to 200 
(at 77°F.). In this connection it is interesting to note that flowable compositions 
having 80 to 85 per cent of the asphalt have been reported.^**^ One mode of proce¬ 
dure is first ti? make an aqueous emulsion containing about 57 per cent bitumen, 
the average particle size of the latter being about 2 microns. Additional bitumen 
is then incorporated, mechanical agitation during this latter step being less severe 


E. Roualt, British P. 421,1 13, 1934; Brit. Chem. Abs. B. 1935, 260; Chrm. Abs.. 1935. 29. 3824. 

.Smiley, U. S. P. 2,005,1 13, June 18. 1935; Chem. Abs., 1935, 29, 5248; Brit. them. Abs. 

B. 1936, 629. 

Cierman P. 623,401, 1935, to Chem. Fahr. Florsheim H. Noerdlinjfer A. G.; Chem. Abs., 1936, 
30, 2346. 

A. Wolf, British P. 424,415, 1935. to R. Herrmann, Ltd.; Brit. Chem. Abs. B, 1935, 538; 
Chem. Abs., 1935, 29. 5650; /. /ntt. Bet. Tech.. 1935. 21. 176A. 

M. M. Fain^^rar and E. M, Braudo, Neft, Khoe., 1935, 28 (3), 67; Chem. Abs., 1936, 30, 3996; 
/. Inst. Fet. Tech.. 1936, 22. 164A. 

E. firaefe, Petroleum Z., 1935, 31 (40), 1 ; Chem. Ahs., 1936, 30, 2740; Bitumen, 1935. 5. 54; 
Chem. Zentr., 1935, 2, 161; Brit. Chem. Abs. B, 1936. 774. For a discussion of the uses of bitu¬ 
men plastics sec C. Ci. F. Pritchett. Chemistry and Industry. 1937, 543. 

E. W. (iardner and I). H. Feldei V. .S, P. 2.045.906. June 30, 1936, to Texas (’o,; Chem. 

Abs., 1936, 30, 5784. 

W. A. Craig and F. E. Griffith, U. S. P. 1,997,569, April 16, l'>35, to Richfield Oil Co. of 
Calif.; Chem. Abs., 1935, 29. 3824 

^ S. C. Fulton and V. Kalichev.Hky, U. S. P, 2,035,122, M.ir. 24, 1936, to .Standard Oil De¬ 

velopment Co.; Chem. Abs.. 1936, 30. 3132. 

»^L. .M. Mad.sen. Danish P. 50,907, 1935; Chem. Ah.t.. 1936. 30. 5430 

R. Cotiture U. S. P. 1,936,500. Nov. 21. 1933, to E. I. dn Ptint tie Neinonis & Chem. 

Abs., 1934, 28. 914; Brit. Chem. Ahs. B. 1934. 797. 

For-a general discussion of asphalt emulaions. see L. Kirschinaun, Chem. Met. I'.Uti.. 1929, 36, 
477. E. H. Kailmer. Oct, Kohle. llrdoel, Teer, 1935, 11, 225; Chem. Abs., 1935. 29. 8309; Asphalt 

u. Teer, 1935, 35, 167; /. Inst. Pet. Tech., 1935, 21, 163A. G. D. Kreitrer anti K. M. Hekreneva. 

t^arod. Komissarict, Tyas. Prom. U..^..S.R.. Leningrad, Plastmassui, 1935, 1, 342; Chem. Ahs. 1936 
30, 2740. 

^E. S, Ross. J.S.C.I.. 1929, 48. 112T 

<»A. C;. Terry, I., (L Gabriel and J. F. T. Blott, IT. S. P. 2,009.821, July 30, 1935; Chem. Abs., 
1935, 29, 6420. 
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than in the first stage and resulting in the formation of dispersed particles of about 
20 to 30 microns in size. 

Factors which affect the stability of such emulsions are: presence of some types 
of electrolytes in the water,hydrogen-ion concentration of the latter, degree of 
dispersion of the asphalt, and the interfacial tension between the dispersed phase 
and the aqueous medium. With regard to the hydrogen-ion concentration, Vel- 
linger and Flavigny^^^ report that greatest stability (of a 50 per cent asphalt 
emulsion containing soap as the emulsifying agent) was secured over a />H range 
of 9 to 13. The latter was measured with an antimony electro<le. They also point 
out that the interfacial tension between the dispersed particles and the liquid 
medium should be as low as possible, (irafe and Fleck^^^^ call attention to the un¬ 
desirability of an extremely fine dispersion since in this manner the total quantity 
of emulsifier absorbed by the particles is increased. This results in an asphalt 
film (particularly when the emulsion is applied to road surfaces) which exhibits 
a tendency to re-emulsify due to the combined action of moisture and traffic. 

The interfacial tensions of two asphalts (Fluxes A and B) against aqueous 
sodium hydroxide, at 85°C., were measured by Traxler and Pittman.The 
sanifiles employed exhioited the following physical properties: 

Flux A Flux B 

Sp.gr. 85785C. 0.9964 0.9970 

Float at 150®F., seconds**^. 44 53 

Flash (Cleveland Open Cup), °F. 420 415 

• Time required for water (at a specified temperature) to force a plug of asphalt out of the 
bottom of a saucer like aluminum float, thereby causing the latter to sink. For details, sec A.S.T.M. 
.Standards, American .Society for Testing Materials, Philadelphia, Pa., 1933. 

The.se investigators found that the interfacial tension decreased with increasing 
concentration of alkali, disappearing when the latter became 0.05 and 0.005 moles 
per liter for Fluxes A and B. respectively Some of their results are given in 
Table 226. 

T\blp: 226. - Interfacial Tension between Asphaltic Fluxes and Solutions of 
Sodium Hydroxide. 



-Interfacial Tension- 

Concentration of NaOH 

Flux A 

Flux B 

.Moles per Liter 

Dynes per cm. 

Dynes per cm. 

0.0000. 

16.7 

15.7 

0.0013 . 

11.4 

7.9 

0 0025. 

9.5 

5 3 

0 0050. 

5 3 

0.0^“) 

0.0100. 

0.5 

0.0 

0 0500 . 

0 0'“' 

0.0 


• Emulsion-formation at iht* intcrfai.r appan-mly excurred with this concentration, and greater, of alkali. 

The effect of sodium chloride, in small proportions, was to decrease the inter¬ 
facial tension of asphalts against aciueous alkali. As the proportion of salt was in¬ 
creased, however, the opposite phenomenon was observed. This is illustrated 
graphically in Fig. 306 by the data obtained with Flux A and 0.0050 molar sodium 
hydroxide and Flux B and 0.0025 molar alkali. Substitution of calcium chloride 
for salt resulted only in increasing the tension. 

Hard water, for example, before being employed in the preparation of asphalt emulsions, mav 
be softened by treatment with alkali fluorides: K. E. McConnaughay, U. S. P. 1,989,374, Jan. 29, 
1935; Brit. Chem. Ahs. B. 1935, 1083. 

E. Vellinger and B. Flavigny, Antt. combustibles liqutdes, 1932, 7. 217; Chem. Abs., 1932. 
26. 5473. 

F. . H. r.rafe and I. R. Fleck. Petroleum. 1930, 26. 357; Brit. Chem. Abs. B. 1930. 542. 

»•* R. N. Traxler and C. Pittman, Ind. Euft. Chem., 1932, 24, 1003. 
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Salts, e.g., sodium borate, carbonate, phosphate or silicate, which yield alkaline 
aqueous solutions because of hydrolysis, may be employed in place of alkali. With 
such compounds, however, the concentration required to reduce the interfacial 
tension to zero varies considerably and is probably dependent not only on the 
alkalinity of the solution (or degree of hydrolysis) but also on the type of anion 
present.^®^ 

Traxler^®^ states that the viscosity of aqueous bitumen emulsions is influenced 
by both the particle size and the particle-size uniformity of the disperse phase, 
the latter factor being the more important. With a constant phase-volume ratio 
a decrease in particle size causes a rise in consistency. On the other hand if the 



Courtesy hidustrial and IIu{nPteertn<; C hemistry 

Fig. 306.—Effect of Srxlium Chloride on Interfacial 'I'ension Between .Sodium Hydro.xide 
Solutions and Asphalts. (R. \. Traxler and C. I’. Pittman) 

particles are ..not of uniform size there is a decrease in consistenev because of the 
resultant condition of more loose packing with non-unifonn than with uniform 
particles. 


PrK1‘.\R.\T10.\ of .\sFII.\LT I\Ml'I.S10NS 


As previously indicated, such emulsions may he |)repared by dispersing asphalt 
(for example, by mechanical agitation) in an aciueous solution of an emulsifying 
agent. Of the latter the sodium salts of fatty acids are probably the best known 
and have l)een widely employed. In some instances these may 1 k‘ used in conjunc¬ 
tion with heavy metal soaps. As an illustration, Hepburnsuggests making an 
emulsion of 9 parts of soap, 78 parts of water and 20 parts of fuel oil. This is 
mixed with 1 to 2 parts of aluminum oleate and 2^)6 parts of asphalt then dispersed 
in the composition. In other cases substances which react to form soaps may l>e 
employed. Thus, bone fat may he heated with acjueous potassium carbonate and 
then molten bitumen incorporated.Or stearine pitch (2 to 5 per cent) is 


R. N. Traxler and T. T. Pittman, Ind. finp. Chem.. 19.12. 24, 1.191. 

*** R. N. Traxler, Ind. finp. Chem., 19.16. 28, 101.1; Brit. ( hem. /Ihs. B. 1936, 107.S* 7 Inst 
Pet. Tech., 19.16, 22. 461 A; Chem. /Ihs.. 19.16. 30. 7417. 

a C931,072, Oct. 17, 19.1.1, to Amienite Anphalt Co. of America; 

Bnt. Chem. Abs. B, 1934, 747. 

British P. 276,.S43, 1926, to Miner-il A.-C. BriR; Brit. Chem. Abs. B, 1927, 836. 
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dissolved in asphalt and the latter dispersed in a dilute solution of sodium hy¬ 
droxide.^®^ 

Alkali rosinates may be substituted for the corresponding fatty acid deriva¬ 
tives.^®^ Gabriel and Blott^®® recommend that emulsions prepared with such rosin¬ 
ates be stabilized by incorporation of calcium, or other water-insoluble, salts of 
rosin. As an illustration, 100 parts of rosin and 3.75 parts of calcium hydroxide 
are heated at 140°C. until a homogeneous mass is obtained. The latter is dissolved 
in an equal weight of fuel oil and 4 parts of this solution are added to 100 parts 
of bitumen. The resulting mixture is dispersed in sufficient aqueous 0.05N potas¬ 
sium rosinate to give an emulsion containing 57 per cent bitumen. Certain esters 
of abietic or hydroabietic acid have also been recommended, such as those prepared 
by esterifying in an alkaline medium with a halogeno-aliphatic sulphonic acid or in 
an acid medium with a hydroxyaliphatic sulphonic acid.^®® 

In some instances crude petroleums contain naturally occurring emulsifiers. 
These may be recovered in the following manner The crude oil is distilled tak¬ 
ing over gasoline, kerosene and the lubricating oil fractions. Alkali, e.g., sodium 
or potassium hydroxide, is added to the last-named fractions and these are again 
distilled. In the resulting residue are found the emulsifiers combined with the 
alkali. The residue may be added directly to the bitumen or it may be treated 
with an acid (hydrochloric or sulphuric) and the emulsifiers thus liberated be in¬ 
corporated with the asphaltic material. 

As previously mentioned, inorganic alkalies or salts yielding alkaline aqueous 
solutions may serve as the emulsifying agent. A typical salt is sodium metasili¬ 
cate.Ernotte^’- suggests the muds resulting from the carbonating of sugar 
juices as dispersing and peptizing media. Such “carbonating muds” or “sugar 
scum” are said to contain, in addition to calcium carbonate, colloidal calcium salts 
such as the pectate. A mixture of slaked lime and alum has also been suggested. 

The use of inorganic salts in conjunction with soaps of various types has been 
recommended, particularly in the preparation of emulsions possessing a high per¬ 
centage of asphalt. Thus, in preparing a composition containing 1 part of water 
and 2 parts of asphalt, Steininger^^^ uses about 1 per cent of triethanolamine oleate 
and 1.5 per cent of sodium sulphite or chromate. Sparks^"^^ employs a small pro- 
}X)rtion of a mixture of sodium silicate or phosphate and “green acid soap.” The 
latter is derived from the water-soluble sulphonic acids found in acid sludge from 
the refining of petroleum distillates.^^® In another procedure trisodium phosphate 

'•“M). F. Ncitzkc, U. S. P. 1,981,522, Nov. 20, 1934; Brit. Chcm. Ahs. B, 1935, 1083. 

.See for example, D. N. Meyers, U. S. P. 1,957,031, May 1, 1934; Brit. Chem. Abs. B, 
l'M5. 214. J. B. Small, U. S. P. 2,027,404, Jan. 14, 1936, to Cliddeu Co,; Chcm. Abs., 1936, 
30. 1556. O. F. Ncilike, U. S. P. 1,940,432, Dec. 19, 1933, to Bennett Im..; Brit. Chcm. Abs. 
B, l'M4, 917. J. Miscall, U. S. P. 2,053.099, Sept. 1, 1936, to Patent and Licensing Corp.; Chcm. 
Abs.. 1936, 30, 7328. Plant-scale manufacture of this type of emulsion is described by J. \V. 
.Smith, Refiner, 1936, 15, 306: J. Inst. Pet. Tech., 1936, 22, 513A. 

I.. Ci. Gabriel and T. F. T. Blott, British P. 441,782, 1936, to Colas Products Ltd.; Chem. 

Abs., 1936, 30, 4665. Cf. French P. 792,874, 1936, to Bataafsche Petroleum Maatschappij; Chem. 

Abs., 1936, 30, 4316. Also Australian P. 23,721, 1936, to Asphalt Cold Mix (Australia) Pty. Ltd.; 
Chcm. Abs., 1936, 30. 6552. 

'•"British P. 425^217, 1935, to E. L du Pont de Nemours & Co.; Brit. Chem. Abs. B, 1935, 

443; Chem. Abs., 1935, 29. 5546; J. Inst. Pet. Tech., 1935, 21, 222A. 

H. Limburg, U. S. P. 1,915,062, June 20, 1933. to Flintkotc Corp.; Brit. C'hem. Abs. B, 
l')34, 311. 

P. R. Smith, U. S. P. 1,989,775, Feb. 5, 1935, to Barl>er Asphalt Co. ; Chem. 1935, 

29. 19H0. 

M Ernotte, British P. 428,908. 1935; I. Inst. Pet. Tech., 1935. 21, 3l2A. 

D.’ Finley, U. S. P. 1,625,304. April 19, 1927; Chem. Abs., 1927, 21, 2060; Brit. Chcm. Abs. 

M?’Steiningcr, U. S. P. 1.988.879. Jan. 22. 1935, to Standard Oil Co. of Ind.; Brit. 

] Sparks,^ U. S. P. 1,956,779, May 1, 1934. to Standard Oil Co. of Ind.; Brit. Chem. 

the isolation of such sulphonic acids and their corre*«p<mding soaps, see ('hapter 46. 
Also Carleton Ellis, “The Chemistry of Petroleum Derivatives.” The C'hennc.il Catalog Co,, Inc., 

New* York, 1934. 
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or caustic alkali serves as the dispersing agent.After emulsification, the com¬ 
position is incorporated with a small quantity of tannic acid. 

Other substances which have been proposed as emulsifying agents are humic 
acid,^"^ rosin soaps,alkali-metal or ammonium salts of oleyl, cetyl or stearyl 
sulphate,and viscose.^^^ Compositions containing humic acid are said to be 
stabilized by incorporation of a small proportion (0.5 to 1 per cent) of a neutral 
salt, such as sodium chloride or sulphate or calcium chloride.Taylori®*"* uses 
farinaceous materials, such as corn (maize), gluten or soya-bean meal, mixed with 
water-soluble soaps of petroleum sulphonic acids (green acid .soap). Such an 
agent furnishes asphalt emulsions which may be diluted with hard water or sub¬ 
jected to wide variations in temperature without breaking. Starchy bodies, such 
as flour rendered water-soluble by treatment with alkali, incorporated with alkali 
phenylates or fatty acid soaps, are recommended by Rouault.Before emulsifica¬ 
tion, the viscosity of the bitumen may be decreased by incorporating phenols (or 
phenylates) with it.^^^ 

In addition to emulsifying agents, substances whose functions are to .stabilize or 
prevent the emulsion from breaking rapidly may be included also. To accomplish 
this Watts'^® suggests employment of an alkali metal caseinate. Afterwards phos¬ 
phoric or boric acid is added until the />H of the composition is 8.5. In addition, a 
preservative for the casein, such as formaldehyde, may be used. In using sodium 
caseinate, Bray and Beckwith'^" suggest that the emulsion be prepared and then 
cooled below 38°C. before incorporating the stabilizer. Sodium phosphate has been 
recommended as a stabilizer for emulsions prepared with alkali or with soap as 
emulsifying agent.In the latter case a small percentage of calcium chloride 
is also incorporated. Thurston'^^ points out that spent fuller’s earth from the 
vapor-phase treatment of cracked distillates contains adsorbed saponifiable bodies. 
Extraction of the latter with acetone or benzene furnishes substances which possess 
stabilizing properties. W'intsch^^^’ recommends mixing 5 to 10 per cent rubber 
latex with a 2 per cent solution of rosin soap which is then emulsified with the 
bitumen. Water- or alkali-soluble condensation products of formaldehyde and 
phenols have been proposed also.*^’^ In other instances the bitumen, prior to 
emulsification, may be mixed with sulphurized facticc, such as obtained by the 

A. L. Halvorsen. V. .S. P. 1.995,346, Mar. 26, 1935; Chem. /lbs., 1935, 29. 3151. 

British P. 433,*^50, 1934, to I. (i. Farbcniml. A.-(i ; Bnt. Chem. Ahs. B, 1935, 10H3. Sec 

also, H. Klein, U. S. P. 2,038,572, April 28, 1936, to I. (I. Farhenijid, A. (i.; Chem. Ahs., 1936, 

30. 4004. 

J. C. Roediger, U. S. P. 1,988,336, Jan. 15, 1935, to Patent and Licensing ( orp.; Brit. 
Chem. Abs. B, 1936, 53. 

^'“’British P, 437,674, 1935, to E. I. du Pont dc Nemours & Co.; Chem. Abs., 1936, 30, 2749. 

Levin, U. S. P. 1,997,868, Apr. 16, 1935, to Patent and Licensing Corp.; Chem. Ahs., 

1935, 29, 3752; Brit. Chem. A^s. B. 1936. 442. 

K. Daimler, German P. 627,465, 1936, to I. G, Farhenitul. A.-G,; Chem. Abs., 1936, 30, 

4316. British P. 430,917. 1933; Brit. Chem. Abs. B, 1935. 891. 

K. Taylor, U. .S. P, 1,932,648, Oct, 31, 1933, to Standard Oil Co. of Tnd.; Brit. Chem. Ahs. 
B, 1934, 822. 

1‘^E. Rouault, French P. 748,886, 1933; Chem. Abs., 1933, 27, 5531. British P. 419.358, 1933; 
Brit. Chem. Abs. B, 1935, 88; Chem. Abs., 1935, 29, 2736. See also. French P. 748,893 and 

748,894, 1933; Chem. Abs., 1933, 27, 5532. 

iwE. Rouault, British P. 421,1 13, 1934; Chem. Abs., 1935, 29. 3824. 

'*** V. E. Watts, U. S. P. 2,040,115, ^^ay 12, 1936, to American Bitumuls Co.; Chem. Abs., 

1936, 30, 4664. 

U. B. Bray and L. B. Beckwith, U. S. P. 2,022,229, Nov. 26, 1935, to Union Oil Co. of 

Calif.; Chem. Abs., 1936, 30. 837; Brit. Chem. Ahs. B. 1936, 777. 

British P. 427,720, 1935, to International Bitumen EmuLions Corp.; Brit. Chem. Abs. B, 193.5, 
662; Chem. Abs., 1935, 29, 6420. 

R. K. Thurston, U. S. P. 2,037,669, Apr. 14, 1936, to Texas Co.; Chem. Abs., 1936, 30, 

4004. 

Wintsch, Jr., French P. 648,917, 1928; Chem. Zentr., 1929, 2, 100; Chem. Ahs., 1929, 

23, 3069. 

*»Kferman P. 602,165, 1934, to J. R. (ieigy A.-G.; Chem. Abs., 1935, 29, 598, French I*. 

781.331, 1935; Chem. Abs., 1935. 29, 6420. British P. 438.162, 1934; Brit. Chem. Ahs. B, 1936, 

180. Cf. W. Reiner, German P. 611,491, 1935; Chem. Abs., 1935, 29. 4160. 
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action of sulphur chloride on train oil or fattv acids or bv heating linseed oil and 
sulphur to 150-180°C.i»^ 

Hicknian^®^ suggested an emulsion made by dispersing bitumen in an alkaline 
solution of casein to which had been added rosin or a sulphonated fatty oil and a 
small percentage of acetanilide or salicylic acid. To obtain a stable emulsion of 
extremely small particle size it is necessary that the alkalinity of the dispersing 
medium be adjusted so that it is slightly less than the critical point above which 
a water-in-oil emulsion would be formed. 

Use of Clay in Asphalt Emulsions. According to Fain,^^^'’ asphalt emul¬ 
sions may be classified in two ways: (a) those containing a surface tension depres¬ 
sor, such as soap, and are easily and readily prepared, and (b ) those possessing an 
insoluble dispersing agent such as clay or bentonite. In the latter instance careful 
regulation of the temperature and viscosity of the dispersing medium during manu¬ 
facture is necessary. The latter type, however, is generally more stable toward 
electrolytes and during storage. He proposes to combine both of these efifects, 
stability and ease of preparation, by incorporating both kinds of agents. A typical 
composition would contain approximately 75 per cent asphalt, 25 per cent water, 
0.5 per cent bentonite and 1/16 per cent soap. In some instances the soap may 
be substituted by a small proportion (0.025 to 0.1 per cent) of a protective colloid. 
Examples of the latter are gum acacia, agar agar, starch and tannic acid.^**® As 
a modification, Kirschbraun^*^" suggests that an aqueous emulsion containing 
asphalt (about 70 per cent) and soap be mixed with one (55-60 per cent asphalt) 
having clay as the stabilizing substance. The resulting product is said to be more 
fluid than either of the component emulsions. It has been pointed out also that 
the />H value of compositions of which clay is one constituent should be from 6 
to For example, steam-refined Mexican asphalt (melting at 120°F.) may be 

emulsified with an aqueous suspension of bentonite and clay provided the />H value 
of the disj)ersion is 6.0 to 6.5. On the other hand the optimum emulsive condition 
for certain pitches (e.g., stearine) exists at a pH of about 8.0. Since various clays 
furnish aqueous suspensions differing greatly in their acidity or alkalinity, incor¬ 
poration of a small proportion of a modifying agent (.such as alum, sulphuric acid, 
or alkali metal oxides or hydroxides) is often necessary to secure effective disper¬ 
sion of the asphalt or pitch. 

Another procedure comprises emulsifying molten asphalt with 1 to 5 per cent 
of a concentrated solution of an alkali hydroxide or carbonate and then incorpor¬ 
ating an aqueous slurry of clay.'^*® The latter material, according to Liberthson,-^*^ 
may be employed in small proportions to stabilize bituminous compositions con¬ 
taining petroleum sulphonates as emulsifying agents. Increa.sed fluidity is said to 
result on the addition of trisodium phosphate to preparations composed of asphalt, 

’•^-British I*. 271,177, 192(., to Mineral A.-G. Brig.; Brit. Chem. Abs. B, 1927, 595; Chrm. Ahs., 
1928, 22. 1677. 

“«T. M. Hickman. British V. .108.389, 1929; Brit. Chem. Ahs. B. 1929, 4.U. 

I*. R. Smith and (1, K. Uouthelt, I’. S. P. 1.994.542, March 19, 1935, to Barber Asphalt 

Co.; Chem. Abs., 1935, 29. 3152; Brit. Chem. Abs. B. 1936, 357. 

*“•*•1. M. Fain, U. .S. P. 1,793,918, Feb. 24, 1931, to Flintkote Co.; Brit. Chem. Ahs. B, 1931, 

960; Chem. Abs., 1931, 25, 2281. Also, J. M. Fain, U. S. P. 2,027,582, Jan. 14, 1936, to Patent 

and Licensing Corp.; Chew. Ahs., 1936, 30, 1556. 

L. Kir.schbraun, U. S. P. 1,869,697, Aug. 2, 1932, to Flintkote Corp.; Chem. Abs., 1932, 
26, 5413; Brit. Chem. Abs. B, 1933, 499. 

L. Kirschbraun, U. S. P. 1.948,881, Feb. 27, 1934, to Patent and Licensing Corp.; Chem.. 
Abs., 1934, 28, 2870; Brit. Chrm. Abs. B. 1934, 999. 

L. Kirschbraun and H. L. Levin. U. S. P. 1,960,112, May 22, 1934, to Patent and Licensing 
Corp.; Brit. Chem. Abs. B, 1935, 295. British P. 321,721, 1928, to Flintkote Co.; Chem. Abs., 
1930, 24, 2877. 

'"•♦German P. 601,891. 1934, to Firma Paul I.echler; Chem. Abs., 1934, 28, 7520. 

•*•"'1. Liberth.son, U. S. P. 1,940,807, Dec. 26. 1933, to L. Sonneborn Sons, Inc.; Brit. Chem. 
Abs. B, 1934, 868. 



1220 


CHEMISTRY OF PETROLEUM DERIVATIVES 


clay and aqueous alkali.^®^ If soap be used in place of the alkali, then addition of 
the phosphate should be preceded by that of an alkaline-earth metal salt, such as 
calcium chloride. Lister^**^ recommends an alkaline aqueous suspension of bento¬ 
nite and sodium or potassium silicate as stabilization agents. Emulsification of 
bitumen in an aqueous colloidal solution of hydrated magnesium silicate with the 
aid of O.LV acetic acid has also been suggested.^^^ 

Uses of Asphalt Emulsions 

The advantages of using emulsions over other methods of applying a’sphalt 
coatings have already been pointed out to some extent. Employment of asphalt 
alone requires heating to a high temperature which may be disadvantageous in some 
cases. However, asphalt solutions to be brushed or sprayed may introduce fire and 
health hazards. Among the numerous applications-^^** are in the making of roads, 
flooring and roofing, in the waterproofing of paper, cloth, wood and concrete and 
the manufacture of molded material by mixture with various fillers. An important 
use is in applying protective coating for iron and steel. Treatment of surface soil 
with bituminous emulsions is said to minimize dust-formation in dry weather and 
mud in wet weather.-^** A lubricant for bearing surfaces to be subjected to high 
temperatures consists of an aqueous emulsion of asphalt and graphite.-^^ 

Testing of Asphalt Emulsions 


According to Latzko,^®® such emulsions may be divided into three main classes, 
(a) normally breaking, (b) slowly breaking, and (c) stable. The first-named 
types, generally containing 45-50 per cent water, are used in road construction, 
particularly with limestone aggregates, since the bitumen particles are more ad¬ 
herent to this. Stable emulsions are especially applicable for mixing with stone, 
sand, and other finely-divided material to form an asphalt concrete. Klingmann^*^^ 
believes that breaking can be traced mainly to precipitation of the soap in the 
emulsion by the soluble constituents of the aggregate.^®® However, filtration and 
evaporation are also factors. As the purpose of bituminous emulsions, in road 
making, is to envelop the aggregate uniformly with a binding material, any pre¬ 
mature breaking will result in irregularities. He suggests as a test that asphalt 
composition be allowed to flow upwards through a glass tube, packed with aggregate 
1 mm. in diameter, and the volume noted which enters the tube before the top 
surface of the liquid breaks. The latter phenomenon is indicated by a cessation of 
liquid flow. 

Weber^^^ proposes covering 10 g. of clean, dried stone (0.6 to 2 mm. diameter) 


British P. 427,720, 1935, to International Bitumen Emulsions Corp,; Chem. Abs., 1935, 29, 6420. 
V. Lister, British P. 436,494, 1935; Chem. Abs., 1936, 30, 1994. 

--OR. K. Painter, H. H. Morcton and C. W. Hill, U. S. P. 2,023,540, Dec. 10, 1935; Chem. 
Abs., 1936, 30, 852; Brit. Chem. Abs. B, 1936, 969. 

L. Kirschbraun, Chem. Met. Eng.. 1929, 36. 477; Chem. Abs., 1929, 23. 4812. J. M. Fain 
and F. D. Snell, Paint. OH. Chem. Rev., 1936, 98 (13), 14; Chem. Abs., 1936, 30, 8650; Brit. 
Chem. Abs. B, 1936, 1005. 

2®* C. H. Haswell, Paint Technology, 1936, 1, 142; Brit. Chem. Abs. B, 1936, 696. 

^ M. J. Heitmann. U. S. P, 1,984,214, Dec. 11, 1934, to Patent and Licensing Corp,; Chem. 
Abs.. 1935, 29. 922; Brit. Chem. Abs. B. 1935. 984. 

W. I.atzko, Petroleum Z., 1935, 31 (11). 4; Chem. Abs., 1935, 29, 7061. See also W. 
Ceissler and H. Kleinert, Asphalt Veer Strassenhautech., 1935, 35, 1019, 1038; Chem. Abs., 1936, 
30, 3961; Brit. Chem. Abs. B, 1936, 596. 

»7G. H. Klingmann, Bitumen, 1935, 5, 206; Chem. Abs.. 1936, 30, 2740; /. Inst. Pet. Tech., 
1936, 22, 271A. See also, E. da Fano, Asfalti, 1934, 6, 339; Chem. Zentr., 1935, 1, 1806; Brit. 
Chem. Abs. B, 1935, 1124. 

Sec also J. Jachzel, Asphalt Teer Strassenbautech., 1936, 36, 101; Chem. Abs., 1936, 30, 
5751 ; /. In.st. Pet. Tech., 1936, 22. 271A. 

H. Weber, Prcc. World Petroleum Congr., 1933, 2, 669. 
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with 50 cc. of the emulsion and allowing the mixture to stand for 1 hour. After* 
wards the stone is washed with water to remove excess asphalt, dried, and the 
increase in weight determined. McKesson^!® describes a breaking test in which 100 
g. of the emulsion are stirred with 35 cc. of 0.02Ar calcium chloride. After 2 min¬ 
utes, precipitated asphalt is filtered, dried at 163®C. and weighed. With slow 
settling compositions a O.liV solution may be employed. 

The following procedure^^^ has been suggested for estimating the stability of 
emulsions: 1 g. is placed in a porcelain crucible (1 to \]A inch diameter) and con¬ 
centrated by stirring under an air current at 18‘20°C. This is continued until 
coagulation occurs, generally in J /2 to ^ hour. At this point the residual water 
content is determined by drying at 110°C. Characteristic values for different types 
of emulsions are: 

Unstable Emulsions (fast). 15-25% Residual Water 

Semi-Stable Emulsions (medium). 8-10% " " 

Stable Emulsions (slow). 5-8% ” ” 

Another test (Sedimentation test) involves placing 500 cc. of the emulsion in 
a tall glass cylinder, covered to prevent evaporation, and after 5 days siphoning 
off the top 450 cc. The remaining 50 cc. plus sediment are then removed and loss 
on heating ascertained, the final heating period being 3 hours at 325°F. If during 
standing the sample in the cylinder exhibits creaming, i.e., the sediment floats in¬ 
stead of sinking to the bottom of the container, then the upper 50 cc. are with¬ 
drawn and loss on heating determined. The percentage of total solids thus found 
in the most concentrated layer withdrawn should not differ by more than 3 per 
cent from that in an equal volume of the initial asphalt emulsion. 

One method2i2 for measuring particle size comprises diluting 0.1 g. of the 
emulsion with 30 ml. of sodium oleate solution (1.5 to 2 per cent concentration), 
adding this to a standard haemacytometer cell, and taking a microphotograph. The 
number of particles are then counted per square (0.0025 sq. mm.) in the picture. 
.Since the depth of the cell is 0.1 mm., the volume of solution per unit square is 
0.00025 cu. mm. or 0.00025 x 10"^ cc. The mean radius (r) of the particles may 
then be calculated according to the formula 

3 /"^ ~ 

in which IV is the weight of emulsion, B is the bitumen content and d its density, 
.V is the total number of particles counted, and n the number of squares in which 
they appear. 

Other inspections which are often made include total bitumen content, viscosity 
(usually Engler), resistance to low temperatures, homogeneity or screen test, i.e., 
proportion of asphalt held back when the emulsion is poured through a 20-mesh 
screen, water content, and stability to dilution with water.^i* 

Methods outlined by the American Society for Testing Materials^^^ for testing 
asphalt emulsions include measurement of viscosity, residue on distillation, per¬ 
centage of water, miscibility with water, settling on standing, demulsibility, freezing 

C. L. McKesson,.Prof, World Petroleum Congr., 1933, 2, 689; Brit. Chem. Abs. B, 1934, 661. 

L. Kirschbraun, Proc. World Petroleum Conor,, 1933, 2, 682; Brit. Chem. Abs. B, 1934, 661. 

-•3* Tests on Bituminous Emulsions for Road Use, Proc. World Petroleum Congr., 1933, 2, 674. 

Sec, A. Riis, Proc. World Petroleum Congr., 1933, 2, 630. P. le Gavrian, Proc. World 

Petroleum Congr., 1933, 2, 630; Brit. Chem. Abs. B, 1934, 661. L. Mcunier, Proc. World 
Petroleum Congr., 1933, 2, 654; Brit. Chem. Abs. B, 1934, 661. Ohsc, Proc. World Petroleum 
Congr., 1933, 2, 660. A. Stcllwaag, Bitumen, 1936, 6, 1; Chem. Abs., 1936, 30, 5402. C. A. 
Downing, Proc. Amer. 9oc. Testing Materials. No. 78, 1935; Chem. Abs., 1935, 29, .5644; Brit. 
Chem. Abs. B, 1936, 482. H. Klcinert, Asphalt und Teer, 1935, 35, 194; J. Pet. Tech., 

1935, 21, 163A. 

-'^^A.S.T.M. Tentative Standards, 1935, D244-35T, D397-34T to D401-34T. 
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test, residue on sieving, and coating test on stones. Percentage of water is de¬ 
termined by mixing the emulsion with an equal volume of a light oil or coal-tar 
naphtha (b.p. 120-250®C.) and distilling. Demulsibility is measured by adding 
to 100 g. of emulsion 35 cc. of 0.02Ar (for quick-setting type) or 50 cc. of 0.1 
calcium chloride (for mixing type of emulsion) with continuous stirring and then 
weighing the precipitated asphalt which is caught on a No. 14 standard sieve. 

Much the same types of tests are suggested by the British Standards Institu- 
tion^^® with some exceptions. For example, in determining the percentage of 
water, the diluent employed has a narrower boiling range (125-160®C.) than that 
given above. Also, the rate of breaking of emulsions is measured by the “lability 
test,*' the assumption being made that the cause of breaking is the evaporation of 
water. A small portion of emulsion is placed in a porcelain crucible and stirred 
gently with a specially designed glass rod while a current of air at 18-20°C. is 
blown carefully over the surface. The time is recorded for coagulation to take 
place as determined by the collection of coagulum on the stirring rofl. 

B. S. I. Standard Specification 434, 1935. 



Chapter 52 

Reduction of Carbon Monoxide to Hydrocarbons. 
The Kogasin Synthesis and Synthetic Petroleum 

Because of the wide variety of substances that may be produced by the catalytic 
hydrogenation of carbon monoxide, considerable interest has been manifested (espe¬ 
cially abroad) in this type of synthesis. There are primarily two distinct types of 
operation, one of which leads to the formation of oxygenated compounds, and the 
other to hydrocarbons. Differentiation between the two processes is that the first 
requires high pressure treatment whereas the second is carried out at substantially 
atmospheric conditions. 

Since about 1923, the high-pressure metho<l has been exploited commercially in 
the production of methanol, or synthetic wood alcohol. In the same year, Fischer 
and Tropsch^ found that by using a catalyst of iron and potassium carbonate a mix¬ 
ture of higher alcohols and other oxygenated substances (the so-called “Synthol”) 
could be obtained from carbon monoxide and hydrogen by similar treatment. Nor¬ 
mal alcohols up to nonanol (QHioOH), fatty acids ranging from formic up to 
octanoic (C 7 Hi.-,COOH) and numerous aldehydes, ketones and esters, together 
with small (|uantities of hydrocarbons, were isolated from the reaction product. On 
the other hand, when low pressures are involved, methane is the resultant, as was 
shown by Sabatier and Senderens- in 1902. Later (1918), Orlov^ synthesized 
ethylene by reducing carbon monoxide in the presence of coke impregnated with 
nickel and palladium. However, in 1926, Fischer and Tropsch'* Reported that with 
iron, nickel and cobalt catalysts and with treatment at atmospheric pressure it was 
possible to produce a mixture of the higher hydrocarbons (the so-called “Synthin*’ 
or “Kogasin”). similar to petroleum hydrocarbons.^ 

This chapter will be devoted expressly to a discussion of the second method of 
treatment, that involving the use of ordinary pressure, because of the relation of its 
products to those of the petroleum industry. Numerous preliminary investigations, 
conducted both in Germany and in Japan, had indicated that certain of the Synthin 
fractions may have possible application as motor or Diesel fuels, and that heavier- 
molecular weight portions could be cracked to furnish additional yields of gasoline. 
As a matter of fact, Fischer® states that by 1934 pilot plant and semi-works scale 
apparatus were developed to such an extent in Germany that it was decided to build 
a large commercial unit. Construction along this line was undertaken at that time, 

' F. Fischer ami H. Tropsch. Brcunstoff Chem.. 1923. 4, 276; JS.C.I., 1923, 42. 1009A; Chem. 
Abs., 1924, 18, 459. Ber., 1923, 56, 2428; J.S.C.I.. 1924. 43, 152B. 

^ P. Sabatier and J. B. Senderens, Compt. rend., 1902, 134, 514; Chem. Zentr., 1902. 1, 802; 

1902, 82 (1), 333. 

•E I. Orlov, /. Russ. Ph\s. Chem. Soe.. 1908. 40, 1588; J.C..S., 1909, 96 (1), 77. Ber., 1909, 
42, 893; Chem. Abs., 1909. 3, 1400. 

* F. Fischer and H. Tropsch, Brennstoff-Chem., 1926, 7, 97; Chem. Abs., 1926, 20, 2065. Ber., 
1926. 59, 830; Brit. Chem. Abs. B, 1926, 475; Chem. Abs., 1926, 20, 2814. 

® See Carleton Ellis, “Hydrogenation of Organic Substances,” D. Van Nostrand Co., Inc., New 
York, 1930 for a discussion of the hydrogenation of carbon monoxide to give methanol, methane, 
JSynthol and Synthin. Sec also N. \V. Krasc, Trans. Am. Inst. Chem. En<t., 1936, 32, 493 for 
a review of these processes. 

•F. Fischer, Gel. Kohle. lirdoel. Trer. 1935. 11, 782; J. In.^t. Pet. Tech., 1935, 21, 433A; 
Brit. Chem. Abs. B, 1936, 51; Chem. Abs., 1936, 30, 3968. 
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and Fischer believed that in a short while the carbon monoxide-hydrogen synthesis 
would become an important factor in fulfilling the fuel requirements of Germany by 
creating what may be termed a ‘‘synthetic petroleum’' industry. 

Special names have been given to the fractions obtained in the Synthin treat¬ 
ment. The lower boiling hydrocarbons (containing 2 to 5 carbon atoms per mole¬ 
cule), which are gases at ordinary temperatures, are called “Gasol.” The oily por¬ 
tion is referred to as “Kogasin” and consists of a mixture of straight- or slightly 
branched-chain saturated and unsaturated hydrocarbons. The part of the oil boiling 
in the gasoline range (30° to 200°C.) is known"^ as Kogasin I and the high-boiling 
residue (over 200°C.) as Kogasin IT. Two types of solid paraffin waxes are 
formed, one (that separated from Kogasin by cooling) melting at about 40°C. and 
the other at about 96° C. The latter substance is termed synthetic “Ceresin” be¬ 
cause of its similarity to naturally occurring wax of the same name.’^*‘ The expres¬ 
sion “Synthin” is but little used at present, because of the fact that at one time it 
was applied to the mixture of hydrocarbons obtained by reduction of the oxygenated 
compounds produced in the Synthol treatment. The reaction is now commonly 
known as tlie Kogasin or Fischcr-Tropsch synthesis, the first specifically pertaining 
to oils prepared from water gas^ and the second a more or less general term.^ 

Mechanism 


Fischer and Tropscld‘‘ iiave proposed a mechanism for the synthesis of the 
higher hydrocarbons from carbon monoxide and hydrogen based on the formation 
of intermediate metallic carbides. Thus, in the presence of catalysts such as finely 
divided nickel, cobalt or iron, carbon monoxide is thought to be reduced to ele¬ 
mental carbon, which unites with the finely divided metals to form carbides. The 
latter ap])arently are not the ordinary low carbon content substances which are 
stable at high temperatures, but are quite rich in carbon, and are stable only at rela¬ 
tively low temperatures. They are reduced by hydrogen to form methylene radicals 
(CHo), which in turn polymerize. Fischer and Tropsch are of the opinion that this 
theory explains the removal of carbon (from the carbides) as higher hydrocarbons 
rather than as methane. Fischer and Koch^^ have suggested the existence of methyl 
(CH3) and methinyl (CH) radicals in addition to methylene, which might give 
rise to some of the substances noted in the reaction mixture. 

Two distinct types of interaction have been observed by Fischer ^2 using different 

The term “Kogasin” is a contraction of the (Jerman: Kohle-das-Benzine. 

See E. H. E. Graefc, Ole. Fctte, Wachse, Seife, Kosmetik, 1936 (13), 1; J. Inst. Pet. Tech., 
1937, 23, 78A; Chem. Abs., 1937, 31. 241. 

• F. Fischer, Brennstoff-Chem., 1935, 16, 1; Brit. Chem. Abs. B, 1935, 179; Chem. Abs., 1935, 
29. 1959. 

• Reviews of the Fischer-Tropsch process for the synthesis of motor fuels have been given 

!)y: F. Fischer, Gas. J., 1936, 216, 278; Chem. Abs., 1937, 31, 238. Colliery Guardian, iy3(>. 
153, 719; Chem. Abs., 1937, 31. 239. Oel. Kohlc, Erdoel. Teer, 1935, 11, 120, ’782; J. Inst. Pet. 
Tech., 1935, 21, 170A; 453A; Chem. Abs., 1936, 30. 3968; Brit. Chem. Abs. B, 1936, 51. Brenii^ 
stoff-Chem.. 1935, 16. 1; Brit. Chem. Abs. B. 1935, 179; Chem. Abs.. 1935, 29, 1959. d. Hmiel. 
Ann. combustibles liquides, 1936. 11, 719; Chem. Abs., 1936, 30. 8570; Brit. Chem. Abs. B, 1937, 
108. Mining and Met., 1936, 17, 439; Chem. Abs., 1936, 30. 8570. M. Friedwald, Rev. petroli- 
ftre, 1935, 634, 733; Chem. Abs., 1935, 29. 5626; Chem. Zentr., 1935, 2, 1290; Brit. Chem. Abs. 
B, 1936, 1076, O. Feldman, .S. African Minintf P.nq. 1935, 46 (1), 361; Chem. Abs., 1935. 
29, 7655; Brit. Chem. Abs. B. 1936, 915. H. Koch, Gtuckauf, 1935, 71, 85; Chem. Abs., 1935. 
29, 6401. H. Pichler, Z. Ver. deut. Ing., 1935, 79. 883; J. Inst. Pet. Tech., 1935, 21, 377A. .S. 

Tsutsumi, Repts. Imp. Fuel Research Inst. Japan, 1935, 31, 1; Chem. Abs., 1935, 29, 7627; J. Fuel 
Soc. Japan, 1933, 12. 137; Brit. Chem. Abs. B, 1934, 132; Chem. Abs., 1934, 28. 1515. F. Fischer, 
O. Roelen and N. Feisst, Brennstoff-Chem., 1932, 13, 461; Chem. Abs., 1933, 27, 2017; Brit. 
Chem. Abs. B, 1933, 136. F. Rosendahl, Montan. Rundschau, 1933, 25, 1; Petroleum Z., 1933, 29 
(6), 1; Chem. Abs., 1933, 27. 1861. A. D. Petrov, /. Applied Chem. (U.S.S.R.), 1932, 5, 274; 
Chem. Abs., 1932, 26, 4932. 

F. Fischer and H. Tropsch, Bcr., 1926. 59, 830; Brit. Chem. Abs. B, 1926, 475; Chem. Abs., 
1926, 20, 2814. Brennstoff-Chem.. 1926. 7. 97; Chem. Abs., 1926, 20. 2065. 

F. Fischer and H. Koch, Brennstoff-Chem., 1932, 13, 428; Brit. Chem. Abs. B, 1933, 50; 
Chem. Abs., 1933, 27. 2017. 

“ F. Fischer, loc. cit. 
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catalysts. With nickel and cobalt, for instance, at 200®C. the mechanism may be 
represented as: 

CO + 2H2 -f CoaC -y- CoaCj + H2O -h H2 —C 03 C + H2O -f- (CHj) 

Under these conditions carbon monoxide is reduced to water and a higher metallic 
carbide (indicated by C 03 C 2 ). The latter is decomposed in a second step, giving 
rise to hydrocarbons by polymerization of the methylene radicals. On the other 
hand, iron behaves in quite a different manner. Fischer has suggested the following 
reaction with this catalyst at 250®C.: 

2 CO + H, + FesC —> FesQ -f CO2 -f H2 —>- Fe,C + CO2 + (CHj) 

The difference between these two equations is that nickel and cobalt favor the union 
of 2 molecules of hydrogen and 1 of carbon monoxide, resulting in the formation of 
water, whereas with iron, 2 molecules of carbon monoxide and 1 of hydrogen unite 
and produce carbon dioxide as the by-product.^^ 

Thermodynamic Considerations 


The application of thermodynamic principles to the Fischer-Tropsch process 
leads to several interesting conclusions.'^ Using the mechanism proposed by these 
investigators and the approximate linear free energy-temperature relation derived 
by Parks and Huffman'^ for carbon monoxide, water, methane, ethane, benzene, 
cyclohexane, n-hexane, n-hexene and n-octane, the following over-all equations 
may be obtained for reactions occurring in the gas phase with nickel or cobalt 
catalysts: 

(1) CO 4- 3H2 = CH4 4- HjOo; AF® = -51,300 4- S6.2r 

(2) 2CO 4- 5H2 = CjHe + 2H20(,); AF® = -90,400 4- 117.4r 

(3) 6CO 4- 9H2 = C«H(,(g) 4- 6H20(g); AF^ = -173,200 4- 240.9r 

(4) 6CO 4- I2H2 = cyclo.C«Hi2(g) 4- bHjOc,); AF® » -224,700 4- 335.6r 

(5) 6CO 4* I2H2 = n-C6H,2(g) 4- OHjOc,); AF^ = -211,400 4- 316.3r 

(6) 6CO 4- I3H2 = n-C«Hu(K) -f bHiOc,); AF® = -241,300 4- 350.2r 

(7) 8CO 4- I7H2 = n-C8H,8(g) + 8H,0(g); AF® =. -317,500 4- 466.67' 

These equations are represented graphically in Fig. 307, together with the tem¬ 
perature limits for the Kogasin (hydrocarbon) and for the Synthol (alcohol) syn¬ 
theses (represented by the solid vertical lines) and the optimum temperatures 
(indicated by the dotted vertical lines) for the various catalysts in common use. 

considering first the Kogasin range, it will be seen that the production of hydro¬ 
carbons from carbon monoxide and hydrogen is favored thermodynamically, as is 
evidenced by the large negative values of the standard free energy change (AF°) 
for the over-all reactions. In the series methane, ethane, n-hexane and n-octane, 
A/’® becomes more negative with the size of the molecule, so that the formation of 
higher members of the series might be expected to be quite feasible. From his 
thermodynamic calculations, Smith'’*^® stated that at about 300®C. and atmospheric 

»'See also M. Friedwald, Rev. petrolif^rc, 1935. 634. 733; Chem. Ahs., 1935. 29. 1959; Chem. 
Zcntr., 1935, 2, 1290; Brit. Chem. Abs. B, 1936, 1076. H. Koch, Gliickauf, 1935, 71, 85; Chem. 
Ahs.. 1935, 29, 6401. 

Thermodynamic considerations of the Synthin and Synthol processes have lieen given bv D. F. 
Smith, Ind. Eng. Chem., 1927, 19, 801; Chem. Abs., 1927, 21, 2783; Brit. Chem. Abs. 6, 1927, 

593. E. Audibert, Ann. combustibles liquidcs, 1933, 8, 757; Chem. Zentr., 1934, 1, 978; Brit. 

Chem. Abs. B, 1934, 1049; Chem. Abs., 1934, 28, 461. For discussions of the thermodynamics of 
the Synthol reactions, see P, K. Frolich and D. S. Cryder, Ind. Eng. Chem., 1930, 22, 1051; Brit. 

Chem. Abs. B, 1930, 1553; Chem. Abs., 1930, 24, 5717 and G. S. Parks and H. M. Huffman, “The 

Free Energies of Some Organic Compounds,” The Chemical Catalog Co., Inc., New York, 1932. 
This topic has also been incorporated in Chapter 54. 

G. S. Parks and H. M. Huffman, “The Free Energies of Some Organic Comjwiinds,” The 
Chemical Catalog Co., Inc.. New York. 1932. 

D. F. Smith, Jtid. Eng. Chem., 1927, 19, 801; Chem. Abs., 1927, 21, 2783; Brit. Chem. Abs. 
B. 1927, 593. 
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pressure, it should be possible to obtain any of the paraffin hydrocarbons by reduc¬ 
tion of carbon monoxide in the presence of appropriate cattilysts. The validity of 
this conclusion has since been confirmed by the isolation and identification of some 
of the reaction products,^® which included practically all the members of the aliphatic 
series from ethane to hectopentacontane (C].'soH 302 )' 



TCMPtRATURt iNpeCRllsCcNTlCPAPf AflDKeL¥IN 


Fig. 3C7.—Molar Free Knergy-Temperature Relationships in Reactions Yielding Hydro¬ 
carbons from Carbon Monoxide and Hydrogen. 


Curves for the 4 six-carbon compounds, «-hexane, cyclohexane, n-hexene and 
benzene show that there is a slight thermodynamic favorability for the former rather 
than the cyclic, olefinic or other benzenoid types. The for w-hexene is about 
15,000 to 10,000 cal. less than that for «-hexane over this temperature range, .so 

See the section of thi^ ch.iptcr devoted to the rhemicnl Coniposition <»f Pro<hict». 
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that the proportion of unsaturates in the reaction mixture may be predicted to be 
less than that of the corresponding saturated hydrocarbons. This is also in agree¬ 
ment with experimental observations, since the paraffinic type ordinarily predomi¬ 
nate. (Nevertheless, the olefinic content may be increased by variations in the 
operating conditions, as will be discussed shortly.) From a thermodynamic view¬ 
point, cyclohexane and benzene (CoHe) might also be expected to be among the 
reaction products. However, as yet, reports as to the presence of the cyclic paraffin 
have only been negative, and the latter aromatic hydrocarbon is found only in 
traces.Sniith^^ believes that with the proper choice of a catalyst, the latter reac¬ 
tion could be made to go into effect. 

All of the free energy curves exhibit a decided positive slope, i.e., AF® assumes 
a more positive value (or the driving force of the reaction lessens) with increasing 
temperatures. At those employed in the Synthol reactions (about 300-450®C.) for 
the formation of oxygenated compounds, the free energy functions for all the higher 
hydrocarbons fall to relatively small negative or positive values. Ethane, and espe¬ 
cially methane have smaller slopes than other hydrocarbons and consequently their 
formation is more highly favored than the higher members. At temperatures above 
375®C., methane should be one of the principal resultants in the reduction. This, 
too, is borne out by experimental data. 

The second mechanism proposed by Fischer^® to account for the by-product 
carbon dioxide in the reaction mixture when iron catalysts are employed may be 
subjected to similar thermodynamic consideration. In this respect, the calculations 
of Smith^^ show that there is a somewhat greater tendency for the oxygen to form 
carbon dioxide rather than water. This means that there exists a greater driving 
force for the second type of reaction (that with iron contact agents). Consequently, 
it may be predicted that slightly higher temperatures can be used with iron cata¬ 
lysts, which is also in agreement with experimental facts. 

Tuk Influence of Various Factors in the Kocasin Synthesis 

'riu* influence of the numerous factors involved in the synthesis of ))ydrocarboI^ 
by the catalytic reduction of carbon monoxide has been summed up by Fried- 
wald-^ as: 

1 . Increase of pressure > Synthol (methanol and higher alcohols and other oxygenated 
coniiK)unds 

2 . Increase in hydrogen content ^ methane 

3 . Decrease in hydrogen content > olefinic hydrocarbons 

4 . Increase of temperature ^ methane and finally carbon 

5 . Catalysts increase the degree of saturation of the product in the order iron, cobalt 
and nickel 

(). Presence of carbon dioxide is without influence 

7 . Increase of life of catalyst gives an increase of light fraction and a decrease in oil 
content. 

riiesc points w ill be considered in due course in this chapter. It should be borne 
in mind, however, that the above-mentioned variations are only generalities and 

H. Tropsch and H. Koch, Brennstoff-Chem., 1929. 10, 337; Brit. Chem. Abs. B, 1929, 1003; 
Chew. Abs., 1930. 24, 4919. S. Tsuneoka and K. Fujimura, J. Soc. Chem. Ind., Japan. 1934, 
37, Suppl. bind. 49; Chem. Abs., 1934, 28, 3570; Brit. Chem. Abs. B, 1934, 563. 

w D. F. Smith, loc. cit. 

F. Fischer, Brennjstoff Chem., 1935, HI, 1; Brit. Chem. Abs. B, 1935. 179; Chem. Abs., 1935, 
29, 1959. Oel, Kohle, Erdoel, Teer, 1935, 11, 782; /. Inst. Pet. Tech., 1935, 21, 453A; Brit. Chem. 
Abs. B, 1936. 51; Chem. Abs., 1936, 30. 3968. 

** D. F. Smith, loc. cit. 

^ M. Fricdwald, Rev. p/trolif^re, 1935, 634, 733; Chem. Abs., 1935, 29. 5626; Chem. Zentr., 
1935, 2, 1290; Brit. Chem. Abs. B, 1936, 1076. Also F. Fischer, Brennstoff Chem., 1935, 16, 1; 
Brit. Chem. Abs. B, 1935, 179; Chem. Abs., 1935, 29. 1959. 
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need further elaboration. But before so doing, it is advisable to discuss the catalysts 
and methods of their preparation. 


Catalysts 

These play an extremely important part in the carbon monoxide-hydrogen syn¬ 
thesis and must have hydrogenating power even at very low temperatures. How¬ 
ever, this latter property should not be too pronounced as saturation of methylene 
radicals occurs, thus giving rise to methane and inhibiting polymerization (of 
methylene) to higher homologues.* Fischer and Tropsch^^ reported that the metals 
of the eighth group of the periodic table were applicable for the production of liquid 
hydrocarbons. Of these, finely divided cobalt was stated to be the best, with iron 
somewhat slower in its action, and nickel quite weak in its ability to form hydro¬ 
carbons other than methane. Fujimura and Tsuneoka^^ disagree with this observa¬ 
tion and assert that in the range of 190 to 200°C., pure nickel gives better yields of 
liquid than cobalt. However, the contact agents in most general use are seldom the 
pure metallic elements themselves, as it has been observed that their effectiveness is 
greatly enhanced by the addition of various promoters. Furthermore, the manner 
of preparation also exerts an enormous influence not only on the yield of products 
but also on the life of the catalyst. Each of these factors will now be discussed 
briefly.2^ 

Fischer and Tropsch^^ recommended mixing 1 to 3 parts of other substances, 
such as the oxides of chromium, zinc, beryllium and rare earth metals, and metals 
such as uranium, silicon, magnesium and manganese and activated carbon, to the 
above mentioned finely divided metals of the eighth group. According to Fujimura 
and Tsuneoka^® the activity of nickel-thorium dioxide catalysts (containing 18 per 
cent Th02) is greatest at 195®C,, and can be markedly increased by the addition of 
small amounts of potassium carbonate or rubidium carbonate. Nickel-manganese 
compositions are said to be adversely affected by sodium or potassium carbonate, 
but are improved by rubidium carbonate. Chromium and uranium may also be 
added. Sub^quent investigations by these workers-"^ using oxides of chromium, 
molybdenum, tungsten and uranium with nickel-manganese catalysts show that the 
promoting influence increases with the atomic weight of the metal. Of the numer¬ 
ous mixtures employed, the maximal results were obtained with thoria, alumina and 
fuller's earth as accelerators. Nickel-manganese-copper (15 per cent Mn and 0.5 
per cent Cu) contact material was also reported to be an effective combination. The 
activity of mixtures of nickel and thoria, nickel and alumina and nickel and barium 
oxide (each containing 90 per cent Ni and 10 per cent promoter) and nickel-silica 
(80 per cent Ni, 20 per cent Si02) were studied by Muszkat.^® His results indicate 
that, over periods of 50 hours usage, the first three pairs are practically unaffected, 
but the latter TNi-SiOo) lost 80 per cent of its catalytic ability during the opera¬ 
tions. However, the presence of oxygen in the reaction mixture instantly inacti- 

22 F. Fischer and H. Tropsch, Ber., 1926, 59, 830; Client. Abs., 1926, 20, 2814; Brit. Client. 
Abs. B, 1926, 475. 

2® K. Fujimura and .S. Tsuneoka, J. Soc. Chent. Jnd., Japan, 1933, 36, Suppl. bind. 119; Brit. 
Client. Abs. B, 1933, 452; Chem. Abs., 1933, 27, 3133. 

2* Although most of the catalytic reductions are conducted in the vapor phase, thev may be 
carried out in the liquid phase, as by means of a finely divitled solid catalyst suspended in oil. 
See F. Fischer and H. Kiister, Brennstoff-Chent.. 1933. 14, 3; Chent. Abs., 1933, 27, 2793; Brit. 
Chem. Abs. B, 1933, 211. Consult also M. Pier, (lerman P. 630.824, 1936, to I. G. Farbenind. 

A. -G.; Chem. Abs., 1937, 31, 227. 

2® F. Fischer and H. Tropsch, he. cit. 

•• K. Fujimura and S. Tsuneoka, he. cit. 

^ K. Fujimura and S. Tsuneoka. J. Soc. Chem. lud., Japan, 1933, 36, Suppl. bind. 413; Brit. 
Chem. Abs. B, 1933, 773; Chem. Abs., 1933, 27, 4997. 

K. Muszkat, Prsemysl Chem., 1934, 18, 483; Chem. Abs., 1935, 29, 6022; Brit, Chem, Abs. 

B, 1935, 132. 
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vated all of these. Klyukvin and Vornov^® noted that nickel-thorium, nickel- 
thorium-mercury and nickel-mag^nesium masses were satisfactory for the production 
of gasoline, giving optimum conversions of 100 g. per cubic meter of gas, or 30 to 
40 per cent. On the other hand, Tsutsumi^® reported a yield of 168 g. of total 
liquids from 1 cubic meter of gas using a nickel catalyst to which was added 20 
per cent of manganese, 8 per cent of uranous-uranic oxide (UsOg) and 4 per cent 
of thorium oxide. 

Fischer and Koclr"*^ obtained up to 153 cc. of liquid hydrocarbons per cubic 
meter of gas mixture, or 71 per cent of the theoretical, with catalysts of cobalt and 
18 per cent thorium or 15 per cent manganese. These were imbedded on kieselguhr 
carriers. Fujimura^- used a mixture of 8 parts of cobalt, 1 part of copper, 0.15 
part of thorium, 0.15 part of uranium and 9.3 parts of starch, also carried on 
kieselguhr. Silver is said to be superior to copper as a promoter for cobalt, accord¬ 
ing to Tsutsumi.'^^ 

Gillet^^ investigated the relation between yield and catalyst and holds that iron 
with additions of nickel, manganese, aluminum, thorium or cobalt, either singly or 
together, is the most effective type of contact agent. In this connection it is of in¬ 
terest to note that Fischer and Meyer'^*'* reported that incorporation of iron with 
mixed nickel-cobalt catalysts decreases their activity. Ghosh and Sen^® studied the 
effects of iron-copper combinations containing nickel, cerium and thorium. The 
maximum conversion to liquids that they obtained (43.4 per cent) was with a mix¬ 
ture composed of 4 parts of iron, 1 of copper, 0.25 of nickel, 0.0041 of cerium and 
0.0296 of thorium. Braune^^ advocated the addition of small quantities of halides 
of alkaline earth metals to iron, as for instance, calcium chloride to magnetic iron 
oxide (Fe 304 ). The inclusion of small quantities (0.005 mole) of sodium carbonate 
in equimolar mixtures of copper-iron catalysts is also said to increase the produc¬ 
tivity of the mass.^® Lefebvre and Le Clerc®®^ report that an iron oxide corre¬ 
sponding to magnetite causes mainly the formation of gasoline hydrocarbons from 
carbon monoxide and hydrogen. However, the presence of potassium (presumably 
as KFe 02 ) in the catalyst caused heavy aliphatic hydrocarbons to be produced also. 

Fujimura®® has stated that the physical condition of the catalyst is just as im¬ 
portant as its chemical composition. Both the manner of preparation and also the 
reaction temperature are of significance in determining the life of the contact mass.'*® 

N. A. Klyukvin and Y. N. \'ornov. Khim. Tverdaqo Topliva, 1933. 4, 355; Chem. Abs., 
1934, 28, 6279; J. Inst. Pet. Tech.. 1935, 21, 128A; Brtt. Chem. Abs. B, 1935. 54. 

** S. Tsutsumi, Kept. Imp. Fuel Research Inst. Japan, 31; J. Fuel Soc. Japan, 1935, 14, 110; 
J. Inst. Pet. Tech., 1936, 22. 23A; Brit. Chem. Abs. B, 1936. 7; Chem. Abs.. 1936. 30. 845. 

F. Fischer and H. Koch, Brcnnstoff Chem , 1932, 13, 61; Brit. Chem. Abs. B, 1932, 376; 
Chem. Abs., 1932, 26, 2582. 

K. Fmimura, J. Sac. Chem. Ind., Japan. 1932, 35, 179 (Suppl. hind.); Chem. Abs., 1932, 
26, 4444; Brit. Chem. Abs. B, 1932, 066 . .See also S. VVatanahe, K. Morikawa .and .S. T^awa. 
J. Soc. Chem. Ind., Japan, l‘^34, 37, Suppl. hind. 142; Chem. Abs.. 1934. 28. 564H; Bnt. Chem. 
Abs. B, 1934, 612. 

S. Tsutsumi, loc. fit. 

A. (jillct. Rev. univcrselle mines, 1935, 11 , 180; Chem. Abs. 1935, 29, 4561. See al^o S. 
Watanabe and K. Morika, J. Soc. Chem. Ind.. Japan. 1933, 36, 226 (Su|)pl. l)ind.); Brit. Chem. Abs. 
B. 1933, 738. 

•v-F. Fischer and K. Meyer, Per.. 1934, 67, 253; Chem. Abs.. 1934. 28, 2871; Brit. Chem. Abt. 

A. 1934, 389. 

•*“J. C. Ghosh and S. Sen. J. Indian Chem. Soc., 1935, 12, 53; Chem. Abs., 1935. 29, 3‘>03; 
Brit. Chem. Abs. B. 1935, 484. 

A. Braune, German P. 597,515, 1934, to (lewerkschaft \*ictor. Stickvtoffwerke; Chem. Abs., 
1934, 28. 5467. 

S. Kotlama and K. Fujimura. J. Soc. Chem. Ind., Japan. 19,>1. 34, Suppl. hmd. 14; Brit. 
Chem. Abs. A, 1931. 439; Chem. Abs., 1931, 25. 1952. .SVi. Papers Inst. Phxs. Chem. Reseau'h 
(Tokyo), 1936, 29, 272; Chem. Abs.. 1936. 30. 8570; Bnt. Chem. Abs. A. 193o. 1212. 

H. Lefebvre and G. Le Clerc, Compt. rend., 1936, 203. 1378; CVicw. Abs., 1937. 31. 936. 

** K. Fujimura. J. Soc. Chem. Ind., Japan, 1932, 35, 179 (.Suppl. l)ind.l; Brit. Chem. Abs. 

B, 1932. 666 ; Chem. Abs., 1932, 26, 4444. 

♦'M. B. Rapoport, A. P. Blvndov. L. Shev>akova and K. Frantznz. Khim. Tierdoiw Topliva, 1935, 
6, 221; Chem. Abs.. 1935. 29, 7617; J. In.^f. Pet. lech., 1936, 22, 98A; Brit. Chem. Abs. B. 1937, 
108. 
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Fischer^^ has compiled a list of 9 catalysts (See Table 227) together with their 
method of formation in order to show their relation to the yield of liquid products 
and the life of the catalyst (i.e., the time required for the catalyst to lose 80 per 
cent of its initial activity, as indicated by the conversion of the gases to liquids). In 
the case of cobalt-thorium-kieselguhr it will be noted that the precipitated contact 
mass gives a slightly higher yield of liquid products and has more than twice the 
life of an analogous material obtained by decomposition methods (such as by 
thermal treatment, as will be discussed shortly). Those compositions containing 
iron have a relatively short span of activity and also furnish relatively low yields of 
li(|uid, according to these data of Fischer. Tsutsumi'*'*-* found that by using an excess 
of hydrogen over the ratio: CO :H 2 == 1:2, both the life of the contact mass and the 
((uantity of gasoline may be increased. 

Table 227.— Yield of Liquid Products and Duration of Activity of Some Catalysts for the 
Carbon Monoxide-Hydrogen Synthesis from Water Gas. 

Yield of Liquid 

g. per cubic Duration of Time for 
Method of meter of water 80Vr Loss of Initial 
Preparation gas Activity, days 

Fe-Cu-Mn-silica gel-0.4% K2CO3.. decomposed about 30-35 8 


Fe-Cu-kieselguhr. precipitated ” 28 8 

Ni-Th-kieselguhr. precipitated ” 100 30 

Ni-Mn-Al-kieselguhr. precipitated ” 105 45 

Co-Th-kieselguhr. precipitated 110 60 

Co-Th-kieselguhr.decomposed 105 25 

Co-Mn-kieselguhr. precipitated 105 30 

Co-Xi-Si. skeleton 85 12 

Co-Th-Cu-kieselguhr. precipitated 105 60 


Preparation of Catalysts. One of the most common procedures is that 
recommended by FischerAccording to this method, kieselguhr is suspended in 
water and solutions of nickel nitrate and thorium nitrate are added. The metals are 
precipitated as hydroxides (with sodium hydroxide), the insoluble substances fil¬ 
tered, washed free from occluded salts and dried. The product must be activated by 
reduction, which is accomplished by heating in a stream of hydrogen at 350®C. 
Aicher, Myddleton and Walker^^ prefer to modify this treatment in the case of 
nickel-magnesium-aluminum-kleselgubr catalysts. The metal nitrates (in solution) 
are mixed with the kieselguhr, and then precipitated with potassium carbonate. 
The resulting magma is boiled for about 15 minutes, filtered by suction and washed 
with hot water. The filter cake is dried, crumbled and moistened with a solution 
of ethyl orthosilicate in toluene. The moist powder is then pressed into rods about 

inch in diameter, which are exposed to moist air for 2 days and subsequently 
broken into pellets of the desired size. After several more days exposure, the 
granules are ready for reduction. The latter step is accomplished in the catalytic 
chamber by passing in hydrogen at 450-480®C. for several hours. 

As an example of thermally decomposed catalysts, the method of Fujimura and 
Tsuneoka^^ may be cited. These workers make a composition, consisting of 8 parts 
of cobalt, 1 of copper, 0.2 of thorium and 0.1 of uranium, by adding starch to a solu¬ 
tion of the nitrates of these metals, evaporating to dryness and calcining. The 

«F. Fischer, Brennstoff Chcm., 1935, 16, 1; Chem. Ahs., 1935, 29, 1959; Brit. Chem. Abs. 

B, 1935, 179. 

S. Tsutsumi, Rept. Imp. Fuel Research Inst. Japan, 31; J. Fuel Soc. Japan, 1935, 14, 110; 

J. Inst. Pet. Tech., 1936, 22, 23A; Brit. Chem. Abs. B, 1936, 7; Chem. Abs., 1936, 30, 845. 

«F. Fischer. German P. 571.898, 1933; Chem. Abs., 1933, 27. 4239. 

**A. Aicher. W. W. Myddleton and J. Walker, J.S.C.I., 1935, 54, 31.1T; Chem. Abs., 1935, 
29, 8289; Brit. Chem. Abs. B, 1935, 885. 

" K. Fujimura and S. Tsuneoka, J. Soc. Chem. Ind., Japan, 1932, 35, Sunni, bind. 415; Chem 
Abs., 1933, 27, 16; Brit. Chem. Abs. B, 1933, 7. 
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starch serves a dual purpose in this instance, furnishing carbon to reduce the oxides 
to the corresponding metals and at the same time effecting a desirable porosity of 
the mass. This catalyst is said to give a yield of gasoline of 145 cc. per cubic meter 
of gaseous reactants at 210°C. with one passage. Irradiation of the contact mass 
with 50,000 volt X-rays had no marked influence on its activity. 

Antheaume^® has suggested adding sodium hydroxide to an equimolar solution 
of iron and copper nitrates and leaching the precipitate with water until the wash¬ 
ings are faintly alkaline (/>H = 7.4). About 2 per cent of potassium carbonate is 
added and the mass granulated, dried and reduced with hydrogen at 250°C. Cata¬ 
lysts prepared by precipitation with ammonia in place of sodium hydroxide generally 
show poor activity, but can be improved somewhat in this respect by omitting the 
])otassium carbonate. X-Ray studies revealed that these iron catalysts consist of 
two iron oxides, ferric (Fe.jO^) and magnetic (Fe:^ 04 ), but not free iron. The 
magnetic oxide was thought to be present in the form of solid solution. According 
to Lefebvre and Le Clerc^®*^ therniomagnetic analysis indicated magnetite in a cata¬ 
lyst prepared by precipitation of ferric hydroxide from ferric nitrate solution with 
ammonia or sodium hydroxide and subsequent reduction with hydrogen. Addition 
of 1 per cent of potassium carbonate in the initial stage of this procedure gave a 
catalyst which contained, according to thermomagnetic analysis, a solid solution of 
])otassium ferrite (KFeO^) in cubic ferric oxide (FeoO^). 

Antheaume^^ believed that copper performs 3 functions in contact mass: it acti¬ 
vates the catalyst, permits low-temperature reduction of the metallic oxides and acts 
as a stabilizer. Fischer and Meyer‘*‘^‘‘ tried to lower the reduction temperature 
(450°C.) of nickel-manganese-aluminum mass by the addition of copper, but were 
unsuccessful. They also noted that simultaneous precipitation of copper with the 
other metals lowered the reactivity of the product. However, when copper oxide or 
carbonate was added to the precipitated catalyst, it exerted a promoting effect. 

Alloy Skeleton Catalyst. Fischer and Meyer^® have pointed out that there 
are many disadvantages to the use of certain highly active precipitated catalysts. 
In the first place, many of the contact agents of this type are too voluminous, and 
thus occupy too much space. Furthermore the heat conductivity is so poor that 
there is great danger of local overheating with consequent increased formation of 
gases in place of liquid products. Grinding and the application of hydraulic pres¬ 
sure have been suggested as methods of reducing the volume-weight ratio of some 
contact materials. 

However, the Raney*® method has been found satisfactory for producing so- 
called '‘alloy-skeleton” catalysts, which Fischer and Meyer report to be quite effec¬ 
tive, incorporating a large surface into a small volume and enhancing the heat con¬ 
ductivity. In this method, metallic nickel is alloyed with aluminum or silicon, and 
the latter elements subsequently removed by dissolving in sodium hydroxide. Thus, 
nickel and aluminum are fused in a high frequency electric furnace. After cooling, 
the alloy is broken into pieces about the size of a pea, and heated in boiling water 
under a reflux condenser, A slight excess of sodium hydroxide (25 per cent solu¬ 
tion) over that theoretically required to combine with the aluminum is added gradu- 

^ T. Anthcaume, Ann. combustibles liquidcs, 1935, 10, 472; /. Inst. Pet. Tech., 1935, 21, 336A; 
Chetn. Abs., 1935, 29. 6396. 

H. Lefebvre and (1. Le Clerc, Comf*t. rend.. 1936, 203. 1378; Chem. Abs., 1937, 31, 936. 

Sec also, effect of these t>\o types of cat.alyst. cited earlier in the chapter. 

‘■^J. Antheaume, loe. cit. 

•7« F. Fischer and K. Me>ei. Hrenn.stoff Chcw.. 1933. 14, \ JUit. Chem. .Abs. B, 1933, 375; 

Chem. Abs.. 1933. 27. 4H34 

F. Fischer and K. Meyei. Per.. 1934. 67. 253: Chem .ihs.. 1934. 28; 2871 ; Brit. Chetn. 
Abs. A, 1934. 389. Breniistoff Chein.. 1934. 15, 84. 107; ./. lust. Pet. Tech.. 1934, 20. 3n7A. 365A 

««* M. Ranev. U. S. P. 1.503.587. Dec. 1. 1925 and l.(.28,190. Ma\ 10. 1927; Brit. Chem. .tb< 

B, 1926. 81; 1927, 606; Chem Abs.. 1926. 20. 515; 1927. 21. 21 1(». 
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ally over a period of about 6 hours. The clear solution of sodium aluminate is 
poured off and the nickel is washed 6 times with hot water. Silicon cannot be re¬ 
moved as readily as aluminum, and even after 18 to 20 hours' heating about 5 to 10 
per cent of silicon remains in the contact mass, according to these workers. The 
finished catalyst is kept under water to prevent oxidation. The resulting nickel 
skeleton is activated by treatment with hydrogen at 350°C. Subsequent impregna¬ 
tion of the skeleton with thorium nitrate is said to have a promoting effect. Cobalt 
and cobalt-nickel catalysts may be made in a similar manner. Fischer and Meyer 
obtained yields up to 130 cc. of liquid products per cubic meter of gas (23 per cent 
of carbon monoxide and 46 per cent hydrogen) and with a feed stock having a high- 
content of reactants (containing 31.7 per cent carbon monoxide and 65 per cent 
hydrogen), conversions as high as 161 cc. per cubic meter were secured. These 
results were confirmed by Tsuneoka and Murata.^® These investigators advocate a 
somewhat longer period of heating (24 hours) to effect the removal of silicon from 
the alloy and also elimination of the last traces of sodium hydroxide remaining in 
the pores of the mass by extraction with ethyl alcohol. 

According to Tsuneoka and Murata*'*^ pretreatment of nickel-cobalt-silicon alloy 
catalysts with hydrogen is unnecessary, as no increase in activity can be obtained 
by reduction at 220°C. At 350° to 450°C. such treatment is said to be detrimental, 
and at the latter temperature completely deactivates the catalyst. Oxidation of the 
mass before or after the reduction is likewise thought to be unfavorable. These 
investigators also noted that the activity of the alloy skeleton decreased greatly with 
increasing particle size, except with cobalt skeletons. In the latter, a marked de¬ 
crease in such grain size gives a loss in activity.®^ Manganese acts as a poison to 
the nickel-cobalt-silicon alloys, checking hydrogenation and accelerating polymeriza¬ 
tion. From a study of the relation between the gas contraction and the temperature 
used in reducing the catalyst, Watanabe, Morikawa and Igawa^® concluded that 
greater activity is associated with lower temperature values. 

Pressure 

The effect of pressure on the carbon monoxide-hydrogen interaction has been 
demonstrated by Fischer and Kiister.®^ They used an electrically heated horizontal 
cylindrical rotating autoclave of 3 liters capacity and a catalyst (200 g.) of the 
cobalt-thorium-copper-cerium-kieselguhr type (9 parts of Co, 2 of Th, 1 of Cu and 
0.25 of Ce) suspended in 1 liter of paraffin oil.®® The feed gas (consisting approxi¬ 
mately of 28 per cent of carbon monoxide and 59 per cent of hydrogen) was kept in 
intimate contact with the suspended catalyst by rotation of the autoclave (100 
r.p.m.). Table 228 summarizes the results of tests made at 250° C. and 1, 10, 30 and 
50 atmospheres pressure. 

From these data it will be noted that hydrocarbon production decreases greatly 
as the pressure is increased. The quantity of gasoline reached a maximum (33.0 cc. 
per cubic meter of gas) at atmospheric pressure. However, at higher pressures, the 
proportions of lower boiling liquid hydrocarbons is much greater, although the 

S. Tsuneoka and Y. Murata, Set. Papers Inst. Phys. Chetn. Research (Tokyo), 1935, 27, 23: 
Brit. Chem. Abs. B, 1935, 581; Chem. Abs., 1935, .29, 4551. 

S. Tsuneoka and Y. Murata, Set. Papers Inst. Phys. Chem. Research (Tokyo), 1935, 27, 23; 
Chem. Abs., 1935, 29, 4551; Brit. Chem. Abs. B, 1935, 581. 

“ S. Tsuneoka and Y. Murata, Sci. Papers Inst. Phys. Chem. Research (Tokyo), 1936, 30, 1; 
Chem.^Abs., 1936, 30, 8570; Brit. Chem. Abs. B, 1936, 1028. 

3. Watanabe, K. Morikawa and S. Igawa, /. Soc. Chem. Ind., Japan, 1934, 37, Suppl. bind. 
385; Brit. Chem. Abs. B, 1934, 867; Chem. Abs., 1934, 28, 6982. 

»*F. Fischer and H. Kiister, Brennstoff-Chem., 1933, 14, 3; Chem. Abs., 1933, 27, 2793; Brit. 
Chem. Abs. B, 1933, 211. 

“ The reason for carrying out the reaction in the liquid phase rather than in the gaseous phase 
was to p»‘event spots of local overheating on the catalyst. 
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Table 228. —Effect of Pressure on CO~H% Reaction Using Co-Th-Cu-Ce Catalyst. 


Pressure, atm. 

1 


10 

30 

50 

Temperature, °C. 

Gas Velocity 

250 


250 

250 

250 

Feed, liters/hr. 

20 


35.8 

34.3 

40.8 

Exit, liters/hr. 

Liquid Products, cc./cubic 

17 

.8 

20 

20 

20 

meter 

Oil. 

146 

.5 

40.0 

14.6 

19.8 

Water-soluble alcohols_ 

— 


1.8 

8.8 

2.5 

Gasoline. 

33 

.0 

23.9 

13.1 

14.5 

Total. 

179 

.5 

65.7 

36.5 

36.8 

Contraction in volume, %. . 

10 

.7 

43.3 

44.0 

49.7 

Gas analvsis: %. 

Feed 

Exit 

Feed Exit 

Feed Exit 

Feed Exit 

CO 2 ..:. 

2.3 

3.4 

3.0 8.7 

2.3 7.2 

2.3 21.9 

O 2 . 

0.0 

0.3 

0.2 0.2 

0.0 0.4 

0.0 0.1 

CO. 

28.2 

27.1 

29.1 20.4 

28.2 20.1 

28.2 1.8 

H 2 . 

59.1 

57.1 

58.3 40.0 

59.1 42.2 

59.1 27.7 

CH 4 . 

2.9 

3.0 

1.5 7.6 

2.9 10.4 

2.9 27.9 

C 2 H«. 

0.0 

0.7 

0.0 8.6 

0.0 5.9 

0.0 5.3 

N,. 

7.5 

8.4 

7.9 14.1 

7.5 13.4 

7.5 14.9 


amount of total liquids decreases greatly. With increase of pressure the Kogasin 
process shows a distinct trend, encroaching more and more into the region of 
Synthol formation, in that alcohols, acids and other oxygenated compounds result. 

Thus, Fischer and Kiister l)elieve that by means of proper control of the pres¬ 
sure, both Kogasin and Synthol can be produced simultaneously with a cobalt cata¬ 
lyst. Their experimental work indicates that for the generation of hydrocarbons, 
the pressure should be about one atmosphere. 


Temperature 


Fischer and Kiister^^ also studied the effect of temperature on the carbon- 
monoxide-hydrogen reaction using the catalyst and apparatus just previously de¬ 
scribed. By carrying out the reactions in the liquid phase (i.e., by suspending the 
catalyst in oil) it was possible to control and also measure the temperature of the 
reaction much more closely. Thus, when the catalytic reduction of carbon monox¬ 
ide takes place in the gas phase, it is more than likely that “active spots'* on the 
solid catalyst have a much higher temperature than the average value as indicated 
by a thermometer. How'ever, in the oil phase, a more equal distribution of tempera¬ 
ture results, and therefore these investigators used a slightly higher average reaction 
temperature to compensate for this effect. Table 229 summarizes their data, ob¬ 
tained in experiments at 30 atmospheres pressure and temperatures of 200°, 210 °, 
220 ° and 250°C. 

The yield of total liquid product is (juite low, and under the pressure employed, 
the percentage of alcohols formed is appreciable. However, at 250°C. it will be 
noted that the proportion of gasoline is the highest, being almost 50 per cent of 
the total liquids. Likewise considerable amounts of low^r hydrocarbons, such as 
methane and ethane, become evident at this temperature. 

Control of Temperature and Design of Catalyst Chambers. Accord¬ 
ing to Fischer®*^ the optimum temperature for both cobalt and nickel catalysts at 
atmospheric pressure is approximately 180° to 200°C., and for iron, 230° to 250°C. 

F. Fischer and H. Kiister, Brennstoff-Chem., 1933, 14, 3; Chem. Abs., 1933, 27, 2793; Brit. 
Chem. Abs. B, 1933, 211. 

”F. Fischer, Ocl, Kohle, F.rdocI, Teer, 1935, 11, 120; /. Inst. Pet. Tech., 1935, 21, 170A. 
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Table 229 .—Effect of Temperature on CO-ILi Reaction Using Co-Th-Cu~Ce Catalyst. 


Temperature, °C . 

200 

210 

220 

250 

Pressure, atm. 

30 

30 

30 

30 

Gas Velocity 

Feed, liters/hr. 

22.5 

25.8 

30 2 

43.6 

Exit, liters/hr. 

20 

20 

20 

20 

Liquid Product, cc./cubic 
meter 

Oil. 

7.7 

11.9 

8.6 

4.4 

Water-soluble alcohols... . 

5.0 

9 3 

10.4 

6.6 

Gasoline. 

2.1 

5.6 

6.8 

9.7 

Total. 

14.8 

26.8 

25.8 

20.7 

Contraction in volume, (/. . 

11.2 

22.7 

33.6 

54 0 

Gas analysis: % . 

. Feed Exit 

Feed Exit 

Feed Exit 

Feed Exit 

CO2 . 

. 3.2 2.8 

2.5 4.0 

2.5 4.7 

2.5 9.7 

O2 . 

. 0.0 0.3 

0.3 0.0 

0.3 0.4 

0 3 0 5 

CO . 

. 28.4 28.5 

28 .4 26.S 

28.3 25.3 

28.3 16.4 

H2 . 

. 57.0 55.1 

57.3 50.7 

57.3 46.5 

57.3 27.5 

CH4 . 

. 2.4 28 

3 1 6 5 

3.1 7.8 

3.1 23 0 

CjH* . 

. 0.4 0.7 

0 0 1.3 

0 0 2.5 

0.0 4.2 

N2. 

.8 7 9 8 

8 5 11 0 

8 5 12 8 

8.5 18 5 


However, clue to the fact that a considerable quantity of heat is liberated (with 
complete conversion, amounting to about 20 per cent of the heat of combustion of the 
feed gas) unless some control is exercised, the reaction temperature would rise 
several hundred degrees. This would result in the formation of methane and lower 
gaseous hydrocarbons, and finally carbon, in place of the desired liquids. The diffi¬ 
culty has been overcome by employing specially designed catalyst chambers from 
which the heat may be rapidly conducted away, by means of oil circulation or 
radiation.^^". 

A type of apparatus used for semi-commercial operations employs a nickel- 
manganese-alumina catalyst packed into narrow rectangular metal units about 2x20 
cm. in cross-section and 5 m. long.'^® The. cases are immersed in a thermostat of 
circulating oil. With chambers of this design, the temperature control was auto¬ 
matic, and no great difficulty was said to be experienced in maintaining the reaction 
temperature between 190° and 210°C. Audibert^» has discussed a similar unit used 
by Fischer for pilot-plant operation. Thin flat rectangular cases having a volume 
of about 70 liters are made by welding iron sheets 5x1.2 m. in dimensions to tubes 
of about 15 mm. diameter. About 21.3 kilograms of catalyst are packed into the 
frame, which is also surrounded by oil. Units of these dimensions treat about 6.8 
cubic meters of gas per hour and cannot furnish more than 12 kilograms of liquid 
per day (7 to 8 grams per liter of catalyst volume). 

Aicher, Myddleton and Walker®^^ state that the most favorable yields of gasoline 
are obtained when the temperature is controlled to within ±5°C. The condition 
places a sharp limit upon the distance between the center of any catalyst layer and 
the conducting walls of the reaction chamber. These investigators advocate for 
laboratory-scale experiments, tubes of 15 mm. diameter, set into an aluminum 
frame. The latter should be provided with electrical resistance coils for the initial 
heating and also a jacket for circulation of a cooling medium to carry off the excess 
heat of reaction. 


B. 7936!*964” W V^wertungs.G.m.h.H.; Bri,. Chem. Ahs. 

1932 , 13 . 4 „ 1 ; Chnn. Ahs.. 1933 . 
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Efkkct of Variations in the Composition of the Feed Gas 

The theoretical composition of the feed gas should be 1 volume of carbon monox¬ 
ide to 2 of hydrogen, which represents the stoichiometric quantities required for 
maximum yield of liquids. However, industrial gases always contain these com¬ 
ponents in varying proportions and admixed with others, e.g., nitrogen. The effect 
of such variations will be discussed in this section. 

Tsuneoka and Fujimiira^^ studied the influence of varying the composition of 
mixtures of pure carbon monoxide and hydrogen using a nickel-manganese-thoria- 
kieselguhr catalyst. They concluded that an excess of carbon monoxide has no 
deleterious effect on the yield of liquids, but that an excess of hydrogen favors the 
formation of methane. From observations with ratios of carbon monoxide to hydro¬ 
gen of 1 :1, 1 :1.35, 1 :2 and 1 :3, these workers averred that the optimum composition 
should lie between 1:2 and 1:2.1 for the production of liquids. This is in accord¬ 
ance with the theoretical considerations, assuming the average hydrocarbon formed 
to be nonane; 


9CO + 19H2 —C«H2o -f 9 H 2 O 

Watanabe, Morikawa and Igawa®^ also experimented with mixtures of gas in 
approximately the same range (1 :0.97 to 1 :2.96). They do not wholly agree with 
the conclusion of Tsuneoka and Fujimura regarding an excess of carbon monoxide, 
and report that when this component is present in concentrations greater than that 
called for theoretically, the generation of gaseous olefins and carbon dioxide and 
also liquid products is accelerated while that of the gaseous paraffins is reduced. It 
was also pointed out that dilution of the feed gas with nitrogen and carbon dioxide 
favored production of carbon dioxide and gaseous olefins, but this time at the ex¬ 
pense of the liquid product. This was attributed to the lowering of the partial pres¬ 
sure of carbon monoxide. 

However, Fujimura and Tsuneoka®^ report that only large quantities of diluents 
exert an appreciable effect on the yield of liquid hydrocarbons. Using a feed stock 
consisting of 32.8 per cent carbon monoxide, 65 per cent hydrogen and 2.2 per cent 
nitrogen and a nickel-manganese-thoria-kiesclguhr contact agent, 117 cc. of gasoline 
per cubic meter of gas (corrected for volume of inert constituents) was obtained. 
The above stock then was diluted with either methane, carbon dioxide or nitrogen, 
in approximately 10, 20 and 40 per cent concentrations, and treated under the same 
conditions. The yields of liquid boiling in the motor fuel range (calculated on the 
basis of active gas passed) from these tests are incorporated in Table 230. 

Tabi.e 230. —Effect of Dilution of Gaseous Feed Stock on Yield of Gasoline. 

Feed Stock: CO, 65% lU, 2.2%) N 2 


Diluent Yield in cc./cubic meter active gas 

10 % 20 % 40 ^^ 

Nitrogen. 115 112 95 

Methane. 120 106 85 

Carbon dioxide. Ill 91 90 


Fujimura and Tsuneoka concluded that addition of less than 20 per cent of inert 

S. Tsuneoka and K. Fujimura, /. Soc. Chem, Ind., Japan, 1934, 37, Suppl. bind. 463; J. Inst. 
Pet. Tech., 1934. 20. 615A. 

•* S. Watanabe, K. Morikawa and S. Igawa. J. Soc. Chem. Ind., Japan, 1935, 38, Suppl. bind. 
328; Chem. Abs., 1935, 29, 6401; Brit. Chem. Abs. B. 1935, 887. 

•• K. Fujimura and S. Tsuneoka, J. Soc. Chem. Ind., Japan, 1933, 37, Suppl. bind. 704; Chem. 
Abs., 1935, 29. 1230; Brit. Chem. Abs. B, 1935, 293; J. Inst. Pet. Tech., 1935, 21. 90A. Sci. Papers 
Inst. Phys. Chem. Research (Tokyo), 1934, 25, 127; Brit. Chem. Abs. B, 1935, 132; Chem. Abs., 
1935, 29, 1230. 
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gas did not seriously affect the reaction, but that 40 per cent lowered the conversion 
to boiling liquids. They also noted that the greater the dilution, the lighter and 
more volatile became the oil produced.®'* 

Rapoport, Blyudov, Shevyakova and Frantzuz®^’ suggest addition of small pro¬ 
portions of ammonia to the reacting gas to increase the yield of gasoline. This is 
said to be particularly effective with catalysts precipitated on fuller’s earth. 

In general, the effect of sulphur is to deactivate the catalyst, and therefore this 
element should be removed in operations involving commercial gases. (This matter 
will be discussed subsequently in this chapter.) Yet special investigations as to the 
action of hydrogen sulphide or carbon disulphide on nickel catalysts, indicate that 
small quantities of either of the two sulphur compounds actually increased the 
activity of a nickel-manganese-alumina (15 per cent Mn, 3 per cent AI 2 O 3 ) catalyst 
but had no effect on a nickel-manganese-thoria mass, (15 per cent Mn, 3 per cent 
Th 02 ).®® Large amounts poisoned both catalysts, the latter being more readily 
susceptible. To diminish the activity of the first-mentioned contact agent to 50 
per cent of its original value required 54 mg. of hydrogen sulphide per gram of 
nickel, whereas this same reduction for the other mass was secured with only 16 to 
28 mg. of hydrogen sulphide or approximately 50 mg. of carbon disulphide per gram 
of nickel. The poisoning power of the latter substance was determined to be 
directly proportional to its concentration. That of hydrogen sulphide, however, 
varied with the logarithm of its concentration. On the basis that the deleterious 
alteration is due to the development of nickel sulphide, these workers calculate that 
only 3.5 per cent of the total nickel in the contact mass is active in forming higher 
hydrocarbons. 


Time of Contact 


Unfortunately there is no manner in which the time of contact can be evaluated 
in the synthesis. This is due to the fact that the gas undergoes a large contraction 
in volume and at the same time loses considerable velocity in passing through the 
layers of catalyst. However, the influence of the feed-gas velocity has been studied 
by Fischer and Kiister®'^ using the oil-suspended cobalt-thorium-copper-cerium cata¬ 
lyst mentioned previously. Experiments were carried out under operating condi¬ 
tions of 250°C. and 10 or 30 atmospheres pressure with constant outlet velocity of 
20 liters per hour. The results of these investigators are given in Table 231. 
The data indicate that under the pressures used, formation of hydrocarbons is 
favored by relatively fast input-gas velocities, whereas slower rates (or longer 
periods of contact) induce the production of alcohols. In the te.st conducted at 30 
atmospheres pressure and feed-gas velocity of 40 liters per hour, the increase in the 
proportions of methane and carbon dioxide is worthy of note. 

However, Watanabe, Morikawa and Igawa,®^ using a cobalt-copper-thoria com¬ 
posite at 197° C. and atmospheric pressure, found that the yields of gasoline and 
water per liter of gas (CO :Ho=33.1:64.7) decreased with increasing gas velocity. 
'I'hey concluded that the optimum rate for production of ga.soline was 1.1 liters per 

S. Tsuneoka and Y. Murata (Sci. Papers Inst. Phys. Chem. Research, Tokyo, 1935, 28, 48; 
Brit. Chem. Abs. B, 1935, 1081; Chem. Abs., 1936, 30, 270) have shown that it is impossible to 
predict the yi^ld of oil the decrease in volume of the f?as, 

1. B. Rapoport, A. P. Blyudov. L, Shevyakova and E. Frantzuz, Khim. Tverdogo Tobliva, 1935. 

6, 221; J. Inst. Pet. Tech., 1936, 22, 98A; Chem. Abs,, 1935, 29. 7617; Brit. Chem. Abs. B, 1937, 

108. 

K. Fujimura, S. Tsuneoka and K. Kawamichi, Sci. Paper.K Inst. Phys. Chem. Research (Tokyo), 
1934. 24, 93; Chem. Abs., 1934, 28, 4655; Brit. Chem. Abs. B. 1934, 662, 

F. Fischer and H. Kiister, Brennstoff-Chem., 1933, 14, 3; Brit. Chem. Abs. B: 1933, 211; 

Chem. Abs., 1933, 27, 2793. 

S. Watanabe, K. Morikawa and S. Igawa, /. Soc. Chem. Ind., Japan, 1935, 38. Suppl. bind. 
70; Brit. Chem. Abs. B, 1935, 484; Chem. Abs., 1935, 29. 3495. 
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Table 231 .—Influence of Feed-Gas Velocity on CO~Ih Reaction Using Co-Th-Cu-Ce Catalyst 


Feed-Gas Velocity, 

liters/hr. 

40 

34.3 

35.8 

28.8 

Temperature, ®C. 

250 

250 

250 

250 

Pressure, atm. 

30 

30 

10 

10 

Exit-gas velocity, liters/hr.. 

20 

20 

20 

20 

Liquid Products, cc./cubic 
meter 

Oil. 

20.0 

14.6 

40.0 

36.9 

Water-soluble alcohols... 

1.1 

8.8 

1.8 

3.5 

Gasoline. 

11.6 

13.1 

23.9 

5.7 

Total. 

32.7 

36.5 

65.7 

46.1 

Contraction in volume, . . 

50.9 

44.0 

43.3 

25.8 

Gas analysis, volume %... . 

Feed Exit 

Feed Exit 

Feed Exit 

Feed Exit 

CO 2 . 

3.0 19.4 

2.3 7.2 

3.0 8.7 

2.3 4.1 

0 ,. 

0.2 0.1 

0.0 0.4 

0.2 0.2 

0.0 0.1 

CO. 

29.1 5.1 

28.2 20.4 

29.1 20.4 

28.2 26.3 

H 2 . 

58.3 23.7 

59.1 42.2 

58.3 40.0 

59.1 51.8 

CH 4 . 

1.5 27.2 

2.9 10.4 

1.5 7.6 

2.9 5.3 

C 2 H 6 . 

0.0 8.5 

0.0 5.9 

0.0 8.6 

0.0 2.2 

N 2 . 

7.9 16.3 

7.5 13.4 

7.9 14.1 

7.5 10.1 


hour per gram o£ cobalt. At higher speeds, the conversion drops off, which these 
workers attribute as possibly being due to the time required for diffusion of the gases 
through the layer of products surrounding the catalyst. That the reaction, as well 
as its extent, is influenced by increasing the gas velocity is shown by the correspond¬ 
ingly increased yield of gaseous olefins and also the density of the condensate. The 
rate of input feed recommended by Fischer, Roelen and Feisst®® for the most eco¬ 
nomical yields of gasoline is 75.5 liters per hour per liter of catalyst space. 

Aicher, Myddleton and Walker^® have derived an expression for e.stimating a 
'‘time factor” (for contact materials packed in tubes) which is approximately pro¬ 
portional to the actual time of contact. This quantity was obtained by plotting the 
relation between the flow of gas (empirically corrected for the volume occupied by 
the oil and water vapo.r in the reaction vessel) and the depth of the catalyst, and 
integrating the reciprocal of these curves in accordance with the general equation: 



where t = the time factor, or time required to traverse a length L of catalyst, JT = 
an infinitesimal length of catalyst, / = cross-sectional area of the catalyst tube and 
F* = the volume of gas and vapor. The relation between the time factor and the 
yield of oil resulting from blue water gas at various temperatures, shown in Fig. 308 
was obtained by Aicher, Myddleton and Walker. The distinct flattening of the 
curves at longer periods of contact and high concentrations of liquid is attributed 
to the adsorption of the products on the surface of the contact agent, thus exercising 
a retarding action. The curves also indicate that the initial few inches of the cata¬ 
lyst bed perform much more work than the succeeding layers. Thus, the excessive 
liberation of heat during the reaction is quite likely to develop a “hot spot” which 
must be guarded against. 


Effect of Recycling 


Since the yield of total liquids is about 55 to 65 per cent of the theoretical, the 
exit gases contain appreciable quantities of unreacted carbon monoxide and hydro- 

F. Fischer, O. Roelen and N. Feisst, Brcnnstoff-Chcm., 1932, 13, 4hl; Chcm. Abs., 1933, 27, 
2017; Brit. Chcm. Abs. B. 1933, 136. 

A. Aicher, W, W, Myddleton and J, Walker, JS.C.f., 1935, 54, 313T; Chcm. Abs., 1935, 29, 
8289; Brit. Chem. Abs. B, 1935, 885. 
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gen. Recycling, that is, passing the exit gas over fresh contact masses, was at¬ 
tempted to increase the yields. Thus, by limiting the extent of initial reaction (such 
as by using relatively low temperatures, insufficient hydrogen or low gas velocities), 
condensing the products and returning the remaining gases for further catalytic 
treatment, the total conversion is said to be increased.*^^ However, some doubt as 
to the economic feasibility of this type of operation has been expressed.*^* 

Aicher, Myddleton and Walker*^® have summarized the arguments in favor of a 
two-stage treatment as follows: (1) There is an increased throughput (i.e., the 



Time factor 

A~207*. B—197*. C~181.* D-lor 


Fk;. 308. 

KfFect of Time Factor 
on Yield of Synthetic 
Oil from Blue Water 
Gas. (A. Aicher. W. 
W. Myddleton and J. 
Walker) 


Courtesy Society of Chemical 
1 ndustry 


whole of the contact material is working at higher efficiency and consequently less 
metal is required for a given output). (2) Increased yield of oil per unit volume of 
feed gas. (3) By use of different contact materials in the two or more steps, a 
grading or variation in the unsaturated content of the hydrocarbons may be brought 
about. (4) The adsorption effect, causing deposition of hard waxes on the catalyst, 
is retarded. (5) The formation of gaseous hydrocarbons is reduced. The chief 
disadvantage is that the gas must be cooled after the first stage (to permit removal 
of the lower-boiling liquid hydrocarbons by treatment with carbon) and the residual 
gas reheated for a second passage. The volume of the latter gases normally lies 
between 50 and 55 per cent of the original, but Aicher, Myddleton and Walker 
point out that there is sufficient heat liberated in the process and in the spent residual 

^British P., 454,948, 19.15, to Studien* und VerwcrtungsgcselUchaft; Brit. Chem. Abs. B. 
19.16, 1191; Chem. Abs., 19.17. 31. 1426. French P. 788.286. 1935; Chem. Abs.. 1936. 30, 1383. 

M. Friedwald, Rev. pitroUfl^re, 1935. 634, 733; Chem. Abs., 1935, 29, 5626: Chem. Zeutr.. 
1935, 2, 1290; Brit. Chem. Abs. B. 1936, 1076. 

^ A. Aicher, W. W. Myddleton and J. Walker, J.S.C.I., 1935, 54, 3I3T; Chem, Abs., 1935, 29, 
8289; Brit. Chem. Abs. B, 1935, 885. 
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pas to (leal adequately and advantageously with the reheating required in the sec- 
otidary stage. 

These same workers'^^ have investigated the yield of products obtained by one-, 
two- and three-stage treatments, using nickel-manganese-alumina-kieselguhr-silica 
masses. By plotting the results of these tests against the gas velocity, they obtained 
the curves shown in Fig. 309. Curve A refers to the single step treatment (25.5 cc. 
of catalyst), B is that for 2 stages, with the oil and water condensed after both 
stages and combined (50.9 cc. of cataly.st space) and C is for 3 successive opera¬ 
tions (79.0 cc. of catalyst space). The dotted lines in this figure connect points 


9y 

Fir.. 309. 5 

Influence of Gas Velocity on | 
Yield of Oil from Blue Water i 
(ias in One-, Two- and Three- S 
Stage Treatment. (A. Aicher, ^ 
W. W. Myddleton and J. K 
Walker) « 

o 

o 

*c 

s 


Courtc.ty Society of Chemical Industry 



1 2 3 4 5 6 7 8 9 10 11 

Flow. Normal litres per hour 
A—One stage, 25*48 c.c. catalyst space 
B—Two stages, 50*9 c.c. catalyst space 
C—Three stages, 79*0 c.c. catalyst space 


of corresponding flow for the different volumes of contact mass (or what amounts 
to the same, equal flow per unit volume of catalyst space) in each of the tests. Thus, 
considering only the one- and two-step experiments, at higher rates of flow it will 
be seen that the lines slope downward to the left, indicating that the one stage gave 
a higher yield than the two stages. However, at low rates of flow the 2-stage 
method shows a distinctly higher conversion than the former. According to these 
workers, 3-stage operations are not comparable with the others due to an unfavor¬ 
able composition of the gas after it has passed through the two preceding treatments. 

Later research by Fischer and Pichler*^® proved definitely that by a step-wise 
treatment the overall output of liquid hydrocarbons could be increased by 10 to 20 
per cent for the same weight of catalyst per volume of gas treated. They found it 
advantageous to arrange the rates of passage in successive stages to compensate 
for the gas contraction in such a manner that approximately the same volume of 

■J* A. Aicher, W. W. Myddleton and J, Walker, he. cit. 

F. Fischer and IT, Pichler, Brennstoff’Chem., 1936, 17, 24; Drit. Chem. Abs. B, 1936, 306; 
Chem. Abs., 1936, 30. 5764. 
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gas passes over the same quantity of catalyst. If the different steps are all carried 
out at the same temperature, a series of contact masses of successively diminishing 
activity should be employed. If, on the other hand, a uniformly active material is 
used, the temperature of the first stage should be somewhat lower than the others. 
Likewise, the life of the mass is extended somewhat better than in proportion to the 
number of steps. Fischer and Pichler report that with a 3-stage system a yield of 
141 g. of liquid hydrocarbons has been obtained from 1 cubic meter of a gas contain¬ 
ing 29.S per cent carbon monoxide and 60 per cent hydrogen. This represents a 
76 per cent conversion, based on the maximum theoretical yield of 185 g. per cubic 
meter. 


Production of Methane and Other Gaseous Hydrocarbons 

As was mentioned earlier in this chapter, an increase in either the hydrogen con¬ 
tent of the feed gas or in the reaction temperature favors the formation of methane 
in place of higher hydrocarbons. Certain catalysts, notably nickel, are particularly 
effective for promoting reduction.'^® Bruckner and Jacobus'^^ have investigated the 
addition of silica gel, alumina, thoria, and barium, strontium and calcium oxides to 
nickel for the reaction: 


CO + 3 H 2 —> CH 4 -f H 2 O 

at 300®C. The life of the contact mass is thought to be dependent largely upon 
the extent of formation of higher hydrocarbons, according to these workers. There¬ 
fore the inclusion of silica gel, which adsorbs these substances, prolongs the life of 
the contact material. Their results indicate that mixtures of 90 per cent nickel and 
10 per cent alumina or thoria were the best, and that the activity of such mases 
could be promoted by the addition of alkaline earths, particularly barium oxide. 
On the other hand, cobalt decreases the effectiveness and copper completely inacti¬ 
vates the catalyst. 

With nickel-alumina at 320°C. and a rate of flow of 200 liters per hour per liter 
of contact material, Karzhavina^* obtained almost complete transformation of carbon 
monoxide into methane and carbon dioxide. Rapoport and Blyudov^® reported a 
99 per cent conversion at 270®C. with a nickel contact agent. With nickel-manganese 
combinations, however, reduction could be carried out at 200-204°C. These inves¬ 
tigators noted that appreciable quantities of carbon dioxide resulted only at tempera¬ 
tures above 250°C. and that the simultaneous production of the latter substance 
and methane was promoted by a nickel-manganese-aluminum contact. Nickel car¬ 
bonyl is said to exert a similar action, even at 150°C.®^ With molybdenum, no 
reduction of carbon monoxide occurs at 1 atmosphere pressure, according to Meyer 
and Horn.®^ At 100 atmospheres pressure, temperatures of about 400°C. are re¬ 
quired to effect the formation of methane with molybdenum. 

’•’In this respect, B. K. Klimov, V, A. Lanin and Z, T. Tikhonova, (/. Chcm. Ind. (Moscoiv) 
1934 (7), 50; Chem. Abs., 1935, 29, 321) suggested that the presence of methane in water gas pre¬ 
pared from peat coke is due to the catalytic reduction of the carl)on monoxide hv the coke. 

H. Bruckner and G. Jacobus. Brennstoff-Chem., 1933, 14, 265; Brit. Chcm. Abs. B, 1933, 
772; Chem. Abs., 1933, 27, 5154, Nickel-cerium catalysts may also l>e used. See E, C. White (IT, S. 
P., 1,908.202. May 9, 1933, to E. I, du Pont de Nemours & Co.: Chem. Abs., 1933, 27, 3684; Brit. 
Chem. Abs. B, 1934, 237) who uses this catalyst for estimating the amount of carbon monoxide in a 
gas mixture. 

^ N. A. Karzhavina, J. Chem. Ind. {Moscow), 1936, 13, 598; Brit. Chem. Abs. B, 1936,( 915; 
Ch-m. Abs., 1936, 30. 6533. 

T. B. Rapoport and A. P. Blvudov, Khim. Tiferdoqo Topliva, 1934, 5, 625; Chem. Abs., 1935, 
29, 2905; Brit. Chem. Abs. B. 1935, 1035. 

S. S. Urazovs’kii and N, A. Yakimkin, Ukrain. Khem. Zhur., 1935. 10, 44; Brit. Chem. Abs. 
A, 1935, 941; Chem. Abs., 1936. 30, 2476. 

K. Mever and O. Horn. Ges. Abhandl. Kenntnis Kohle. 1934. 11. 389; Chem. Zentr., 1934, 2, 
875; Brit. Chem. Abs. B, 1935, 390; Chem. Abs., 1935, 29, 6732. 
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Padovani®^ has discussed the application of the catalytic conversion of carbon 
monoxide to methane for the detoxification of gases. He states that at 10 atmos¬ 
pheres pressure and temperatures below 400® C., 85 to 90 per cent yields of methane 
can be obtained with a complex catalyst such as mixtures of nickel, iron, copper and 
silica gel.®^ Kemmcr^"^ proposes to retard the deposition of carbon, clue to the 
reaction 

2CO —CO 2 + C 

by saturating the gas at 70°C. with water vapor and passing it over nickel masses 
at 300-380®C. In addition to the methane reaction, decomposition following the 
ecj nation 

CO + H 2 O H 2 -h CO 2 

is said to be effected. However, as Kemmer®'"’^ has pointed out, reduction to methane 
re(|uires a source of additional hydrogen, since three molecules are involved per 
molecule of carbon monoxide and would yield a gas of too high methane content. 
For this reason he suggests a two-step treatment, first interacting the gas with 
water, in accordance with the equation just given above, by which the carbon mon¬ 
oxide content may be reduced to 1 or 2 per cent. Then, by catalytic reduction, the 
remainder of the carbon monoxide may be converted into methane. 

Perhaps the first evidence as to the possibility of forming higher hydrocarbons 
from carbon monoxide was that presented by Orlov.®® He conducted a mixture of 
equal proportions of carbon monoxide and hydrogen over coke impregnated with 
metallic nickel and palladium at 95® to 100®C. The reaction product contained 6.6 
per cent of ethylene but no methane or formaldehyde. Fischer and Pichler®^ have 
mentioned that with a silver contact agent or one of magnesite treated with hydro¬ 
gen, considerable quantities of ethane are produced at high temperatures (600°C.) 
and pressures (over 70 atmospheres). It is interesting to note that Fuchs aiul 
Daur®® obtained propene by passing a 2:1 mixture of methane and carbon monoxide 
over glowing pumice and that at 500-550®C. and 240 atmospheres, both propene and 
liquid hydrocarbons were secured. 


Production of Liquid Hydrocarbons from Carbon Dioxide 


In 1908, Orlov®^ pointed out that when carbon dioxide was substituted for carbon 
monoxide at 95® to 100®C. using a catalyst of coke impregnated with nickel, no 
hydrocarbons were formed. At a low red heat, however, both methane and ethylene 
were produced. He, therefore, concluded that the carbon dioxide was reduced to 
carbon monoxide by free carbon in the initial stages of the reaction. Subsequently, 
Fischer and Pichler,®® from a study of the influence of carbon dioxide in the hydro- 

C. Padovani, J. usines Gas, 1934, 58, 2; Chaleur & ind., 1934, 15, (167). 461 ; Chxmic ct ind., 
1934, 32, 517; Chem. Abs., 1934, 28, 3872; Brit. Chem. Abs. B, 1934, 1044. Sec also F. Hcrgloti. 
if. aster. Ver. Gas- Wasserfaeh., 1932, 72, 94; Chem. Abs., i932, 26, 4159. 

“See If. Cohn, British P. 352,864, 1929; and 366,563, 1929; C/icm. Abs., 1932, 26, 3364; 1933, 
27. 2562; Brit. Chem. Abs. B, 1931, 959; 1932. 377. 

’** H. Kemmer, Gas- u. Wasserfach, 1932, 75, 269; Brit. Chem. Abs. B, 1932, 448; Chem. Abs., 
1932. 26, 3649. 

“ H. Kemmer, Auoew. Chem., 1936, 49, 133; Chem. Abs., 1936, 30, 3204; Brit. Chem. Abs. B, 
1936, 434. 

««K. 1. Orlov. /. Buss. Phys. Chem. Soc., 1908, 40, 15rS; J.C.S., 1909, 96 (1), 77; Ber. 1909, 
42, 893; Chem. Abs., 1909, 3, 1400. 

F. Fischer and H. Pichler, Gcs. Abhandl. Kenntnis Kohlc, 1934, 11, 386; Chem. Zentr., 1934, 
2. 1062; Chem. Abs., 1935, 29. 6565; Chem. Abs. B, 1935. 390. 

W. Fuchs and R. Daur, Gcs. Abhandl. Kenntnis Kohlc, 1934. 11, 327; Chem. Zentr., 1934, 

2, 1062; Brit. Chem. Abs. B, 1935, 390; Chem. Abs., 1935. 29, 6566. 

«• E. I. Orlov. J. Buss. Phys. Chem. Soc., 1908, 40, 1588; J.C.S., 1909, 96 (1). 77; Ber. 1909. 

42, 893; Chem. Abs., 1909, 3, 1400. 

F. Fischer and H. Pichler, Brennstoff-Chem., 1933, 14, 306; Brit. Chem. Abs. A, 1933, 849; 
Chem. Abs., 1933, 27, 5937. Sec also H. Koch and H. Kuster, Brennstoff-Chem., 1933, 14, 245; 
Brit. Chem. Abs. B, 1933, 737; Chem. Abs., 1933, 27. 5154. 
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genation of carbon monoxide to liquids with nickel-magnesium-aluniinuni-kieselguhr 
combinations reported that interaction was not affected by the presence of the di¬ 
oxide. Reduction of the higher oxide began only after all carbon monoxide had 
disappeared and resulted in the formation of methane. The latter observation was 
confirmed by Schuster, Panning and Bulow.^^ 

Kiister®- reduced carbon dioxide to methane at temperatures of about 300®C. by 
means of a pure iron catalyst. Although the yields were small, the addition of 
copper, cobalt and nickel promoted reaction, and with cobalt contact masses, higher 
gaseous and liquid hydrocarbons resulted. A yield of 8.7 cc. of liquid per cubic 
meter of a C02.‘3H2 mixture was obtained at 215®C. in the presence of a contact 
agent composed of 5 parts of iron, 5 of cobalt, 0.5 of copper and 1 per cent of potas¬ 
sium carbonate. However, using a ruthenium powder or ruthenium asbestos mass, 
Fischer, Bahr and Meusel®'"* succeeded in reducing a mixture of carbon dioxide and 
hydrogen to methane at 100®C. By mixing 2 per cent of potassium carbonate with 
the ruthenium, both higher gaseous and liquid hydrocarbons were formed from 
carbon dioxide at 180° to 300° C. 

Chemical Composition op the Products from Caruon Monoxide-Hydr(hh:n 

Reaction 

The chemical composition of the gaseous, liquid and solid substances obtained 
from carbon monoxide and hydrogen at atmospheric pressure is limited almost ex¬ 
clusively to two classes of hydrocarbons, paraffins and olefins. The exact propor¬ 
tions of these types can be varied over quite large ranges by the operating condi¬ 
tions. Thus, Fujimura and Tsuneoka®^ reported that although nickel favors the 
formation of saturates (up to 9() per cent of the total), cobalt on the other hand 
gives liquids possessing up to 57 per cent olefins. Furthermore, the proportion of 
gaseous hydrogen in the feed stock has a marked influence, high concentrations also 
tending towards the production of paraffins.^'" 

Gases. Little information is available pertaining to the “Gasol” fraction (boil¬ 
ing below 30°C.). Fischer and Tropsch®® and also Fischer and Koch®^ mention 
that this fraction"consists of a mixture of hydrocarbons ranging from ethane to 
pentane. The olefinic content is given by Fischer®^ as 50 per cent by volume. 
Fujimura and Tsuneoka,®® however, state that the composition of the exit gases 
varies greatly; with cobalt catalysts there was a small amount of carbon dioxide 
and some lower hydrocarbons, but with nickel the latter ranged from 6 to 35 per 
cent. 

Liquids. Tropsch and Koch^®® examined the gasoline fraction obtained by the 
catalytic treatment of water gas and report that it consisted principally of olefins 

F. Schuster. G. Panning and H. Biilow. Brcnnstoff•CUcm., 19.15, 16, 368; Chem. /tbs., 1936, 
30. 3967; Brit. Chew. Abs. B, 1935, 1 124. 

H. Kustcr, Brennstoff-Chcm,, 1936, 17, 203; 221; Brit. Chem. Abs. B, 1936, 676, 727; Chew. 
Abs.. 1936, 30, 7790; 1937, 31. 1581. 

** F. Fischer, T. Bahr and A. Meusel. Ber., 1936, 69, 183; Brcnnstoff-Chem., 1935, 16, 466; 
Chem. hr,, 1936, 30, 3401, 3967; /. Inst. Pet. Tech.. 1936. 22, 44A; Brit. Chem. Abs. B. 1936, 180, 

K. Fujimura and S. Tsuneoka, Sci. Papers Inst. Phvs. Chem. Research. (Tokyo), 1934, 24, 
79; Chem. Abs., 1934, 28. 4655; Brit. Chem. Abs. B. 1934, 662. 

* S. Tsuneoka, J. Soc. Chem. Ind., Japan, 1933. 37, Suppl. bind. 711; .Sci. Papers In^t. Phys. 
Chem. Research (Tokyo), 1934, 25, 137; Chem. Abs., 1935, 29, 1231; Brit. Chem. Abs. B, 1935, 
132. 

F. Fischer and H. Tropsch. Ber.. 1926.'59, 923; Chem. Abs., 1926, 20, 2815; Brit. Chem. 
Abs. B. 1926, 475. 

F. Fischer and IT. Koch. Brennstoff-Chem.. 1932, 13, 428; Brit. Chem. Abs. B, 1933, 50; 
Chem. Abji.. 1933, 27. 2017. 

F. Fischer, Oel, Kohle. P.rdoel. Teer, 1935. 11, 782; Brit. Chem. .lbs. B, 1936. 51 • Chem. 
Abs.. 1936. 30. 3968; J. hut. Pet. Tech., 1935. 21. 4 53A. 

•"’K, Fujimura and S. Tstineoka. loc. cit. 

H. Tropsch and H. Koch, Brennstoff-Chem.. 1929, 10, 337; Brit. Chem. Abs. B, 1929, 1003: 
Chem. Abs., 1930, 24. 4919. 
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(65 per cent) and paraffins. Only traces of aromatics (0.1 per cent of benzene and 
0.4 to 0.5 p^r cent of toluene) and no naphthenes were found. By fractionation and 
the use of a modified mercuric acetate method,whereby pure olefins were sepa¬ 
rated, the following hydrocarbons were isolated and identified: pentene- 1 , pentene- 2 , 
hexene-1, hexene-2, 3,3-dimethyIpentene-l, heptene, octene-2, nonene, «-pentane, 
n-hexane, n-heptane, «-octane, 3-methyloctane and M-nonane. Schaarschmidt and 
Marder ^^2 investigated the action of antimony pentachloride on the saturated hydro¬ 
carbons in the gasoline fraction and report that about 33 per cent of the paraffinic 
constituents consist of hydrocarbons containing a tertiary bound atom (such as iso¬ 
pentane and isohexanc, for example), which are attacked by this reagent. Even 
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the distillate corresponding in boiling point to u-heptane (obtained by repeated frac¬ 
tionation) contained some tertiary carbon atoms. The remainder of the hydrocar¬ 
bons, which were unaffected by the antimony pentachloride, may have also possessed 
(juaternary bound atoms, according to these workers. Fischer,^®® however, states 
that there is but little branching in the lower-boiling liquid paraffins. 

T.suneoka and Fujimura^^*'^ report the identification of normal paraffins ranging 
from pentane to undecane (C 11 H 24 ) in the 30° to 200°C. portion of oil obtained 
with a nickel-mangane.se catalyst. The gasoline contained 92 per cent paraffins and 
8 per cent olefins. Of the former, M-pentane, «-hexane, //-heptane and //-octane were 
the predominant components. These workers could not detect the presence of either 
aromatics or naphthenes. 


Sec Chapter 50. Also Carlcton Ellis, ‘The Chemi.stry of Petroleum Derivatives,” The Chemi¬ 
cal Catalog Co., Inc., New York, 1934. 

A. Schaarschmidt and M. Marder, Brennstoff Chcm., 19.^2, 13, 412; Brit. Chem. Abs. B, 
1933, 49; Chem. Abs., 19.13, 27, 2017. See also, A. Schaarschmidt, Petroleum Z., 1932, 28 (12), 1; 
Brit. Chem. Abs. B, 1932, 493; Chem. Abs., 1932. 26, 470r). 

’«»F. Fischer, Gel, Kohle. llrdoel, Teer, 1935. U, 120; ./. Inst. Pet. Tech.. 1935. 21. 170A. 

S. Tsuncoka and K. Fujimura, /. Soc. Chem. Ind., Jat*au, 1934, 37, .Suppl. bind. 49; Brit. 
Chem. Abs. B, 1934, 563; Chem. Abs.. 1934, 28, 3570. 
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Myddleton and Walker^^® have studied the influence of the so-called ‘‘time factor’' 
(mentioned previously in this chapter) on the percentage of olefins in the synthetic 
oil. Their results with nickel and cobalt catalysts are shown graphically in Fig 310. 
From this graph, it will be noted that higher proportions of unsaturates are formed 
with short periods of contact, cobalt rather than nickel contact masses and a defi¬ 
ciency in hydrogen. These investigators used the sulphuric acid-phosphoric acid 
method^^® for the determination of olefins, after they had established that no more 
than traces of aromatic hydrocarbons were present. Their work also confirmed the 
observation of Tsuneoka and Murata^^^ that the percentage of unsaturated hydro¬ 
carbons decreases with boiling point of the fraction. Tsuneoka^®® has noted that 
there is a linear relation between the iodine number of the gasoline produced and 
the hydrogen content of the exit gas. It should be mentioned that Myddleton and 
Walker^®® found only monolefins in their product. This substantiates the previous 
observation of Tsuneoka and Murata^^^ who had reported the complete absence of 
diolefins in the reaction mixture.^ 

Small amounts of oxygenated substances are produced even with operations 
carried out at atmospheric pressure, contrary to statements made by Fischer and 
Tropsch^^- in 1926. Thus, Tropsch and Koch'^^ observed the presence of a sub¬ 
stance, thought to be y-pyrone: 

() 

C 



which was separated from the 1(X)-120°C. fraction of the lower-boiling oil. 
Tsuneoka and Fujimura^^^ have investigated the aqueous solution formed in the 
reaction and report that it contains small quantities of alcohols, aldehydes, ketones 
and acids. In reference to the latter compounds, Koch, Pichler and K61bel”''» noted 
that with cobalt catalysts a yield of 0.35 per cent of acids is produced by side reac¬ 
tions in the hydrocarbon syntheses. In the water layer of the reaction mixture, 
formic, acetic (about 2/3 of the total), propionic and butyric acids were identified. 
Unsaturated acids, however, were apparently completely absent. Higher fatty 


105 w. W. Myddleton and J. Walker, J.S.C.I., 1936, 55. 121T; J. Jnst. Fct. Tech., 1936, 22, 
356A; Chem. Abs.. 1936, 30, 5393; Brit. Chvm. Abs. B. 1936, 5H1. 

See Carlcton Ellis, “The Chemistry of Petroleum Derivatives,” The ('hemical Catalog Co., 
Inc., New York, 1934. 

S. Tsuneoka and Y. Murata, .SVi. Papers. Inst. Phys. Chem. Research {Tokyo), 1935, 27, 32; 
Chem. Abs., 1935, 29, 4551; Brit. Chem. Abs. B, 1935, .5H1. 

S. T.suneoka, J. Soc. Chem. Ind., Japan, 1933, 25, Suppl. hind. 711; .SVi. Papers Inst. Phys. 
Chem. Research (Tokyo), 1934, 25, 137; Brit. Chem. Abs. B, 1935; 132; Chem. Abs., 1935, 29, 1231. 
W. VV^ .Myddleton and ). Walker, loc. cit. 

’’"S. Tsuneoka and Y. Murata, loc. cit. 

On the other hand, it has been stated (Clerman P. 542.616, 1931, to I. C. Farhenind. A.-G.; 

Chem. Abs., 1932. 26, 3261) that the fraction boiling between 105® and 110® C. obtained by catalytic 

hydrogenation of carbon monoxide, is rich in terpenes, which can be removed by distilling over 
burnt lime. 

Fischer and H, Tropsch, Bcr. 1926, 59, 830; Chem. Abs., 1926, 20, 2814; Brit. Chem. Abs. 

A. 1926, 475. 

H. Tropsch and H. Koch, Brennstoff-Chem., 1929, 10, 337; Brit. Chem. Abs. B, 1929, 1003; 
Chem. Abs., 1930, 24, 4919. 

S. Tsuneoka and K. Fujimura, I. Soc. Chem. Ind., Japan, 1934, 37, Suppl. bind. 49; Chem. 
Abs., 1934, 28, 3570; Brit. Chem. Abs. B, 1934. 563. K. Fujimura and S. Tsuneoka, Sci. Papers 

Inst Phys. Chem. Research (Tokyo), 1934, 24, 79; Chem. Abs., 1934, 28, 4655; Brit. Chem. Abs. 

B, 1934, 662. 

H. Koch, H. Pichler and H. Kolbel, Brennstoff-Chem., 1935, 16, 382; Chem. Abs., 1936, 30, 
3970; J. Inst. Pet. Tech., 1936, 22, 45A; Brit. Chem. Abs. B, 1936, 6. 
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acids, containing 3, 5, 6 , 7, 9 and 14 carbon atoms in the molecule were isolated from 
the oily portion, and amounted to 0.06 per cent by weight of the total Kogasin. 

Koch and Ibing^^® have studied the higher boiling (220-350®C.) liquid Kogasin 
fraction. The oil was partially freed from paraffin wax by cooling to 0®C. and was 
then hydrogenated to saturate the olefins (4 to 7 per cent of the fraction). Upon 
repeated fractionation under reduced pressure, about 30 to 40 per cent of the origi¬ 
nal oil was resolved into n-paraffins ranging from decane (C 10 H 22 ) to octadecane 
(CigHag). These were isolated and identified. The remainder consisted of isopar¬ 
affins with only slightly branched side chains. 

Solids. According to Koch and Ibing^^^ the solid paraffins cannot be concen¬ 
trated with respect to their individual chemical purity by fractional distillation even 
at lO-^ mm. pressure. However, by an extraction method, using different solvents, 
a possible separation into groups of similar molecular weights and properties is indi¬ 
cated. Thus, the hard paraffin wax (so-called “Ceresin’^) removed from the cata¬ 
lysts on treatment with ether was resolved into soluble and insoluble constituents, 
in varying proportions, with minimum and maximum melting points of 40® and 
106°C., respectively. The insoluble portion was next extracted with dichloroethy- 
lene, which gave products of melting points between 88 ° and 108°C. and insoluble 
residues. Upon extraction of the latter with chloroform for 200 hours, substances 
melting at 112® to 113® and 113® to 114®C. resulted. By renewed extraction 
with the latter solvent for 187 hours more, solids with melting points of 113- 
114.5°C. and 115.5 to 116.5®C. and molecular weights of 1750 and 2140, respec¬ 
tively, were isolated. From these experiments, Koch and Ibing concluded that the 
melting point increases similarly to the carbon-hydrogen ratio of the compounds, 
and that no homologs of the paraffin series have a higher melting point than about 
118®C. 

Koch and Ibing have pointed out also that the residues from the chloroform ex¬ 
traction represent the highest members of the .saturated aliphatic hydrocarbons yet 
produced synthetically, and contain from 100 to 150 carbon atoms in the chain. 
When precipitated from hot benzene solution by alcohol, these appear as a white 
powder and after melting and solidifying, they are not scratched by the finger-nail. 
The specific gravity of the paraffin waxes is quite high, ranging from 0.938 for 
those melting at 40°C. to 0.965 for the largest molecular weight solids. These 
investigators concluded that the solid compounds are ti-paraffins, with perhaps some 
isoparaffins, and have molecular formulas from C 20 H 42 to about Ci 5 oH 302 - 

Indu.strial Applu atiox of thk Fischer-Tropsch Synthesis of Hydrocarbons 

Since about 1934, the rapid commercial development of motor fuel synthesis 
from carbon monoxide abroad has been phenomenal. It has been predicted that in 
1937 half of the German reciuirements for automobile and aviation fuels will be 
produced synthetically.^^® This figure is said to be somewhat in excess of 2 billion 
gallons, or about one-seventh of the U. S. domestic consumption. When it is con¬ 
sidered that the annual cracking capacity of German refineries in 1935 was only 121 
million gallons,some idea of the expansion along the lines of gasoline production 
becomes evident. 

H. Koch and C. Thing, Breunstoff-Chem., 19.15, 16, 185; Brit. C/icm. Abs. B, 19.15, 709; 
/. Inst. Pet. Tech., 1935, 21, 300A; Chetn. Abs., 1936, 30. 1984. 

iath. Koch and G. Ibing, Brennstoff-Chem., 1935, 16, 141; J. Inst. Pet. Tech., 1935, 21, 406A; 
Chem. Abs., 1935, 29. 5642; Brit. Chem. Abs. B, 1935, 582. 

See them. Industries, 1936, 39, 574. 

»**Sec Chapter 3. 
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In general, the Fischer-Tropsch process^^o j^iay be summed up in four essential 
steps: (1) the preparation of the crude feed mixture, (2) partial desulphurization 
of the gas to free it of hydrogen sulphide, (3) further desulphurization to reduce the 
organic sulphur content within prescribed limits and (4) the catalytic treatment. 
A typical flow diagram for these operations is given in Fig. 311. The individual 
operations will be considered more in detail subsequently in this section. From Fig. 
311 it will be seen that the fundamental procedure is as follows: the feed gas mixture 
is made in a gas producer of the conventional type by alternately introducing air and 
steam in a bed of incandescent coke. The gases are washed with water and filtered 
to remove coal dust and other entrained solid matter, and passed into a primary de- 
sulphuretting unit, where hydrogen sulphide is removed. Next the gas is fed into a 


C0K£ 


JrtAki 


iw 




P^HINC 


v^Tt(typ9M 

IrohOodc 


HwtiUiN 

SULPtilDt 


CatalujChmiocr 


Orgark 

SlMPHUR 

RtMOtfft 


J 1 ^fPARATOA 


AssoapjiomIorcr 
-t LxiT GA3t 3 


' Hcat ip 
[jCCMARCtR 1 

LoRBotttNO 

Oasolimc 


Acmi 

Caroon 


I’ld. Ill.—Flow Diagram of Fischer-Tropsch Synthesis. 


secondary desulphurizing unit in which organically combined sulphur is eliminated. 
The sulphur-free gas is now introduced into the catalytic chambers. Here the tem¬ 
perature is maintained between very narrow limits by means of circulating oil. 
(The temperature used in this stage is dependent upon the nature of the cAtalyst 
and other conditions). The hot oil is used for generating steam in a small heat 
exchanger. The gas and liquid products leaving the contact apparatus are cooled 
and passed into a separator, where the oil and water are removed. The overhead 
from the separator is fed into a tower packed with activated carbon (water wash¬ 
ing may be used in place of adsorption) to separate the lighter gasoline fractions 
from the exit gases. 


Production of Gas Mixture 


One of the basic reciuirements for the commercialization of this process is the 
availability of enormous ({uantities of carbon monoxide and hydrogen. These gases 
may l)e obtained from many sources as for instance, industrial gases, natura gas or 
coke. Fischer, Pichler and Reder^-^ have discussed this topic and state that the gas 
mixture may be produced by mixing coke-oven gas with generator gas or wdth water 
gas, by direct gasification of coal, or by the interaction of methane, or higher hydro¬ 
carbons with steam or carbon dioxide'*-^^ or with oxygen (partial oxidation). 


•^Reviews on the commercial Fischer-Tropsch process have been given by: F. Fischer, Ocl, 
Kohle, Erdocl, Tcer, 1935, 11, 120; 785; J. Inst. Pet. Tech., 1935, 21, 170A, 453A; Chem. Abs., 
1936, 30, 3968; Brit. Chem. Abs. B, 1936, 51; Brennstoff Chem.. 1935, 16, 1; Chem. Abs., 1935, 
29, 1959; Brit. Chem. Abs. B, 1935, 179. O. Feldman, S. African Mining Eng. J., 1935, 46 (1), 
361; Brit. Chem. Abs. B, 1936, 915; Chem. Abs., 1935. 29, 7055. M. Fricdwald, Rev. pitrolifire 

1935, 634, 733; Chem. Abs., 1935, 29, 5626; Chem. Zeutr., 1935, 2, 1290; Bnt. Chem. Abs. B, 

1936, 1076. 


F. Fischer, H. Pichler and R. Reder, Brennstoff-Chem., 1932, 13, 421; Brit. Chem. Abs. B, 
1933, 49; Chem. Abs., 1933, 27, 2017. Sec also N. W. Krase, Trans. Am. Inst. Chem. Eng., 1936, 
32, 493. 

See Chapter 10. Also Carlcton Ellis, “The (.'hemistry of Petroleum Derivatives," The Chemical 
Catalog Co., New York, 1934. 
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One convenient method of producing these gases is by the well known water gas 
reaction, by the action of steam on coke at temperatures of about lOOO^CJ-'^ accord¬ 
ing to the equation: 

O -f- ^ CO llj 

The resulting mixture thus should contain equal volumes of carbon monoxide and 
hydrogen, but according to Fischera 1 :2 ratio of these gases (which has been 
found to be optimum) can be obtained by gasifying at low temperatures in the pres¬ 
ence of a larger quantity of steam, in accordance with the equation: 

HjO -f CO —H2 + CO2 

The hydrogen deficiency in water gas can be made up in a number of other 
ways. For instance, Fischer, Pichler and Reder^^*'* reported that in the presence 
of a nickel catalyst, methane will react with steam at 800°C. and 1 atmosphere or 
600°C'. and 0.1 atmosphere pressure (at times of contact of less than 1 second) to 
give carbon monoxide. 

CH4 -f H2O —CO + 3H2 

Thus, by combining the water-gas reaction with the latter, a mixture of carbon 
monoxide and hydrogen in the proportion 1 :2 can be formed. Likewise, the thermal 
decomposition of methane 

CH 4 —> C -f 2 H 2 

may be utilized to augment the hydr(^gen content of the water gas.^-® Deficiencies 
in carbon monoxide may be made up by secondary reactions involving the reduction 
of carbon dioxide.^-" The latter may be accomplished in a variety of ways, as 
with coke. 


CO 2 -f C 2CO 

or with copper.^-” The possibility of using electrolytic hydrogen and carbon dioxide 
from gas wells has also been considered by Fischer.^From this discussion it 
will be seen that quite a wide variety of reactions are applicable for production 
of the feed stock gases. 

Fischer, Pichler and Reder^*^^ suggested forming the gas mixture by passing 
coke-oven gas and steam over incandescent coke. In these experiments, a small 
water-gas generator was used, and the fuel bed alternately blown with air for 1 
minute and then subjected to the action of the mixed steam and coke-oven gas for 
3 minutes. The resulting gas had the composition: 2.4 ])er cent carbon dioxide, 0.4 
per cent oxygen, 28.2 per cent carbon monoxide, 52.3 per cent hydrogen, 2.5 per cent 
methane and 14.2 per cent nitrogen. This mixture was reported to give a yield of 
26.4 per cent gasoline based on the quantity of coal used. Subsequent work by 

M. Cross (U. S. P. 1,860,138, May 24, 1932; Brit. Chem. Abs. B, 1933, 455; Chem. Abs.. 

1932, 26, 3906) has suggested the of steam superheated to temperatures as high as 1500*C'. 
for producing water gas. 

F. Fischer, Ocl, Kohle, Frdocl, Tccr, 1935. 11, 120; J. Inst. Pet. Tech.. 1935. 21, 170A. 
liTi F. Fischer, H. Pichler and R, Reder. loe. cit. See also R. Fussteig, Chi'mte S’ Industrie, 1935, 
34, 3; Brit. them. Abs. B, 1935, 836; Chem. Abs., 1935. 29, 7058. 

Sec Chapter 7. Also Carleton Ellis. "The Chemistry of Petroleum Derivatives," The Chemical 
Catalog Co., New V'ork, 1934. 

See M. Friedwald, Re7\ petrolif^re, 1935. 634, 733 ; Chem. .’tbs., 1935, 29. 5626; Chem. 

1935, 2. 1290; Brit. Chem. Abs., B, 1936. 1076. 

The carfwn dioxide may he obtained hy decomposition of carbonates or bicarlnmates. For 
examples, see J. J. Puig and R. Sunen-Beneded. French P. 784,743. 1935; Chem. Abs., 1936. 30, 484. 

F. Fischer, Oel, Kohle, nrdoel, Teer, 1935, 11, 782; .1. ln.'<t. Pet. Teeh.. p)35. 21, 453A; 
Chem. Abs., 1936, 30, 3968; Brit. Chem. Abs. B. l93o. 51. 

F. Fischer, H. Pichler and R. Redei. Btenti.stoff-CUem.. 1932. 13. 431; Brit. Chem. Ah<. B, 

1933, 49 ; Chem. Abs., 1933, 27, 2017. 
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Fischer, Pichler and KolbeF^^ with a gas producer of 100 cubic meters per hour 
output showed that the ratio of carbon monoxide to hydrogen could be raised to 1:2. 
This was accomplished by increasing the gasifying time to 4 minutes instead of the 
3 minutes used in the earlier tests. The carbon dioxide content was reduced to 0.6 
per cent and that of methane to 0.4 per cent. However, with a 1 minute blast and a 
6 minute gasification period, the latter figures increased to 0.9 and 1.1 per cent 
respectively. 

The theoretical yield of oil naturally depends upon the composition of the gas, 
the highest theoretically possible being given by a gas containing 33.3 per cent car¬ 
bon monoxide and 66.6 per cent hydrogen. However, Fischer and Meyer'*'*^ have 
used coke-oven gas, with a carbon monoxide content of only 5 to 6 per cent and 
obtained 22 cc. of total liquids (75 per cent of which boiled in the gasoline range) 
per liter of feed gas, using a nickel-manganese-aluminum catalyst. Aicher, Myddle- 
ton and Walker^^^ have prepared a list of the common industrial gases together with 
the per cent of carbon monoxide available (i.e., with the necessary hydrogen for a 
1:2 ratio) and the theoretical yield of oil in gallons per 1000 cubic feet of gas, as is 
given in Table 232. According to these investigators, commercial yields of liquid 
hydrocarbons cannot be attained from gases containing less than about 24 per cent 
of carbon monoxide and 48 per cent of hydrogen. 


Table 232.— Theoretical Yields of (HI Obtainable from Industrial Gases in the Carbon Monox¬ 
ide-Hydrogen Synthesis. 


CO, 

Vol.% Available 
with Necessan^ H-. 


Coke-oven gas . 5.5 

Cracked gas (coke-oven gas treated with steam at 

QOO^’C.). 19 2 

Water gas. 24.0 

Water gas and coke-oven gas. 25 3 

Special water gas made at a lower average tem¬ 
perature. 29 0 

Cracked coke-oven gas and water gas. 30 4 


Theoretical Yield of 
Oil in Gallons/1000 
cu.ft. of Gas 
0 31 

1 .09 
1.36 
1 43 

1.64 

1.72 


Sulphur Removal. All commercial gases contain sulphur, either as hydrogen 
sulphide or as mercaptans or in other chemical combinations, which exert a serious 
deactivation effect on the catalyst. According to F'ischcr,^*^'* the total sulphur con¬ 
tent must be reduced to less than 0.2 g. per 100 cubic meters (approximately 0.1 
grain per 100 cubic feet). This is usually done in two stages, (as indicated in the 
flow diagram. Fig. 311), the first for the removal of hydrogen sulphide and the 
second for organically combined sulphur. Desulphuretting is accomplished by pass¬ 
ing the gas over layers of iron oxide. Details on the removal of the organic sulphur 
(second stage) in the commercial process are not available at present, however 
Aicher, Myddleton and Walker^^® have described a catalytic method which they 
used on a semi-commercial scale. The mercaptans and other sulphur-containing 
compounds are reduced to hydrogen sulphide by hydrogenation over a catalyst. 
The latter is prepared by mixing equal parts of copper oxide and lead chromate, 
adding a solution of ethyl orthosilicate in toluene, and pressing the paste into rods 
% inch in diameter which are broken into convenient lengths. After several days 

Ml F. Fischer, H, Picblcr and H. Kolbel, Brennstoff-Chem., 19.t5, 16, 401; Brit. Chem. Abs. B, 
1936. 51; Chem. Abs., 1936, 30, 3970. 

i.na F. Fischer and K. Meyer, Gcs. Abhandt. Kcnntnis Kohle, 19.14, 11, 497; Chem. Zentr., 1934, 
2, 1061; Chem. Abs., 1935, 29, 6747; Brit. Chem. Abs.’B. 1935. 390. 

Aicher, W. W. Myddleton and J. Walker, J.S.C.L, 1935, 54. 313T; Chem. Abs., 1935, 29, 
8289; Brit. Chem. Abs. B, 1935, 885. 

Fischer, Oel, Kohle, Erdoel, Tear, 1935. 11. 120; J. In^t. Pet. Tech., 1935, 21, 170A. 

»»A. Aicher, W. W. Myddleton and J. Walker, J.S.C.L, 1935, 54, 313T; Chem. Abs., 1935, 29, 
8289; Brit. Chem. Abs. B, 1935, 885. 
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exposure to moist air, to cause hydrolysis of the silicate ester and thereby obtain the 
desulphiding catalyst on a durable but porous support of silica, the mass is charged 
into iron tubes (about 2 or 3 inches in diameter) and reduced by passing the gas 
mixture through at a temperature of 370-400°C. for several hours. Hydrogen sul¬ 
phide resulting from this treatment is removed by again passing the gas over a bed 
of iron oxide. In this manner it was possible to reduce the sulphur content of some 
gases from 30 grains per 100 cubic feet to approximately 1.1 grains per 100 cubic 
feet. The latter figure is still much too high, and therefore the gas was subjected 
to a second catalytic treatment. Instead of removing the hydrogen sulphide result¬ 
ing from this operation with iron oxide, an alkaline solution of potassium ferri- 
cyanide was used. By this procedure, the sulphur content was lowered to about 0.1 
grain per 100 cubic feet. According to these workers, the catalyst proposed showed 
no loss in activity during several months of continuous operation. The potassium 
ferricyanide solution, however, required continuous electrolytic oxidation to main¬ 
tain it at working strength. Treatment at 150-300°C. with a catalytic mixture of 
5 to 10 per cent of an alkali carbonate with oxides or hydroxides of iron has also 
been suggested for the removal of organic sulphur compounds.^^® 

Contact Agents 

The catalysts recommended by Fischer*^^ for commercial operations are of the 
cobalt type. Cobalt-thorium-kieselguhr (18 per cent Th), made by precipitation of 
the nitrates with sodium carbonate, are said to be among the be.st. (Similar masses 
formed by thermally decomposing the nitrates may also be used, but have a much 
shorter active life.) The cobalt-thorium-copper-kieselguhr catalysts (2 per cent of 
copper) are also employed since they can be reduced at very low temperatures. 
With contact materials of these types, yields of UK)-130 grams of liquid hydrocar¬ 
bons are obtained per cubic meter of the special water gas mentioned previously. 
Conversion is about 56 to 72 per cent of the theoretical (180 grams). Fischer 
states that the yield will undoubtably be greatly increased in the future after suffi¬ 
cient experience has been accumulated. He is also of the opinion that iron may 
eventually replace cobalt for large scale operation. Silica gel or asbestos may be 
substituted for kieselguhr in the contact masses, according to Friedwald.^®® Not¬ 
withstanding careful purification of the gas to lower its sulphur content to 0.2 g. 
per 100 cubic meters, poisoning of the catalyst cannot be avoided in runs of long 
duration. Fischer and Meyer^-^® have proposed to compensate for this deactivation 
with nickel catalysts (which completely absorb the sulphur in the gases) by in¬ 
creasing the reaction temperatures slowly, about 25°C. over a period of 4 weeks. 
After this time has elapsed, however, a complete reconditioning of the catalyst is 
necessary. Fischer and Koch*"*® noted that cobalt-thorium combinations in continu¬ 
ous operation for 63 days lost only 10 per cent of their initial activity. Nevertheless, 
Fischer’has stated that the catalysts gradually become deactivated, probably due 
to recrystallization, i.e., the particles are thought to increase in size and there are 
then fewer points of catalytic activity. Furthermore, in all extended operations, 

'^British P. 452,417, 19,36, to Studien- und Verwertunf?s G.m.b.H.; Brit. Chrm. Abs. B, 1936, 
1031; Chem. Abs., 1937, 31, 1186. French P. 784,337, 1935; Chem. Abs., 1936. 30. 272. 

Fischer, Oel, Kohle. Erdoel, Teer, 1935. 11. 782; J. Inst. Pet. Tech., 1935, 21, 453A; 
Chem. Abs., 1936, 30, 3968; Brit. Chem. Abs. B. 1936, 51. 

M. Fricdwald. Rev. p^trolifdre. 1935. 634, 733; Chem. Ab.r.. 1935, 29, 5626; Chem. Zentr., 
1935, 2, 1290: Brit. Chem. Abs. B. 1936. 1076. 

i3» F. Fischer and K. Meyer, Ces. Abhandl. Kenntnis Kohle, 1934, 11, 497; Chem. Zentr., 1934, 
2, 1061; Chem. Abs., 1935, 29, 6747; Brit. Chem. Abs. B, 1935. 390. 

140 p. Fischer and H. Koch, Brennstoff-Chem., 1932, 13, 61; Brit. Chem. Abs. B, 1932, 376; 
Chem. Abs., 1932, 26. 2582. 

F. Fincher, Oel, Kohle, Erdoel, Teer, 1935, 11, 120; J. Inst. Pet. Tech., 1935, 21, 170A. 
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the contact mass becomes saturated with a hard paraffin, which often loads the cata¬ 
lysts down to several times its own weight. Friedwald^^^ asserts that this accumu¬ 
lation of paraffin apparently exerts no depreciatory effect on the activity of the 
mass. This statement, however, is contradictory to that of Fischer and Koch^"*-^ 
who reported that the 10 per cent loss in activity of the cobalt-thorium mass just 
mentioned previously was completely restored by the extraction of the paraffin wax 
which had been deposited thereon. The regeneration process generally employed 
consists in dissolving the paraffin and treating the contact mass with nitric acid to 
dissolve the metals, filtering and reprecipitating. 

The catalytic material is packed into chambers around which, by means of 
jackets, a stream of oil is circulated. According to Friedwald,^^^ temperatures of 
190° to 195°C. are used for the cobalt-mixed type catalysts. The excess heat in the 
circulating oil is employed for generating steam. This utilization, which amounts to 
about 20 per cent of the heat of combustion of the initial feed gas, represents a con¬ 
siderable saving on the amount of fuel consumed. 

In passage through the reactor a contraction of about 75 per cent of the initial 
volume of the gas is evidenced. After cooling the reaction mixture down to room 
temperature, it is introduced into a separator, from which the water and major 
portion of the liquid hydrocarbons are withdrawn. The hydrocarbon portion is 
subjected to distillation into four fractions: gases, liquids, applicable as motor fuels, 
higher-boiling liquids and a solid paraffin wax. Additional wax of a higher melting 
point is recovered from the catalyst. By passing the vapors leaving the .separator 
through a tower filled with activated carbon (or adsorbent charcoal) the lower- 
boiling liquid hydrocarbons are stripped from the exit gases. 

The primary products and the yields (in weight per cent) obtained in commer¬ 
cial operation have been given by Fischer^'*^ as: 

Gasol (boiling below 30°C,). . 

Gasoline (boiling range 30--125°C.). .. 370J, 

” ( ” ^ 125-200°C.).25^0 

62% 

Lamp and Diesel oil (boiling over 200°C.). .24% 

Solid paraffin wax from oil (melting point over 50°C.). 2% 

Solid paraffin wax from catalyst (melting point over 100°C.) 4% 

100 % 

The proportion of liquids boiling in the ga.soline range (30-200°C.), 62 per cent, 
amount to nearly two-thirds of the total. In addition, Diesel oil consitutes almost 
one-quarter of the total. 

Uses of Products of the Carbon Monoxide-Hydrogen .Synthesis 

No doubt the chief motivant instigating the majority of the numerous researches 
on the synthesis of higher hydrocarbons from carbon monoxide and hydrogen was 
the hope of attaining a synthetic motor fuel. In general, however, the gasoline 
obtained has a relatively low octane number, ordinarily about 47, according to 
Fischer.^'*® But as Feldman^^^ has pointed out, the complete absence of sulphur in 
the liquid product, Kogasin, makes the latter an ideal man-made petroleum stock. 

M. Friedwald, loc. cit. 

lu p, Fischer and H. Koch, loc. cit. 

M. Friedwald, loc. cit. 

’«F. Fischer, Oel, Kohlc, Erdoel, Teer, 1935, 11. 782; J. Inst. Pet. Tech., 1935, 21. 453A; 
Chem. Abs., 1936, 30, 3968; Brit. Chem. Ahs. B. 1936, 51. 

F. Fischer, Get, Kohle, Erdoel, Teer. 1935. 11. 120; J. hist. Pet. Tech., 1935, 21, 170A. 

1*^0. Feldman, S. African Mininq Eng. J., 1935, 46 (1 ). 3ol; Chem. Ahs.. 193^ 29. 7055; 
Brit. Chem. Abs. B, 1936, 915. 
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He is of the opinion also that the only natural petroleums approaching the synthetic 
Kogasin in quality are those of the sulphur-free paraffin base type. 

Gasoline. Myddleton and Walker^^® have discussed the characteristics of the 
synthetic gasoline (boiling up to 150°C.) fractionated from Kogasin. These inves¬ 
tigators found that the octane number of this motor fuel increases greatly with the 
olefinic content, as is shown in Fig. 312. Thus, a liquid with 60 per cent of un¬ 
saturates, had an octane rating of 65 (C.F.R. motor method), whereas with one 
containing only 10 per cent, the octane value was only 25. It is therefore apparent 
that the olefinic content should be relatively high for possible utilization of this 
material as gasoline. Koch and Horn^'*® have separated the lower-boiling Kogasin 
portion (below about 150°C., and having an octane number of 58) into 10°C. frac¬ 
tions and determined the antiknock rating and olefinic content of each cut. The 


Fk;. .312. 

Effect of Olefin Content on 
Octane Rating of Synthetic 
Gasoline. (W. W. Myddle¬ 
ton and J. Walker) 


Courtesy Society of Chemical In¬ 
dustry 



% Olefines by volume in fraction boiling up to 150* 


lowest-boiling fraction contained 46 per cent unsaturates and had an octane number 
of 85, but for the highest-boiling portion the values dropped off to 23 per cent and 
41.5 octane, respectively. For comparative purposes, an examination of a cracked 
gasoline (from natural petroleum) of substantially the same characteristics was 
made. The results of these tests showed that although the percentage of unsaturates 
in the different fractions of the latter was roughly constant, the antiknock rating 
also fell off with rising boiling point, but not as rapidly as with the synthetic mix¬ 
ture. According to Friedwald,^^® by blending the synthetic gasoline with benzene 
or with 10 to 20 per cent of alcohol, or by the addition of 0.05 per cent of lead tetra¬ 
ethyl, the octane number can be increased considerably, in the latter case to 80. 

Several proposals utilizing high pressure treatment have also been advanced for 
the manufacture of motor fuels from carbon monoxide and hydrogen. In most in¬ 
stances, the pressures are about 200 atmospheres and temperatures of 450-500°C.. 

W. Myddleton .md T. \V;»lker. JS.CI.. 1936. 55. 121T; Cliem. Jbs.. 19.^6, 30. 5393; 
Prit. Chem. Ahs. B, 193(), .S81 ; J. Inst. Pet. Tech., U>3(>. 22. 35oA. Methods of increasing the 
olefinic content of Kogasin fractions ha\e l)een outlined previously in this chapter. 

If. Koch atul O. Florn, Prcnnstoff-Cliem., 1932, IZ, 164; Brit. Chem. Abs. B, 1932, 584; 
Chem. Abs.. 1932. 26, 3657. 

M. Kriedwald. Iier‘. p^trolifi're, 1935. 634, 733; Chem. Abs.. 1935, 29, 5626; Chem. Zentr., 
1935, 2. 1290; Brit. Chem. Abs. B. 1936. 1076. 
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with catalysts of zinc oxide and chromic oxide.^^^ Higher alcohols, however, are 
the main products of these reactions. By dehydration to olefins (with catalysts 
such as alumina at 300°C.), polymerization and hydrogenation, the latter may be 
converted into motor fuels. The reduction of carbon monoxide to liquid hydro¬ 
carbons under pressures of 20 atmospheres is also said to be effected in the presence 
of anthracene oil.^^^ 

Cracked Gasoline from Kogasin. Fischerhas suggested increasing the 
knock-resistance of the lower boiling Kogasin fraction by reforming^^^ or cracking 
it to aromatic hydrocarbons. He states that high octane fuels are secured by 
cracking the higher boiling portions of Kogasin I (125° to 200°C.) Kogasin II 
(boiling over 2(K)°C.) or even the wax material separated from the oil by cooling.^^'*'^ 

Pichler^'^® investigated the tliermal conversion of the heavy oil (boiling from 
240° to over 320°C., and corresponding to 10-20 per cent of the total oil produced 
in the synthesis) to unsaturated and aromatic hydrocarbons, using tubes 8 to 17 
mm. in internal diameter, electrically heated to 500-700°C. Below 500°C., the 
reaction was quite slow, whereas above 600°C. gaseous olefins predominated. The 
yield of the latter rose rapidly with the temperature, from 20 per cent at 550°C. 
and a reaction time of 0.4 second to 62 per cent at 700°C. and 0.14 second. From 
50 to 75 per cent of the oii was cracked into gaseous and low-boiling unsaturated 
and aromatic hydrocarbons, the remainder consisting of gaseous paraffins, un¬ 
changed oil and aromatic tar. By controlling the reaction time, no appreciable 
deposition to carbon is said to occur. 

A study of the cracking of Kogasin II (boiling al)ovc 200°C.) has also been 
conducted by Peters and VVinzer.*”*^ After removal of most of the solid paraffin, 
the stock had a specific gravity of 0.878; 57.6 per cent distilled between 200 and 
300°C. A series of experiments was made cracking this material under various 
pressures. With temperatures below 560°C. (1040°F.), yields of liquid products 
from 50 to 80 per cent resulted. Aromatics, such as benzene, did not appear in the 
reaction mixture, however, unless the temperatures were in excess of 550°C. It 
was noted that at 530°C. and 80 atmospheres pre>sure, the (juantity of gases pro¬ 
duced could be reduced by about 75 per cent by tripling the rate of feed. Increase 
in pressure af constant temperature improved the yield of liquids, but with the same 
reaction time, more gases resulted. The cracked gasolines were highly unsaturated. 
Hydrogenation reduced their copper-dish gum values from 260 or 270 mg. to 43 
mg. per 100 cc. However, the latter treatment also lowered the octane number 
to 48.5. 

Incorporation of ethylene or cracked gas with the unsaturated gasoline obtained 
in the above tests was also investigated by Peters and Winzer,^”*^ using kieselguhr 
impregnated with phosphoric acid as catalyst. In one test, ethylene was charged 
into an autoclave to a pressure of 55 atmospheres, and heated to 330°C. After a 
few hours the pre.ssure dropped from 270 to 100-150 atmospheres. Examination of 
the resultants indicated that ethylene alkylated the gasoline instead of polymerizing 

For example, .see British P. 448.690, 1936. to I. (». Farbenind. A. (I.; fhi't. Chew. Ah.^. B, 
1936, 778; Chew. Abs.. 1936, 30. 7837; J. hist. Pet. Tech., 1936, 22, 401 A. French P. 790,873, 
1936; Chetn. Abs., 1936. 30, 3206. 

^“British P. 449,274. 1936. to T. G. Farbeniiid. A.G.; /. hist. I*ct, Tech., 1936, 22, 406A, 

F. Fischer, Ocl. Kohir, lirdocl. Tecr, 193.S, 11, 120; J. Inst. Pet. Tech.. 193.^, 21, 170A. 

Reforming involves cracking of low octane gasoline.H or nai)hthaH to increase the octane rating. 
See Chapter 3. 

Likewise, portions of the high-boiling oil may be cracked to form aromatics which can be 
added to the synthetic gasoline, thereby improving its antiknock rating. See British P. 354,215, 
1930, to Ruhrchcmic A.-G.; Brit. Chem. Abs. B, 1931, 1001; Chetn. Abs., 1932. 26, 3904. 

^ H. Pichler, Brennstoff^Chem., 1935, 16, 404; J. Inst. Pet. Tech., 1936, 22, 45A; Brit. Chetn. 
Abs. B, 1936, 51; Chetn. Abs., 1936, 30, 3980. 

K. Peters and K. Winzer, Brennstoff-Chetn., 1936, 17, 301; Brit. Chem, Abs. B, 1936, 966; 
Chem. Abs., 1937, 31, 1992. 

^ K. Peters and K. Winzer. (oc. cit. 
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and tlie motor fuel obtained had an octane rating of 63.5. The investigators state 
that by cracking Kogasin IT in the presence of a phosphoric acid catalyst, the yield 
of gasoline was increased from 21 to 30.6 per cent by volume. 

Diesel Oil. According to Fischer,Kogasin II (boiling above 200°C.) 
makes an ideal Diesel fuel after the dissolved solid paraffins have been separated. 
Because of its high hydrogen content, it is said to give a somewhat higher mileage 
than the fuel from commercial gas oil.^®** Diesel oils of low pour points were 
made by Koch and Ibing'^*^ by cooling Kogasin 11 to temperatures of —10°, 
—20°, and —30°C. to remove the higher melting solid paraffins. The minimum 
yields of fuels with cloud points of the above temperatures obtained from this oil 
are given as 78, 62.5 and 45 per cent respectively. 

Lubricating Oils. Although there are no fractions in Kogasin correspond¬ 
ing to the natural lubricating oils, Fischer^**- has enumerated three ways in which 
they can be synthesized. These are: (1) by condensing the lower boiling fractions, 
rich in olefins, with aluminum chloride. (2) by forming olefins from the saturated 
paraffins (such as by halogenation and subsequent dehalogenation) and catalytic 
condensation and (3) by condensing chlorinated fractions with aromatic hydro¬ 
carbons, according to the Friedel-Crafts reaction. 

With regard to the first method, Fischer and Koch^^^ suggested the use of 
Kogasin I, the low boiling fraction which contains about 35 per cent of unsaturates. 
Preparation of lubricants from Kogasin II, according to the second of Fischer’s 
suggestions, has been discussed by Koch and Ibing.^®^ These investigators point 
out that a uniform raw material is essential, and therefore subjected the oil to re¬ 
peated fractionations at reduced pressure. By this treatment, isopentadecane was 
isolated from Kogasin II, and afterwards was chlorinated, mixed with about 10 to 
15 per cent of the unchlorinated hydrocarbon and treated with 4 per cent of acti¬ 
vated aluminum. The small (juantities of aluminum chloride formed attack the alkyl 
chloride and cause hydrogen chloride to be evolved. The latter reacts with th^ 
metallic aluminum to form iiKjre aluminum chloride and this accelerates the rate of 
reaction. At 150°C., interaction followed three distinct courses. First, the catalyst 
caused cracking, as was evidenced by the presence of about 8 per cent of lower- 
boiling hydrocarbons (nonane and dodecane) in the product. Secondly, elimination 
of hydrogen chloride followed by intermolecular displacement of hydrogen led to 
the formation of the original hydrocarbon. Thirdly, polymerization and condensa¬ 
tion were evidenced by the nature of the substances formed, which contained 1 
double linkage and 1 or 2 naphthene rings. 

The last method, a typical Friedel-Crafts react ion, has been investigated by 
h^ischer and Koch.^^‘' By chlorinating Kogasin II, substituted hydrocarbons con¬ 
taining up to 6 chlorine atoms were obtained. The latter were separated, mixed 
with about 1 to 3 volumes of an aromatic hydrocarbon (xylene, benzene, toluene, 
naphthalene, a-methylnaphthalene and also tetrahydronaphthalene were employed in 

Fischer, Ocl. KohJe. Erdocl, Tccr, 1935, 11. 120; /. Inst. Pet. Tech., 1935, 21, 170A. 

R. Hartncr-Seberich and H. Koch, Brennstoff-CUem., 1932, 13, JOS; Chew. Abs., 1932, 26, 
5733; Brit. Chetn. Abs. B. 1932, 920. 

H. Koch .'ind G. IhinK. Brennstog Chem.. 1935. 16. 185; J. hist. Pet. Tech., 1935, 21, 300A; 
Brit. Chem. Abs. B, 1935, 709; Chem. Ah.^.. l‘)3(.. 30. 1984. 

ina Fischer, loc. eit. 

»'«F. Fischer and H. Koch. Brennstog Chem.. 1933, 14. 463; /. Inst. Pet. Tech., 1934, 20, 102A; 
Brit. Chem. Abs. B, 1934. 133; Chem. Abs.. 1934, 28, 2513. See also British P. 453.973. 1935, to 
Studien- und Verwertungsgcsellschaft m.b.H.; Brit. Chem. Abs. B, 1936, 1139; ./. Inst. Pet. Tech., 
1936, 22, 541A. French P. 792,021, 1935; Chem. Abs.. 1936. 30. 4314. 

Koch and G. Ibing, Brennstog Chem.. 1935, 16, 261; J. Inst. Pet. Tech., 1935, 21, 411A; 
Brit. Chem. Abs. B, 1935, 889; Chem. Abs.. 1936. 30, 1985. 

See Chapter 6. Also ('arleton Ellis, “The Chemistry of Petroleum Derivatives.” The Chemical 
Catalog Co.. Inc., New York, 1934. 

Hw F. Fischer and H. Koch, Brennstog-Chem.. 1933. 14, 463; J. Inst. Pet. Teeh., 1934, 20, 102A; 
Brit. Chem. Abs. B, 1934. 133; Chetn. Abs.. 1934. 28, 2513. 
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these tests), and about 5 per cent of aluminum chloride, based on the weight of the 
chlorinated stock, added. Reaction began in the cold and was accelerated by stir¬ 
ring and warming on a water bath. The product was freed from the reaction 
mixture by washing, and was treated with a small quantity of fuller’s earth, after 
which excess aromatic hydrocarbons and unreacted low boiling materials were re¬ 
moved by distillation. The lubricants are said to contain less than 0.1 per cent of 
chlorine and to have an average molecular weight of about 450. Those resulting 
from the trichloro Kogasin derivatives contained about 2 aromatic rings per molecule 
and had properties similar to those of an asphaltic base lubricating oil (such as 
Texas oil). No advantage was gained by using the more highly chlorinated frac¬ 
tions, as the condensates were too viscous. 

Subsequent work by Koch and Ibing^®^ on the aliphatic halide-aromatic con¬ 
densation show that best results are obtained when the starting material is homo¬ 
geneous, which can be brought about by repeated low pressure fractionation. The 
procedure advocated by these investigators is to mix monochloro-n-tetradecane 
containing about 10 per cent «-tetradecane with an equivalent weight of xylene and 
10 per cent of its weight of aluminum chloride. The resulting lubricating oil (about 
30 per cent yield) was water-white, with a blue fluorescence and had a specific 
gravity of 0.8610. The molecular weight corresponded not to tetradecylxylene, but 
to tridecylxylene, indicating the loss of a CHo group, which apparently had split off 
during the condensation. Similar experiments were repeated by Koch and Ibing 
in a study of the effect of milder conditions on the yield. But even with w-tridecane. 
benzene and only S per cent of aluminum chloride the reaction w^as violent and 
cooling with ice water was necessary. No low-boiling products of cracking w^ere 
present in the reaction mixture, but the lubricating oil fraction (water-white wdth a 
bright bluish fluorescence) corresponded in its properties to dodecylbenzene, so that 
once more indications pointed to a splitting of a methylene group from the paraffin 
chain. Two higher boiling portions corresponding to the general formulas CnHon-s 
and CnH 2 n-i 4 , respectively, were also separated and found to have satisfactory vis¬ 
cosity-temperature coefficients. The latter substances are thought to have arisen 
from the union, of benzene and dichlorinated paraffins which may have been present 
in the starting material. Koch and Ibing conclude that smaller proportions of 
aluminum chloride and temperatures below’ 100°C. give the optimum conversions to 
alkyl benzenes. 

Fischer^®® has compared the properties of a winter grade commercial type motor 
oil with those of one made from Kogasin, as is shown in Table 233. 


Table 233 .—Comparison of Commercial Motor Oil with Kogasin Lubricating OH. 


Winter Grade Com¬ 
mercial Motor Oil 


Sp.gr. at 20^0. 0.882 

Viscosity at 20®C. (°Engler). 32.6 

Viscosity at 50®C. (®Engler). 6.10 

“Cold” Point. °C. -16 

Flow Power* (U-tube method) mm. at -l.S°C. .. 3.5 

Flow Power (U-tube method) mm. at -25®C. ... 0.0 

Flash Point (open crucible), ®C. 220 


Synthetic Kogasin 
Lubricating Oil 
0.838 
32.0 
6.06 
-42 
over 30 
” 30 

205 


•See D. Holde, “Kohlenwasserst<jfTole und Fette,” Julius Springer, Berlin, 1933, 414. 


Fischer places the overall yield of lubricating oil from Kogasin as about 10 per 
cent of that of gasoline. 

H. Koch and G. Ibing, Brennstoff-Chem., 1935, 16, 261; J. Inst. Pet. Tech., 1935, 21, 411 A: 
Brit. Chem. Abs. B. 1935, 889; Ckem. Abs., 1936, 30, i985. 

»«F. Fischer, Oel, Kohle. Erdoel. Teer, 1935. 11, 782; J. Inst. Pet. Tech., 1935, 21, 453A; 
Brit. Chem. Abs. B. 1936, 51; Chem. Abs., 1936, 30, 3968. 
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Other Uses. Fischer and Koch^®® have suggested converting the olefins of 
the **Gasor^ portion into alcohol and utilizing the remaining gases as fuel. An 
alternative procedure is to heat Gasol to 1000°C. with short reaction times to pro¬ 
duce illuminating gas and aromatic hydrocarbons.^^® The latter may be used for 
blending with the lower octane number motor fuel produced in the Kogasin syn¬ 
thesis. Polymerization of the olefinic constituents to form liquids of the “polymer 
gasoline” type^"^^ by treatment with catalysts such as phosphoric acid, zinc chloride 
and boron trifluoride has also been suggested.^^- 

Paraffin wax separated from Kogasin' II is adapted for the manufacture of 
candles, and because of its high purity, can also be employed as an intermediate for 
the production (by oxidation) of carboxylic acids.^^^ The hard paraffin wax (so- 
called “Ceresin”) removed from the catalyst has good dielectric properties and is 
therefore applicable as electrical insulation. According to Graefe,'*^^ a synthetic 
ceresin (melting point 96°C.) is much more difficultly liquefied by the addition of 
solvents than is the natural ceresin, paraffin or montan wax. 

Economics of the Kogasin Process 


The extensive equipment adapted to the requirements of large scale operation in 
the United States demands an installation cost not in keeping with a country still 
possessing vast supplies of natural petroleum. For those countries which seek to 
be self-sustaining in all respects there may be some justification, on nationalistic 
grounds, for the erection of Fischer units. But as yet such a process apparently 
cannot well compete witli natural petroleum, both as to cost of production and with 
respect to the octane value of the gasoline fuel obtained. 

169 F. Fischer and H. Koch, Brennstoff Chcm., 1932, 13, 428; Brit. Chetn. Abs. B, 1933, sSO; 

Chem. Abs.. 1933. 27, 2017. 

British P. 354,215, to Ruhrehemie A. G.; Brit. Chem. Abs. B, 1931, 1001; Chem. Abs., 1932, 
26, 3904. 

See Chapter 26. 

^'-British P. 454.389, 1935, to I. (I. Farhenind. A.-G.; Brit. Chem. Abs. B. 1936, 1190; J. Inst. 
Pet. Tech., 1936, 22. 541 A. French P. 800.956, 1936; Chem. Abs., 1937, 31. 242. 

Feldman, S. African Mi^ma Ena. J.. 1935, 46 (1), 361; Chem. Abs., 1935. 29. 7055; 

Brit. Chem. Abs. B. 1936, 915. M. Fricdwald. Rev. petrolifi>re, 1935. 634, 733; Chem. Abs.. 1935, 29, 
5626; Chem. Zentr., 1935, 2, 1290; Brit. Chetn. Abs. B, 1936, 1076. 

E. H. E. Graefe. Ole. li'achse. .Seife. Kosmetik. 1936 (13), 1; Chem. Abs., 1937, 31, 

241. Petroleum Z.. 1936, 32 (37), 5; Brit. Chem. Abs. B, 1936, 1026. 

According to M. Friedwald (Rev. petrolifere, 1935, 634, 733; Chem. Abs., 1935. 29, 5626; 

Chem. Zentr., 1935, 2, 1190; Brit. Chem. Abs. B, 1936, 1076), the price of the initial investment 
in the Fischer process is less than that of the Bergius methwl, which involves the direct hydrogena¬ 
tion of coal. (The principles underlying the latter type of operation have been discussed by Carleton 
Elli.s, “Hydrogenation of Organic Substances,” D. Van Nostrand Co,, Inc., New York, 1930.) 
The construction cost in France for a Kogasin unit capable of producing 25,000 tons of gasoline 
per .innum is estimated at 40 million francs (Chem. Trade J., 1936, 98, 286; J. Inst. Pet. Tech., 
1936, 22, 265A). 
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Petroleum Hydrocarbons in Anesthesia 

Although anesthesia is most often induced by ether or by various local anes¬ 
thetics, such as the /)-aminoben 2 oates, some gases are being used quite widely for a 
general narcosis. For example, a number of the hydrocarbon gases, including 
ethylene, acetylene and cyclopropane, have also found application in this field.' 
The anesthetic effect of gasoline vapors was described in 1920 by Haggard.^ He 
observed that, although the vapors possessed an anesthetic action somewhat like 
diethyl ether, they also had marked convulsant properties. This was considered to 
appertain to the same stage of anesthesia as is marked by excitement during the 
administration of ether. Haggard also showed that the stage of full anesthesia was 
quite narrow, that is, shortly after unconsciousness ensued, the vapors were toxic. 
The toxicity of gasoline vapors was not, however, in any sense as great as that of 
the carbon monoxide produced by incomplete combustion in a gasoline engine. 

Brown and Henderson^ have observed that the alkanes (methane and propane) 
cause complete anesthesia only in such large concentration (90 to 93 per cent) that 
there are cardiac irregularities and a drop in blood pressure. Pentane possesses 
narcotic properties also, but the anesthetic and toxic doses are very near together. 

Butane is reported to have less anesthetic activity and lethality than pentane. 
Also, branched isomers of each of these hydrocarbons are said to be less active than 
the straight-chain compounds.'* Experiments with rats and with humans have in¬ 
dicated that natural gas in concentrations up to 30 per cent in air has no apparent 
effect on the Body functions.^’ However, concentrations of 60 and 80 per cent in 
oxygen caused the animals to lose muscular control to some extent and to assume a 
.state resembling drunkenness. Recovery was very quick on restoration to air and 
no after effects were noted. 

Ethylknk as ax Anesthktu: 

In 1923, Luckhardt and CarteP^ investigated the physiologic effect of ethylene 
on dogs and also on men. They reported that a deep surgical anesthesia was rapidly 
produced and that analgesia came on very early. There was said to be no appre¬ 
hension of asphyxia and very few symptoms, such as nausea and cyanosis, which 
might cau.se danger or discomfort. By using mixtures of ethylene and oxygen it 
was shown that narcosis results from the former, and that the asphyxial phenomena 

' The action of acetylene, ethylene, propene ami butene on various insects and on plants has l)een 
investigated by P. W. Zimmerman, Contr. Boyce Thompson Inst., 19.15, 7, 147; Chem. Abs., 1935, 
29, 7005. 

2H. W. Haggard. /. Pharmacol. 1920, 16, 401; Chem. Abs., 1921. IS, 1944. Cf. also A. I. 
Brusilovskaya. Arch, intern, pharmacodynamic, 1936, 52, 289; Chem. Ahs., 1936, 30, 6450. 

* W. E, Brown and V, E. Henderson, /. Pharmacol., 1926, 27, 1; Chem. Zentr., 1926, 1, 3082; 
Chem. Abs., 1926, 20. 1869. 

* R, W. Stoughton and P, D, T.amson, J. Pharmacol., 1936, 58, 74; Chem. Abs., 1937, 31, 465; 
Brit. Chem. Abs. A, 1936, 1552. 

«D, R. Drury, Cas. 1936, 12 (9). 32; Cas Afic Record. 1936, 78, 295; Chem. Abs.. 1936. 30, 
7700. 

"A. B. Luckhardt and J. B. (’arter, J. Am. Med. As.wc., 1923, 80, 765; Chem. Abs., 1923, 17, 
2006. 
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produced by the undiluted gas are due to the lack of oxygen. Subsequently a report 
was made of the result of employing ethylene in 106 surgical cases."^ In these, diffi¬ 
culty was encountered in only two cases, in which surgical anesthesia could not be 
induced. Luckhardt and Carter noted the advantages which ethylene had over 
nitrous oxide and diethyl ether. Their results were confirmed by Brown and Hen¬ 
derson® who also noted that toxic doses caused failure of respiration and the vaso¬ 
motor center, and that the cardiac death was due to asphyxia. 

According to Lundy'^ ethylene could be used advantageously in nearly all types 
of surgical risks. He stated that it had less effect on cardiovascular balance than 
other local and general anesthetics which were commonly employed. Among other 
advantages which have been noted for ethylene^® are ease of induction, rapid re¬ 
covery, absence of sweating and of respiratory irritation. As a result of 521 cases 
in which it was used, Brumbaugh^^ found that one of the disadvantages was that 
there was somewhat greater tendency for the oozing of wounds than with other 
anesthetics, although this stopped when the gas-supply was withdrawn. 

Ethylene has been employed successfully in special fields. Thus, it has been used 
with good results in obstetrics,in which it is said to be superior to diethyl ether or 
nitrous oxide.^® On the other hand, Gwathmey reports that the anesthetic value of 
ethylene seems to fall between nitrous oxide and ether.He believed that pre¬ 
medication with Epsom salts and morphine was desirable. 

In dental surgery there has been some application of this unsaturated hydro¬ 
carbon. Moravec^® believed it of value in cases where there is chronic hypertension 
and that it may be used simultaneously with nitrous oxide to promote relaxation. 
On the other hand there was some danger if anoxemia (lack of oxygen in the 
blood) occurred without cyanosis.^® However, Selden^^ observed that there was 
some danger of asphyxia or explosion when using ethylene with other gases such as 
carbon dioxide or oxygen. On the other hand Christiansen*® recommended a mix¬ 
ture containing 10 per cent oxygen and 90 per cent ethylene as a general anesthetic 
in dentistry. In cases in which the time for operative working was more than 5 
minutes, the proportion of oxygen in the mixture could be raised to 20 per cent or 
more. He reports much the same results as were obtained in the cases mentioned 
previously, that is, anesthesia was readily effected and maintained, recovery was 
rapid and there was no excitement either during induction or recovery. Muscular 
relaxation was produced without cyanosis. There was no respiratory irritation, 
excessive perspiration or post-operative disturbance, and nausea occurred only 
rarely. 

One of the dangers which is attendant upon the use of ethylene and mixtures in 
which it is a component is the explosive nature of the hydrocarbon gas when ad- 

’ A. B. Luckhardt and J. B. Carter, /. Am. Med. Assoc., 1923, 80, 1440; Chem. Ahs., 1923, 17, 
2751. 

** W. E. Brown and V. E. Henderson. Arch, intern, pharmacodynamie, 1923. 28. 257; Chem. Ahs., 
1924. 18, 2760. See also V^. E. Henderson, Can. Med. Assoc. J., 1927. 17, 1158; Chem. Ahs., 1928. 

22. 2m6. 

‘•J. S. I.undy, J. Am. Med. Assoc.. 1924. 83. 350; Chem. Ahs., 1924. 18. 3220. 

’"A, B. Luckhardt and D. Lewis. J. Am. Med. Assoc., 1923. 81, 1851; Chem. Ahs., 1924. 18, 
1153. .See also A. B. Luckhardt, ibid., 1924. 83. 2060; Chem. Ahs., 1925. 19. 1162, G. A. John¬ 
stone. Am. Med., 1927. 33. 367; Chem. Ahs.. 1927. 21, 3967. H. Cahot and H. K. Ransom. Ann. 
.'inroerv, 1927. 86, 255; Chem. Ahs., 1927. 21. 3b97. L T. Gwathmev. M. H. Feldmati. Dental 
Cosmos, 1930. 72, llu4; Chem. Ahs., 1931. 25. 2484; Chem. /entr., 1931. 1. 1638. H V. Fairlie. 
Brit. .f. Anesth., 1928. 154; Qnart. J. Dhami., 1928, 1. 476; Chem. Ahs., 1929 , 23. 3974 . 

'* J. H- Brumbaugh. Military .^urpeon, 1928. 63, 32; Chem. .4hs., 1928, 22, 3697. 

'- j. Krciselman and H. F. Kane, Surpery, Cxneeol, Ottstctrics, 1936. 43, 389; Chem. Ahs., 1926, 
20. 3740. 

S. Heany. J. Am. Med. Assoc., 1924. 83, 2061; Chem. Ahs., 1925. 19. 1162. 

“ 1. T. Gwathmey, Arch. Surp., 1925, 10. 568; Chem. Ahs., 1925. 19. 1312. 

’•• E. L. Moravec. J. Am. Dental Assoc., 1927. 14. 671; Chem. Ahs., 1927. 21. 2320. 

"• Cyanosis is a pale-blue discoloration of the skin which is due to the circulation of imperfectly 
o\yRenated hloo<l. It is sometimes called blue jaundice. I 

’UL M. Selden. Dental Cosmos. 1931. 73. 454; Chem. Ahs., 1931. 25. 3127. 

F. Christiansen, Dental Cosmos, 1924, 66, 346; Chem, Ahs., 1924. 18, 1337. 
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mixed with oxygen or air. This danger was* recognized by the users, and appro¬ 
priate precautions were taken. Brown^® has tended to minimize this danger by 
showing that it requires 40 to 45 per cent pure oxygen or 90 per cent air (about 
21 per cent oxygen) in mixture with ethylene to reach explosive proportions. 
Ordinarily but 10 to 25 per cent of oxygen is used in the anesthetic mixture. He 
further observed that it would require about 6 hours of continuous anesthesia for 
ethylene from the spill valve to produce an explosive mixture in a room 15 feet 
square and 12 feet high. Luckhardt^o points out that there is some possibility of 
igniting ethylene-oxygen mixtures by hot cauteries or by static sparks. He ob¬ 
served that there was the same danger in using ether-oxygen or ether-nitrous oxide- 
oxygen mixtures and that the equipment in the operating rootn must be so designed 
as to prevent such an occurrence. 

A method for eliminating the danger of explosions due to static sparks has been 
proposed by Lewis and Boehm.^^ AH the objects in the immediate range of the 
operating table are grounded, as well as the persons about the table and the patient. 
The reducing valve on the tank and the mixing chamber are connected by a wire. 
Both ends of the breathing tube are connected by means of a bare wire running in¬ 
side the tube. A moist cloth establishes contact between the metal of the mask and 
the patient’s face, and a light brass chain runs from his arm to the metal part of the 
table. An insulated wire connects the table with the machine w'hich is grounded 
by means of a heavy moist cloth. The anesthetist and other persons present stand 
on a large moist bath mat which is grounded. In this way there should be no danger 
of the formation of any sparks which could cause an explosion. 

According to Poe^^ elimination of hazard due to sparks is effected by causing 
rebreathing of the ethylene mixture which is added after unconsciousness is first 
brought about using nitrous oxide and oxygen. After five or six breaths are ex¬ 
haled into the rebreathing bag the relative humidity is 100 per cent, and, since 55 to 
65 per cent humidity will dispel static electricity, there is said to be no danger under 
these conditions. 

As has been stated earlier in this chapter, the use of ethylene alone is likely to 
cause asphyxia, and it is consequently the customary practice to employ ethylene 
and oxygen simultaneously. As a result of experiments carried out on rats, rabbits, 
dogs and other animals, Goldman found^^ that anesthesia did not occur until there 
was 12 per cent or less oxygen with the ethylene. He also noted that the content 
of oxygen could be as high as 20 or 30 per cent when acetylene was substituted for 
the olefin. Other mixtures, such as acetylene-nitrous oxide-oxygen and acetylene- 
ethylene-oxygen were tried and were fairly satisfactory agents. Parker and Mc- 
Donald^^ have studied the application of mixtures containing ethylene, nitrous 
oxide and oxygen. When the gases were rebreathed with no filter to remove the 
carbon dioxide which was exhaled, the oxygen concentration remained practically 
constant and the average concentration of ethylene was slightly higher than that of 
the nitrous oxide. On the other hand, when a carbon dioxide filter was present, 
there was a gradual accumulation of oxygen and the average concentration of 
nitrous oxide was the higher. It is interesting to note that Kleindorfer^® has re- 

WW. E. Brown, /. Am, Med. Assoc.. 1924, 82, 1039; Chem. Abs., 1924, 18, 1713. Cf. also J. 
Blomfield, Prjc. Roy. Soc. Med., 1926, 19, Sect. Anesthetics, 39; Chem. Abs., 1927, 21, 961; Ber. 
Ges. Physiol.. 1926, 39, 145; Chem. Zentr., 1927, 2, 455. 

»A. B. Luckhardt, J. Am. Med. Assoc., 1924, 82, 1603; Chem. Abs.. 1924, 18. 2762. See also 
C. H. Davis, ibid., 1607; Chem. Abs.. 1924, 18, 2762. 

»W. B. Lewis and E. F. Bochin, /. Am. Med. Assoc., 1925, 84. 1417; Chem. Abs.. 1925, 19, 
2565. 

**T. G. Poe, /. Am. Med. Assoc., 1935, 105, 66. 

“J. L. Goldman, Dental Cosmos, 1928, 70, 920; Chem. Abs., 1928, 22, 4645. 

“F. P. Parker and R. McDonald, Arch. Surg., 1931, 22, 1034; Chem. Abs., 1931, 25, 5211. 

»G. E. Kleindorfer, 7. Pharmacol.. 1931, 43, 445; Chem. Abs., 1932, 26, 2519; Chem. Zentr., 
1932, 1, 1553. Proc. Soc. Exptl. Biol. Med., 1931, 28, 924; Chem. Zentr., 1932, 2, 3737. 
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ported that 5 to 10 per cent of carbon dioxide has an additive effect on the anesthesia 
produced by subanesthetic concentrations of ethylene. 

In this connection also the technique of rebreathing a gas mixture should be 
mentioned. The essential feature of this method is that the same mixture of gases 
is used throughout the period of anesthesia.^® Carbon dioxide is removed with the 
aid of a canister of soda-lime and oxygen is supplied continuously to replace that 
used by the patient. Changes in composition of the mixture are effected by the 
anesthetist by admitting either oxygen or anesthetic as required. One advantage of 
this method is the economy of anesthetic. This permits the use of a more expensive 
anesthetic without prohibitive cost to the patient. Furthermore there is less con¬ 
tamination of the air breathed by the surgeon and assistants, and less danger of the 
formation of explosive mixtures in the air of the room. For example,, cauteries 
may be performed if sufficient care has been exercised in freeing the anesthetic mask 
from leaks. This is also of advantage in experimental work, Waters,for example, 
having reported that by use of this technique he was able to use trimethylethylene 
as an anesthetic in more or less duplication of Snow's work. 

Ethylene in conjunction with still other compounds has been proposed as an 
anesthetic. Thus, Cheney-® suggested that the olefin be mixed with 0.5 to 5.0 per 
cent of ether vapor. The gases may he liquefied under 1000 pounds pressure or 
more. Ethylene has been used successfully in conjunction with avertin (tribromo- 
ethanol).^® In this instance, however, it was found that the power of the blood to 
combine with carbon dioxide was slightly decreased, and the sugar-content of the 
blood was slightly increased. 

Analysis of Ethylene for Anesthesia 


A gas intended for use in anesthesia cannot be too pure when employed on hu¬ 
man patients. The report of Sherman, Swindler and McEllroy^® of deaths from 
carbon monoxide poisoning after ethylene anesthesia showed the dangers inherent 
in a product of uncertain purity. Many tests for impurities have been investigated 
by The Medical Association Laboratory and those which are considered of impor¬ 
tance are:'^^ the behavior of the gas toward methyl red and absence of carbon di¬ 
oxide (tested with barium hydroxide), acetylene, phosphine, aldehydes and hydro¬ 
gen sulphide (tested with ammoniacal silver nitrate). The proportion of ethylene 
is determined by absorption in bromine water. Oxygen and carbon monoxide may 
be determined by absorption in alkaline pyrogallol and an ammoniacal or hydro¬ 
chloric acid solution of cuprous chloride, respectively. In samples from two manu¬ 
facturers whose products were accepted, the methyl red, ammoniacal silver nitrate 
and barium hydroxide tests were all negative. The results are shown in Table 234 
where Samples 1 and 3 are from one and 2 and 4 from the other producer. 

The methods which have been recommended for the analysis of ethylene by Busi 
and Collina®2 differ from those used by the A.M.A. Laboratory in shaking the re¬ 
agent and gas rather than bubbling the gas through the reagent. In testing for 
carbon dioxide the gas is sampled in a bulb of approximately 500 cc. capacity. To 


** R >[. Waters, California and IVeslcrn Medicine, 1931, 35. I). E. Jackson, /. Lab. Cltn. Med., 

1915, 1. 1; Chem. Abs.. 1910, 10. 484. 

R. M. Waters, Proc. Roy. .W, Med., 19.16, 30, 11. 4 . 

M H. Cheney, U. S. P. 1,712,250. May 7, 1929, to Cheney Chemical Co.; Clicm. Abs 
23. 3307; Brit. Chem. Abs. B. 1929, 699; Chem. J^entr., 1929, 2. 002 

* H. A. Widenhorn, Ann, Surgery, 1931, 94, 892; Chem. Abs., 1932, 26, 1337; Chem. 

Sherman. C. H. Swindler and W. S. McEllroy, J. Am. Med. Assoc., 1926, 86 , 

Report by A.M.A. Chemical Laboratory, /. Am. Med. Assoc., 1927, 88 , 322; Chem. Abs 


, 1929, 

Zentr., 

1765. 

1927. 


and C. Collina, Atti soc.'^Mal. progresso sci., 1931, 19 ( 2 ), 195; Chem. Abs.. 1932, 

26 , 1707 . 
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Table 234. 

,—Composition 

in Per Cent of Ethylene for Anesthesia. 

Sample 

Ethylene 

Residual 

Gases 

Oxygen 

Carbon 

Monoxide 

1 

99.37 

0.63 

0.13 

0.00 

2 

99.42 

0.58 

0.58 

0.00 

3 

99.15 

0.85 

0.18 

0.00 

4 

98.93 

1.07 

0.23 

0.00 


the flask is added 5 cc. of a saturated solution of barium hydroxide. A precipitate 
should form on ag^itation if there is 1 part of carbon dioxide to 5000 of ethylene. 
Similarly, a solution of 1 or 2 drops of methyl red in 5 cc. of distilled water is 
shaken with the sample. There should be no acid reaction. 

Acetylene forms a white precipitate when a sample of ethylene (containing as 
little as 1 part in 20,000) is sliaken with an alkaline solution of potassium mercuric 
iodide. This precipitate blackens in the presence of phosphine, arsine or stibine. 
An ammoniacal solution of silver nitrate will react with carbon monoxide, acetylene, 
phosphine, arsine, formaldehyde and hydrogen sulphide. 

The presence of carbon monoxide may be shown and estimated (juantitatively ])y 
means of a test employing pyrogallic and tannic acids. About 250 cc. of the gas 
(under investigation) is shaken with 2.5 parts diluted guinea-pig blood (1 part 
blood to 20 of water) in a container. The blood is then run into a small test tube 
and 0.04 g. of a mixture of equal parts pyrogallic and tannic acids is added. The 
tube is permitted to stand at least hour after shaking the contents. If the pre¬ 
cipitate is gray-brown, carbon monoxide is present in less than 0.01 per cent; if the 
precipitate is red, the intensity of the color is proportional to the amount of mon¬ 
oxide present. 


Effect of Etiiylk.xk as an Anesthetic 

In connection with the use of an anesthetic, the effect upon the composition and 
characteristics of the blood must receive some attention. One of the most pro¬ 
nounced features of the blood is its slightly alkaline reaction (/>H 7.39), which is 
protected by buffers in the blood plasma. There is present a considerable amount 
of buffers to protect the blood during heavy exercise when quite large quantities of 
lactic acid may be formed. The alkali available in the blood for buffering is spoken 
of as the alkaline reserve. A decrease in this reserve is an acidosis even if the 
blood still maintains its normal pH value. Anesthesia has an effect on the blood 
which depends upon the substance used as an anesthetic. According to Leake-^** 
ether and chloroform cause a lowering of the blood pH while nitrous oxide and 
oxygen bring about an initial alkalemia (blood alkalinity) which gradually tends 
toward an acidemia (blood acidity). The effect of ethylene-oxygen anesthesia de¬ 
pends upon whether or not there is a lack of oxygen in the blood (anoxemia). 
When there is, the result is said to be practically the same as in nitrous oxide- 
oxygen anesthesia. Without anoxemia there is a lowering of the pH which is not 
beyond normal limits after 40 minutes of anesthesia. 

Oberhelman and Dynievvicz'*'* reported that ethylene-oxygen anesthesia caused 
less decrease in the alkaline reserve than that induced by ether, chloroform or ni¬ 
trous oxide, and there was no approach to a dangerously low level in any uncom¬ 
plicated cases. Ethylene-ether apparently had a somewhat greater disturbing action 
than ethylene-oxygen. It was also noted that the effect on blood sugar was slight. 

*»C. D. Lcakf. J. Am. Mrd. Aswe., 1924. 83. 2062; Chem. Ab.t., 1925. 19, 1162. 

•"* H. A. Oberhelman and H. A. Dyniewicz. J. Am. Med. Assoc., 1924, 83, 2012; Chem. Abs., 
1925, 19, 1162. 
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and no changes which exceeded the normal variation were observed in the non¬ 
protein nitrogen content (urea) of the blood. The changes in blood pressure were 
more similar to those brought about by normal sleep than when anesthesia was 
induced by ether, chloroform or nitrous oxide. 

In tests conducted upon diabetics protected by insulin, Lehmann^'^ observed 
there was no post-operative acidosis in cases where there was a high or low blood 
sugar level. In fact, the post-operative plasma carbon dioxide value was said not 
even to approach an acidosis. 

A study of the effects produced by ethylene-oxygen anesthesia in normal sub¬ 
jects has been reported by Brumbaugh.^^ Fifteen subjects were anesthetized for 1 
hour without premedication and without operative or other complicating factors. 
No changes were observed in the hemoglobin, icterus index,coagulation time of 
the blood, character of the blood clot, urine or pulse rate. Slight increases were 
observed in blood sugar and in the systolic blood pressure. No increase in the 
blood urea was noticed immediately after anesthesia, but an increase averaging 
18.7 per cent was noted 24 hours afterwards. There was a slight but temporary 
acidosis. Comparable results are given by Trout'^^ who found, in addition to the 
effects on blood sugar and coagulation time which were observed by other workers, 
that there was only a slight disturbance of the native complement of the blood.**^® 
In working on dogs which had been held under ethylene anesthesia for 20 minutes, 
he observed increase in both blood sugar and native complement and decreases in 
coagulation and bleeding times. The changes, however, were less than when other 
anesthetics were used.**^^ 

Another of the effects of various anesthetic gases which has been studied is the 
change in the osmotic resistance of the erythrocytes (red blood cells) to hypotonic 
fluids.It was observed that chloroform caused a marked lowering of the resist¬ 
ance of the red blood cells of a dog while carbon dioxide had the reverse effect. 
There was an apparent increase after 10 minutes of ether anesthesia although the 
resistance of the red blood cells was much lower than normal after 30 minutes 
anesthesia. Either nitrous oxide or ethylene with oxygen caused a slight reduction 
in osmotic resistance, but even after an hour it was not so low as was found for 
either ether or chloroform. When ethylene was employed without oxygen and 
after 20 minutes the animal brought to asphyxiation, the osmotic resistance of the 
red cells was considerably reduced for 0.4 per cent hypotonic Simmers fluid but 
only slightly below normal for the higher dilutions (0.6 and 0.7 per cent). Experi- 

I. I. Lehmann, Anesthesia and Analqesia, 1931. 10. 142; Chem. Ahs., 1931, 25, 4063, 

•»»;. D. Brumbaugh, /. Am. Med. Assoc,, 192S. 91, 462; Chem. Ahs.. 1928, 22. 4175. 

The icterus index is a measure of the bilirubin content of the Iilood. It is expressed as a 
coefficient of dilution. One cc. of clear plasma is diluted until the color matches a solution of 0.05 
g. potassium dichromatc in 500 cc. of water to which have been .added two drops of dilute sulphuric 
acid. E. Meulengracht. Vqeskrift for Lacqer, 1919, 81, 1785; J. Am. Med. Assoc., 1920, 74, 68; 
Chem. Ahs., 1920, 14, 572; Compt. rend. soc. hiol., 1921, 84, 153; Chem. Zentr., 1921, 2, 584; 
Chem. Ahs., 1922, 16, 1443; Deut. Arch. klin. Med., 1921. 38; Chem. Ahs. 1922, 16, 3916. 

H. H. Trout, Ann. 'Surqery, 1927, 86, 260; Chem. Ahs., 1927, 21, 3967. 

The native complement of the blood is a term u^cil to denote ccrt.iin of the substances of 
uncertain composition which have an enzymatic nature. 

^ H. H. Trout. Anesthesia and Analqesia, 1929, 8, 269; Chem. Ahs., 1930, 24. 428. Cf. also 
E. T. Conybeare, H. B. Denshani, M. Mai/els and M. S. Pembrey, Croc. Physiol. Soc., J. Physiol., 
1927, 64, xix; Chem. Ahs., 1928, 22, 817. I). Strauss and H. H. Rubin, .1. Am. Med. Assoc., 

1927, 88, 310; Chem. Ahs., 1927. 21, 1851. Also the work on water absorption of frogs by H. \V. 
Neild and A. F. Serritella, Am. J. Physiol., 1934, 108, 550; Chem. Ahs., 1934, 28, 6205, 

When aqueous solutions of lower osmotic pressure than the bloorl plasma (hypotonic fluids) 
are permitted to act on the erythrocytes, a part of the latter absorb so much water by diffusion that 
they rupture. This is known as hemolysis. The reverse process, i.e., shriveling of the red bloo<l 
cells, takes place in the presence of a solution of higher osmotic pressure than the blood plasma (a 
hypertonic solution). Solutions which have same osmotic pressure as the blood are said to l>e 
isosmotic or isotonic. C. I). I-eake. C, Backus. H. Burch and K. O’Shea. Proc. Soc. Exptl. Biol. 
Med., 1927. 25, 92. C. I). Leake. H. T,app, J. Tenney and R. ^f. Waters, ibid., 93, 94; Chem. Abs., 

1928. 22. 2616. 
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ments by Niclous and Yovanovitch have shown^'-^ that from 70 to 80 per cent of the 
ethylene which is dissolved in the blood during anesthesia is present in the red 
cells, the remainder being in the plasma. This indicates that ethylene has slightly 
less affinity for the erythrocytes than chloroform and about as much as ethyl 
chloride. The relative distribution was observed both during anesthesia in vivo 
and m vitro. The total amount of ethylene in the blood depends upon its concen¬ 
tration in the inhaled air. It varies, for example, between 8 and 10 cc. per 100 cc. 
of blood as the concentration in the inhaled gas ranges between 65 and 77 per cent. 
When the amount of ethylene is less than 50 per cent of the inhaled gas, there may 
be a decided increase in the carbon dioxide content of the blood. 

Lazarev^® has found that some narcotics are more soluble in water than in blood 
and others have reverse solubilities. From this he concludes that some of the nar¬ 
cotic is present in combination with a portion of the blood and is not truly dis¬ 
solved. The values of the ratio of the bound narcotic to the water-dissolved portion 
are shown in Table 235. 


Table 235. —Ratio of Dissolved to Bound Solute. 


Substance 

Ratio 

Substance 


Ratio 

Nitrogen. 

.... 0.13 

Methane. 

. . 0 

,5 

Nitrous oxide. 

.... 0.2 

Acetylene. 

. . 0 

2 to 0.3 

Ethyl chloride. 

.... 0.8 to 2 

Ethylene. 

. . 0. 

8 to 1.25 

Chloroform. 

.... 3.3 

Benzene. 

. . 0 

,8 

Diethyl ether. 

.... 0.2 

Cyclohexane. 

. . 4 

.4 

Pentane. 

.... 11. 

Hexane. 

. . 22, 


Heptane. 

.... 53.5 





He reported that strong narcotics are probably completely in the bound condition in 
the blood. 

The effect of ethylene on various organs of the body has received some attention. 
Walton^^ has shown, for example, that varying degrees of ethylene or ether anes¬ 
thesia for times up to 1 hour had no effect on the 24-hour urinary output. Rosen¬ 
thal and Bourne^® observed that when nitrous oxide and ethylene were administered 
through a mask there was no resultant disturbance of the liver. On the other hand, 
when given in a closed chamber with poor oxygenation, both immediate and delayed 
hepatic disorders resulted. The consequences were far more severe when chloro¬ 
form was used and somewhat more so when ether was administered. In the former 
case after 30 minutes anesthesia, eight days were required for recovery, while in 
the latter a day was usually sufficient. The bromosulphalein test**® showed disturb¬ 
ances of the liver’s function for some time after pigment metabolism had returned 
to normal. The effect of ethylene anesthesia on the stomach was investigated by 
Johnston and Ivy."*^ They found that gastric secretion was less depressed by ethyl¬ 
ene than by ether. Emptying of the stomach by ethylene was delayed through loss 
of motion or because of closing of the outlet of the stomach by contraction of the 
pylorus. 

" M. Niclous and A. Yovanovitch, Compt. rend soc. biol., 1925, 93, 1653, 1657; Chetn. Ahs., 
1926, 20, 2207; Chem. Zentr., 1926, 1, 2217, Cf. M. Niclous, ibid., 1650; Chetn. Zentr., 1926, 1, 
2217. 

"N. V. Lazarev, /. Physiol. (U.SS.R.), 1936, 20. 939; Chem. Abs., 1936, 30, 7683. 

"R. P. Walton, /. Pharmacol., 1933, 47. 141; Chem. Abs., 1933, 27, 3253. Cf. Proc. Soc. Exptl. 
Biol. Med., i932, 29, 1072; Chem. Zentr., 1933, 2, 1393. 

* S. M. Rosent^l and \V. Bourne, /. Am. Med. Assoc., 1928, 90, 377; Chem. Abs., 1928, 22, 
2006. 

*• The bromosulphalein test depends upon the fact that, whereas this dyestuff is very rapidly 
excreted by the normal liver, it remains in the blood for some time if there is any h^atic injury. 
The dyestuff is determined in the blood colorimetrically. S. M. Rosenthal and E. C. White, J. 
Pharmacol., 1924, 24, 265; Chem. Abs., 1925, 19, 357. j. Am. Med. Assoc., 1925, 84, 112. 

^ R. L. Johnston and A. C. Ivy, Am. J. Physiol., 1926, 78, 104; Chem. Abs., 1926, 20, 3510. 
Cf. alK> G. H. Miller, J. Pharmacol., 1926, 27. 211; Chem. Abs., 1926, 20, 1869; Chem. Zentr.. 
im. I. 3082. 
















PETROLEUM HYDROCARBONS IN ANESTHESIA 


1263 


Propene and Its Homologues as Anesthetics 

One of the earliest reported uses of a hydrocarbon to induce anesthesia is the 
statement that Snow used amylene on 238 patients in the middle of the nineteenth 
century.'*® Since that time very few of the alkenes have been so employed to any 
extent. In 1924, Brown**® stated that propene possessed anesthetic properties and, 
in concentrations as low as 37 per cent, when mixed with either oxygen or air was 
capable of inducing anesthesia. The concentration of hydrocarbon which was neces¬ 
sary to maintain anesthesia was even less and varied from 20 to 31 per cent. It 
was observed, however, that when the proportion of olefin was above 65 per cent it 
was more or less poisonous, toxic symptoms appearing in 2 minutes when mixtures 
containing more than 70 per cent propene were used. 

In the following year, Riggs^® reported the anesthetic actions of the lower mem¬ 
bers of the alkene series. It was noted that ethylene and propene, unlike butene and 
pentene (amylene), caused no nervous symptoms or excitement stage. Light 
anesthesia was induced in white rats of 100 to 150 g. weight in from 15 to 22 
minutes by mixtures containing 90, 40, 20 and 6 per cent, respectively, of the suc¬ 
cessive straight-chain alkenes from ethylene to pentene. As a result, the potencies 
of the gases were given as ethylene, 1, propene, 2.25, butene, 4.5 and pentene, 15. 
It was found that death, when it occurred, resulted from respiratory failure, al¬ 
though it was believed that butene and pentene might have some action on the 
heart.This latter observation was made more frequently with propene which had 
been stored for some time than with freshly prepared, uncompressed gas.®^ some 
cases, where a mixture of 40 to 50 per cent propene, 20 per cent oxygen and 40 to 
30 per cent nitrogen was employed, there was a muscular rigidity which was ac¬ 
companied by contraction of the oculomotor muscles and resulted in a stare. Elec¬ 
trocardiographic studies on men showed that there was a slowing of the pulse rate 
during propene anesthesia which returned to normal shortly after the anesthetic 
was withheld. The lethal dose of propene is said to be about 2/3 more than the 
anesthetic concentration.^^ The respiratory center of dogs and cats is stated to be 
stimulated by a narcotic concentration of propene but paralyzed by a lethal one. In 
cats, dogs and mice, propene seemed to excite some portion of the motor tracts. 
There was said to be some substance in the propene which was similar in reactions 
to it, but more powerful pharmacologically.®^ 

The results which were obtained by electrocardiographic methods on animals 
by Riggs and Gouldcn®® have been obtained in the same manner for man by Kahn 
and Riggs."’® They observed that complete anesthesia occurred on the average 

*** Cf. R. M. Waters and E. R. Schmidt, J. Am. Afcd. Assoc., 19.^4, 103, 975. 

<«W. E. Brown, J. Pharmacol., 1924, 23, 485; Chem. Abs., 1924, 18. 2921; Chem. Zentr., 1924, 
2, 1955. 

L. K, Riggs, /, Am. Pharm. Assoc.^ 1925, 14, 380; Chem. Zentr., 1925, 2, 744; Chem. Ahs., 
1925, 19, 3122. See also W. E. Brown and V. E. Henderson, J. Pharmacol., 1926, 27, 1; Chem. 
Abs., 1926, 20, 1869; Chem. Zevtr., 1926, 1. 3082. 

**1 For a discussion of the intoxicating effect of ethylene and propene, see B. M. Davidson. J. 
Pharmacol., 1925, 26, 27, 33; Chem. Abs., 1925, 19, 3123; Chem. Zentr., 1926, 1, 164. 

ML. K. Riggs and If. D, Coulden, J. Am. Pharm. Assoc., 1927, 16, 635; Chem. Abs., 1927, 
21. 3980; Chem. Zentr., 1927, 2, 1864. 

“J. T. Halsey, C. Reynolds and V\'. A. Prout, J. Pharmacol., 1926, 26, 479; Chem. Zentr., 1926, 
1 . 3083; Chem. Abs., 1926. 20, 1869. 

The boiling range of the propene used by these workers and prepared by them, was given as: 
5 per cent between —50* and —48*C.. 50 per cent between —48® and —45*C., 40 per cent between 
— 45* and —40*C., and not mo>e than 5 per cent below —40*C. (i.e., higher boiling). The boiling 
point of projiene has been given as —47.67^0.1 *r., and of cyclopropane as —32.89±0.05*C. by A. A. 
Ashdown. T.. Harris and R. T. Armstrong, J.A.C.S., 1936, 58, 850; Chem. Abs., 1936, 30, 4823. 

I.. K. Rigg'' and H. 1). (ioulden, loc. cit. 

■'•“M. 11. Kahfj atxl L. K. Riggs, Ann. Intern. Med., 1931, 5, 651; Chem. Abs., 1932, 26, 1666; 
Chem. Zentr., 1932, 1, 1685. 



1264 


CHEMISTRY OF PETROLEUM DERIVATIVES 


after eight inhalations. There was no particular effect on the heart except during 
complete narcosis. The memory of the patient returned very rapidly after removal 
of the anesthetic. 


Acetylene as an Anesthetic 

In 1923 Gauss and Wieland^^ reported that acetylene from which toxic sub¬ 
stances such as phosphine had been removed was an effective anesthetic. The gas 
was said to have a characteristic, not unpleasant odor and a bitter taste. Using an 
especially designed machine for the administration, anesthesia was initiated with a 
mixture containing 60 per cent of acetylene and 40 per cent of oxygen. After 1 
minute the hydrocarbon was increased to 70 per cent and then reduced to 60 per 
cent at the end of another minute. The proportion of acetylene was then diminished 
until the minimum necessary to maintain anesthesia was reached, usually between 
25 and 40 per cent. In 75 per cent of the cases tried, anesthesia was complete after 
2 minutes, the duration varying under different requirements between 3 and 136 
minutes. There was only occasionally a state of excitement before complete narcosis. 
No deleterious effects on the body functions were observed. Although recovery was 
sometimes accompanied by nausea and Vomiting for short periods, consciousness 
returned very shortly after removing the mask. 

Rimarski^® has studied the explosiveness of mixtures of acetylene and air but 
concluded that there is little danger on this score from its use in anesthesia. He 
found that, whereas 3.35 per cent was necessary for any explosion, the proportion in 
most parts of the room was very small and near the patient was only about 1 per 
cent. The precaution of keeping any hot apparatus or any sources of electric 
sparks at a distance from the patient was believed to prevent any possibility of a 
disaster. There appeared to be very little removal of acetylene in breathing, and 
there was only 1.7 per cent of carbon dioxide in the expired air. 

The opposition to acetylene, aside from its inflammability, has been either on the 
grounds of its odor and irritant action”'^^ or upon the difficulty of removing acetone 
vapors from acetylene which has been shipped in a cylinder containing that sub¬ 
stance.®^ This latter difficulty has been overcome by Reiber®' who removed the 
ketone by passing the gas over an adsorbent such as activated carbon. 

According to Heymans and Bouckaert®^ acetylene is less toxic than either chlo¬ 
roform or ether, and it has a different effect on the respiratory center, viz., rather 
than depressing, it stimulates. A mixture of 80 parts acetylene and 20 of oxygen is 
said to bring about complete narcosis and muscular relaxation in 2 to 3 minutes. 
Moreover, acetylene may be used together with nitrous oxide and oxygen, and thus 
the normal oxygen concentration of the arterial blood is maintained, a desirable 
effect which cannot be secured when nitrous oxide and oxygen are used alone. 

C. J. GauHs and H. Wicland. Klin. Wochschr., 1923, 2, 113, 158; Ghent. Zcntr., 1923. 3, 91; 
Chcm. Abs., 1924, 18, 1859. See also H. Wieland. British P. 205,240, 1922. to C. H. Boehrin^er 
Sohn; Chcm. Abs., 1924, 18, 1180. H. Wieland, U. S. P. 1,526.034, Fch. 10, 1925; Chcm. Abs., 
1925, 19. 1757. 

«W. Rimarski, Z. angcw. Chcm.. 1925. 38, 409; Chcm. Abs.. 1925, 19, 3122. Miinch. mcd. 
Wochschr., 1925, 72, 386; Chcm. Zcntr., 1925, 1, 2389. See also Z. angciv. Chcm., 1929, 42, 933; 
Chcm Ze/ttr 1929 2 2922 

“ F. E. Shipway, Lancet, 1925, 1, 1126; Chcm. Zcntr., 1925, 2, 744; Chcm. Abs., 1925, 19, 3121. 
For use of fragrant alcohol such as geraniol with acetylene, see H. Wieland, U. S. P. 1,561,130, 
Nov. 10, 1925; Chcm. Abs., 1926, 20. 95. 

Blomfield, Proc. Roy. Soc. Mcd., 1926, 19, Sect. Anesthesia. 39; Chcm. Abs., 1927, 21, 961; 
Dcr. ges. Physiol., 1926, 39, 145; Chcm. Zcntr., 1927. 2, 455. 

J. Reiber, Austrian P. 114,600, 1929; Chcm. Abs., 1930, 24, 920, 

«C. Heymans and J. J, Bouckaert, Compt. rend. soc. biol., 1925, 93, 1036; Chcm. Abs., 1926, 
20. 1861; Chcm. Zcntr., 1926, 1, 1842. 
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Cyclopropane in Anesthesia 

III studyinj^ the effect of propene on dogs and cats by means of the electro¬ 
cardiograph, Caine and Reynolds^*^ observed certain cardiac irregularities which 
disappeared on reducing the concentration of gas and were thought to be caused by 
some impurity in the gas. These irregularities were not observed in ether, nitrous 
oxide, ethylene or acetylene. Subsequently, Lucas and Henderson^^ investigated 
cyclopropane as the possible cause of the irregularities observed by Caine and Rey¬ 
nolds and found not only that this gas was not responsible, but that it was a good 



Courtesy Industrial and Euyiueeriun Chemistry 


Fig. 313.— Chlorination Unit Employed in Synthesis of Cycloproi)ane. (See Chapter 30) 
(H. B. Hass, E. T. McBce, G. E. Hinds and E. W. Gluesenkamp) 


anesthetic, from 10 to 12 per cent being sufficient to produce surgical anesthesia in 
cats. 

Cyclopropane has a sweetish odor, like ethylene and chloroform, and is not diffi¬ 
cult to breathe.^^’' The principal effect observed when it was used on a dog for IJ /2 
hours was a slight drop in blood pressure. Respiratory volume was good, and 
alkaline reserve and the blood acidity were affected only slightly even on pro- 


A. M. Caine and C. Reynolds. Ptoe. Soc. Exptl. Med., 1926, 23, 4(>1; Chem. Abs., 1927, 21, 
.1958: Her. f/es. Physiol.. 1926, 36, 71.1; Chem. Zentr., 1926. 2. 3100. 

•** G. H. VV. iajcas and V. E. Hendeison, Can. Med. Assoc. J 1929, 21, 173; Chem. Abs., 1929. 
23, 4741. 

’ V. E. Henderson an<l G. H. W. T.ucas, Anesthesia and Analyesia, 1930. 9, 1; Chem. Abs., 
1930. 24, 1467; Chem. Zentr.. l‘)30, 2. 7.S8. 
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longed anesthesia. Cyclohexane was also studied as a possible anesthetic,®® and 
was found to cause few or no symptoms of irritation; from these the animals re¬ 
covered completely. Cyclohexane was 4.8 times as powerful an anesthetic as cyclo¬ 
propane and 3.2 times as potent for fatal concentrations. 

Waters and Schmidt®*^ have reported the results of the use of cyclopropane in a 
large number of cases where anesthesia was desired. Premedication was effected 
by the hyperdermic injection of from 1/8 to 1/4 grain of morphine (0.008 to 0.016 
g.) and from 1/200 to 1/100 grain of scopolamine (0.00032 to 0.00065 g.) about 
\]/2 hours before anesthesia. Anesthesia was carried out using various proportions 
of cyclopropane up to about 43 per cent, which was the average amount necessary to 
caUvSe respiratory arrest. It was observed that the oxygen content of the gas must 
be kept well above 20 per cent. A comparison of the fatalities in regard to time 
and cause is given in Table 236. 


Table 236 .—Comparison of Fatalities Resulting After Anesthesia. 



Extra-Abdominal Cases 

Abdominal Cases 


Ether 

Cyclopro¬ 

pane 

Ethylene 

Ether 

Cyclopro¬ 

pane 

Numl>er of cases. 

600 

600 

600 

400 

400 

Total deaths. 

23 

13 

22 

27 

27 

Per cent mortality. 

3.83 

2.16 

3.66 

6.75 

6.75 

Time of death 

Day of operation. 

1 

1 

1 

2 

1 

1 -3 days after operation. . 

4 

4 

1 

5 

3 

4-7 days after ” 

1 

2 

5 

8 

6 

Second week. 

2 

2 

4 

6 

6 

Later. 

15 

4 

11 

6 

11 

Cause of death 

Pneumonia. 

5 

0 

4 

6 

4 

Other respiratory diseases . 

0 

0 

1 

2 

0 

Hemorrhage. 

0 

1 

0 

1 

2 

Other circulatory diseases.. 

3 

5 

2 

4 

4 

Toxemia. 

9 

1 

9 

7 

10 

Carcinoma. 

3 

4 

4 

5 

4 

Shock.. 

0 

0 

0 

1 

1 

Others.v. 

3 

2 

2 

1 

2 


The results show that there was less tendency toward respiratory troubles when 
cyclopropane was employed as an anesthetic than when either ethylene or ether was 
used, but there was a somewhat greater tendency toward circulatory complications. 
The non-fatal cases are compared graphically as to complications in Figs. 314 and 
314A. Cyclopropane does cause some nausea but less emesis (vomiting) than the 
other anesthetics studied. Pathological changes were found in the heart after 
necrotomy in some instances, but they could not be conclusively ascribed to the 
cyclopropane. 

Because of the non-irritant properties of this same gas, there was no tendency to 

••V. E. Henderson and J. E. A. Johnston, 7. Pharmacol., 19.11, 43, 89; Chcm. Abs., 1932, 26, 

1668; Brit. Chem. Abs. A, 1931, 1328; Chem. Zentr., 1932, 1, 3199. 

•* R. M. Waters and E. R. Schmidt, 7. Amer. Med. Assoc., 1934, 103, 975. Sec also F. T. Rom- 
berger. Anesthesia and Analgesia, 1935, 14, 65, 136; Chem. Abs., 1935, 29, 5518. H. R. Griffith, 
ibid., 253; Chem. Abs., 1936, 30, 766. L. F. Sisc, P. D. Woodbridgc and U. H. Eversole, Nc'tv 
Eng. 7. Med., 1935, 213, 303; Chem. Abs., 1935, 29, 7491. G. F. Bradford, Anesthesia and 

Analgesia, 1936, 15, 256, S. Rowbotham, Proc. Roy. Soc. Med., 1936, 29, 257. S. Rowbotham, 

A. Chester, R. Jarmans, G. R. Phillips and T. B. Vaile, Lancet, 1935, 2, 1110. G. S. Mcchling. 
7. Oklahoma State Med. Assoc., 1935, 28. 436; Chem. Abs., 1936, 30, 1125, J. B. Bogan. Anesthesia 
and Analgesia, 1936, 15, 275. G. S. Mechling and J. A. Mofhtt, 7. Oklahoma State Med. As.wc., 
1936, 29, 204; Chem. Abs., 1936, 30, 8396. S. A. .Stiles, W. B. Nott, E. A. Rovcnstinc and R. M. 
Waters, Anesthesia and Analgesia, 1934, 13, 56. J. A. Mofhtt and G. S. Mechling, ibid., 1936, 
15, 225. Preliminary Report of Council on Pharmacy and Chemistry. 7. Am. Med. As.toc., 1936, 
106, 292. E. A. Rovcnstinc and T. B. Taylor, Am. 7. Med. Sci., 1936, 191, 807. F. S. Orcutt 
and R. M. Waters, Anesthesia and Analgesia, 1933, 12, 45. R. M. Waters, Brit. Med. 7., 1936 
(2). 1013; Chem. Abs., 1937, 31, 1095. 
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laryngospasni, the normal protection from extreme dosage of a gas, and some 
trouble was experienced in passing gradually between the different degrees of 
narcosis. The most valuable sign which can be used to indicate the approach of the 
limit of tolerance is a change in the character of the pulse, such as arrhythmia or an 
acceleration or deceleration in rate. In fact. Waters®® has stated that the appear¬ 
ance of extreme irregularities of the heart should be met by a marked reduction in 
the concentration of cyclopropane in the gas mixture. Seevers, DeFazio and 
Fvans®® investigated the rate at which cyclopropane and ethylene are absorbed and 



N QCQ M PLICAT $Y S ILM 

ETHER 


RESPIRATORY 
CIRCULATORY 
GENITO-URINARY 
GASTROINTeST 
cent NERVSYST 
WAUSEAi; EMESIS 


9i.4t iQor. 
94.7 9C3 944 
04.3 
941 
95.7 
5P.7 


9i7 

94.3 

966 

59.1 


94. a 
94.3 
957 
lao 




Courtesy Journal of American Medical Association 

Fir,. 314.—Post-operative Complications Following Anesthesia with Ether. Cyclopro])anc 
and Ethylene in Extra-abdominal Surgery, (R. M. Waters and E. R. Schmidt) 

(Iraph represents percentage incidence of each complication followmR 600 cases for each anesthetic. 
T.ahlc lists percentage showing no complications. 


expelled by the body."® They found that the former was more rapid in its activity. 
The carbon dioxide tension of the tissues was also higher during cyclopropane 
anesthesia. 

In anesthetizing a dog the action of cyclopropane is said to ho between ether 
and ethylene in regard to induction, maintenance and recovery from anesthesia. 
No immediate untoward effects were observed even after narcosis had been pro¬ 
longed for a considerable time.'^' Without premedication about 25 per cent cyclo- 


«R. M. Waters. Brit. Med. J.. 1936, 2. 1013. 

M. H. Seevers, S. F. DeFazio and S. M. Evans, /. Pharmacol., 193.‘i, 53, 90; Chem. Abs., 
1935, 29, 2238; Brit. Chem. Abs. A, 1935, 525. 

The solubility of cyclopropane in blood and in water and the iletermination of this hydrocarbon 
in these media and in air arc discussed by B. H. Robbins, /. Pharmacol., 1936, 58, 243; Chem. Abs., 
1937, 31. 974. 

M. H. Seevers. W. J. Meek, E. A. Rovenstine and J. A. Stiles, J. Pharntacol., 1934, 51, 1; 
Brit. Chem. Abs. A, 1934, 803; Chem. Abs., 1934, 28. 5136; Chem. Zentr., 1934, 2, 2859. Sec also 
T.. F. Shackell and R. E. Blumenthal, Anesthesia and Analgesia, 1934, 13, 133; Chem. Abs,, 1935. 
29. 1500; Chem. /.entr., 1934, 2, 2246. 
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propane was sufficient for anesthesia. This hydrocarbon was found to affect the 
heart during artificial respiration when administered in considerable amount. 

Because of tlie quiet breathing of the patient during cyclopropane anesthesia, it 
has been found a useful agent in thoracic surgery,and it has been employed in 
obstetrics."^Its explosiveness, however, necessitates the use of a special technique. 
The results obtained in 2200 cases in which cyclopropane was used have been com¬ 
pared by Schmidt and Waters'^"* with a like number in which other agents were 
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Courtesy Journal of American Medical Association 

Fig. 314A.— Post-operative Complications Followinj? Anesthesia with Ether and Cyclo¬ 
propane in Abdominal Surgery. (R. M. Waters and E. R. Schmidt) 

(Iraph shows i>crcentage incidence of each complication following 400 ca^es for each anesthetic. 
Table gives i)ercentage resulting in no con)i)lication‘s. 


employed. In these data deaths which resulted from all causes are included as 
shown in Table 237. 

A certain amount of study has been made upon the influence of cyclopropane on 
the functions of the body. Taylor and Waters"^^ found that there is a leucocytosis 
which occurs after anesthesia whether induced by ether, nitrous oxide, ethylene or 
cyclopropane. This reaches a maximum about 4 to 8 hours after operation and 

E, A. Rovenstine, Anesthesia and Analgesia, 1935, 14, 257, 270; Chem. Abs., 1936, 30, 766. 
.'"W. Bourie, Lancet, 1934, 2, 20. R. T. Knight, Anesthesia and Analgesia, 1936, 15, 63. H. R. 
Griffith, Can. Med. J., 1934, 31, 157. 

E. R. Schmidt and R. M. Waters, Anesthesia and Analgesia, 1935, 14, 1 ; Chem. Abs.. 1935, 

29, 3401. 

^ I. B. Taylor and R. M. Waters, Anesthesia and Analgesia. 1935, 14, 276; Chem. Abs., 1936, 

30, 766. 
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Table 237. — Post-operative Deaths in 4400 Clinical Inhalation Anesthesias. 



Cyclopropane 

Other Agents 

Cases. 

. 2200 

2200 

Total deaths. 

. 94 

87 

Mortality per cent. 

. 4.19%- 

3.99% 

Time of Death: 

Day of operation. 

. 0 

2 

1st day P.O. 

. 6 

6 

2nd-3rd day P.O. 

. 20 

12 

4th--7th day P.O. 

. 11 

22 

2nd week. 

. . . 18 

14 

Later. 

. 39 

31 

Cause of Death: 

Pneumonia. 

. 5 

14 

Other respiratory. 

. 3 

6 

Hemorrhage. 

. 7 

2 

Other circulatory. 

... 14 

9 

Toxemia. 

. 32 

22 

Carcinoma. 

. 17 

15 

Shock. 

. 3 

2 

Anesthesis. 

. 1 

2 

Others. 

. 12 

15 


• Includes late deaths, malignancy, etc. 

continues for 2 or 3 days. Robbin.s"^ has observed that anesthetics such as ethylene 
and cyclopropane cause a cessation of salivary flow by depressing the secretory 
center. 

Peoples and Phatak^^ have investigated the effect of cyclopropane on rabbit’s 
intestine suspended in Locke’s solution.*^^ A mixture of the hydrocarbon and oxy¬ 
gen such as would be used in anesthesia (10 to 25 per cent cyclopropane) is bub¬ 
bled through the solution. In the cases observed there was an increase in the tone 
of the niu.scles of the intestine and decrease in the amplitude of contraction. The 
stimulation was proportional to the concentration and reached a maximum for 25 
per cent cyclopropane. From the.se re.sults, Peoples and Phatak believed that there 
should be less tendency toward^ post-operative intestinal stasis and the resulting 
distension when cyclopropane is used as an anesthetic. In this connection Waters^*^ 
states that work of Meek on dogs has shown that deep cyclopropane anesthesia 
either averts or inhibits both contraction and propulsion phenomena of the intestine. 
Prompt return to normal, or greater than normal (6 out of 14 cases) cxcurred 
after removal of the wash. 

The effect of cyclopropane on the heart and circulatory system has been intimated 
previously. Waters^^ has found that intravenous injection of epinephrine in a dog 
under light chloroform anesthesia will frequently precipitate ventricular fibrilla¬ 
tions®^ but does not do so under light cyclopropane anesthesia. 

B. H. Robbins, J. Pharmacol., 1935. 54, 426; Chem. Zeutr., 1936, 1, 2972; Clicm. Ahs., I9.?h. 

30. 1142. 

S. A. Peoples and N. M. Ph.Tlak. Proc. Soc. Exptl. Biol. Med., 1935. 33, 287; Chem. .16.?.. 
1936, 30, 6813; Chem. Zentr.. 1936, 1, 2586. 

This is a solution containing 0.9 per cent sodium chloride. 0.024 per cent calcium chloride. 
0.042 per cent pota.Hsium chloride, from 0.01 to 0.03 per cent sodium bicarbonate and 0.1 per cent 
dextrose. The latter is not essential. This solution is maintained in an atmosphere of oxygen, and 
it is said to be possible to keep mammalian hearts working in this solution for some time. 

M. Waters. Brit. Med. J., 1936. 2, 1013. 

R. M. Waters, loe. eit. 

Ventricular fibrillations are the indepemlent. as opposed to co-ordinated, contractions of the 
muscle fibres of the ventricles. The result is usually fatal, and is said not to have been observed 
elcctrocardiographically in man for this reason. 





















Chapter 54 

Thermodynamics and Its Application to Petroleum 

Technology 

The application of thermodynamic principles to the field of petroleum technology 
has been made possible through the innumerable investigations of a vast number of 
contributors. Although LeChatelier^ had pointed out the importance of a knowledge 
of chemical Equilibria in industrial chemistry as early as 1888, for over a period of 
approximately 35 years relatively little work was conducted along the lines of re¬ 
search in this field. Perhaps the former widespread prejudice against any practical 
use of chemical thermodynamics was not without foundation, as Lewis and Randall- 
have stated in their critical review of this science. The correlation of the exact 
laws of thermodynamics with poorly founded or even erroneous assumptions can¬ 
not be expected to give representative predictions. In addition, there was a further 
disadvantage, especially in the organic field, in the almost total lack of adequate 
accurate thermal data. Determinations along these lines since about 1925 have, 
however, furnished a basis for the introduction of this science into the widespread 
field of the petroleum industry. 

The value of numerous thermodynamic concepts, such as enthalpy, entropy, 
fugacity and free energy, is rapidly becoming recognized not only in scientific inves¬ 
tigations but also in commercial enterprises. For these reasons a general discussion 
of such topics, especially in regard to their practical application, has been incor¬ 
porated in this chapter. However,.it should be stressed that in many instances the 
values given are by no means absolute or final. Subsequent revision of these quan¬ 
tities may be expected as a direct result of refinements in experimental technique, 
elimination of observational errors and recalculations in view of later and more 
exact fundamental data. Yet variations of this type have not been uncommon in 
the other fields of chemistry of longer standing, and so these changes may be ex¬ 
pected to occur in an analogous manner. The free energy values are typical 
examples of data falling into this class. However, the reasons for these deviations 
will be considered and explained in the following pages. 

Chemical Thermodynamics 

The work of Lewis and RandalF contributed largely to the establishment of 
thermodynamics in general chemistry. However, their study was devoted almost 
exclusively to inorganic chemistry as the prerequisite organic data were almost 
entirely lacking at that time (1923). The systematic researches of Parks and his 
collaborators, together with the observations of numerous other investigators, 
greatly enhanced the literature pertaining to the field of organic compounds. In 
1932, the latter efforts were culminated, critically evaluated and embodied into a 

»H. LeChatelicr, Ann. mines, 1888. (8) 13, 157, 

* G. N. Ivewis and M. Randall, “Thermodynamics,” McGraw-Hill Book Co., Inc., New York 
and London, 1923. 

* G. N. Lewis and M. Randall, he. cit. 
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concise volume by Parks and Huffman.^ Over 300 free energy values representing 
hydrocarbons, alcohols, phenols, acids, halides and organic compounds of oxygen, 
sulphur and nitrogen were included in this text. These results, according to Parks,^ 
although merely preliminary and semi-quantitative, serve as an initial foundation 
for '‘thermodynamic organic chemistry.” “Moreover, at the present time,” Parks 
continues, “new free energies and more accurate ones are being added to the litera¬ 
ture at an accelerated pace.” 

Before discussing free energy and the application of this quantity to industrial 
problems, it is necessary to review a few of the relations and definitions involved.** 

Thk Concept of Free Energy 

Although free energy may be expressed quite simply in a mathematical sense 
(as will be shown shortly), this concept does not lend itself to a timrough verbal 
description. A rigorous derivation, such as that of Gibbs^ and others, derived from 
a scientific and mathematical basis, is tedious and involved. However, Francis and 
Kleinschmidt* have employed a simple analogy which may help to explain the mean¬ 
ing of free energy. 

These authorities consider as an example the flow of water in a system composed 
of two reservoirs, A and B, joined by a pipe. By measuring the height of the water 
levels in both A and B from some arbitrary datum plane (or in other words, the 
“head” or “gravitational potential”), the respective tendency of the water to flow 
from one to the other can be ascertained. In addition, it will be noted that the 
difference between the heights of the water levels in the two reservoirs is a measure 
of the work that could be done, theoretically, in allowing a given mass of water to 
flow through a turbine or other device in going from the higher reservoir to the 
lower. From this example, Francis and Kleinschmidt define “gravitational poten¬ 
tial” either as the tendency of the material (that is, the water) to change its posi¬ 
tion, or as the available work that could be performed by allowing a unit quantity 
of material to change its position. Gibbs and others have shown that there exists 
a property of matter which bears essentially the same relation to chemical change 
that the “head” or “gravitational potential” has to the flow of water. In the no¬ 
menclature of Gibbs, this property is known as the “thermodynamic potential,” in a 
sense analogous to that used above for the gravitational potential. Lewis^ prefers 
to refer to this quantity as “free energy.” “Available energy” is another synonym 
that has been suggested. However, of the three terms, Lewis’ “free energy” is the 
one that has become most generally accepted. 

Thus, from the above discussion, it will be seen that the change in free energy 
may be regarded as the driving force of a reaction, or the high-grade energy that 
would be made available during the transformation. Briefly then, if a large quan¬ 
tity of high-grade energy is liberated during a change, the reaction is thermody¬ 
namically possible and spontaneous. If, however, the transformation involves the 
passage from a state of lower to higher free energy levels, the latter can only be 

^ G. S, Park*4 .ind H. M. Htjfftuan. “The Free Energies of Some Organic Compounds,” The 
Chemical Catalog Co., Inc.. New York. 1932. 

f'G. S. Parks, Chem. Rev., 19.16. 18. .125; Chem. /Ihj.. 19.16. 30, 511.1. 

* A thorough discourse on thermodynamics cannot be include<l in this text. Reference shouUl 
be made to G. N. I.ewis and M. Randall. “Thermodynamics.” McGraw-Hill Book Co.. Inc., New 
York and London, 1923. H. S. Taylor. “Treatise on Physical Chemistry.” I). Van Nostrand Co.. 
Inc., New York (Second Edition), 1930, Chanter 2. Also J. H. Perry, “Chemical Engineers’ 
iiandbook,” McGraw-Hill Book Co.. Inc.. New York and London, 1934, Chapter 5. 

"• In this connection, see \\\ R. Longley and R. G. Van Name, “The Collected Works of J. Wil 
lard Gibbs.” Longmans, Green and Co.. New York, 1928. 1, 87. 

"A. W. Francis and R. V. Klein.schmidt. Oil and Cas J., 1929, 28 (29), 118; Chem. Ahs., 19.10, 
24. 2.169. 

• G. N. Lewis and M. Randall, loe. n't. 
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accomplished by the addition of energy, as, for instance, mechanically (by com¬ 
pression), electrically (by electrolysis or ionization) or thermally, just as in the 
case of the water analogy, where in order to increase the gravitational potential it 
is necessary to use a pump. 

However, for the actual occurrence of a reaction to an appreciable extent, the 
fulfillment of the free energy requirements is a necessary but not a sufficient condi¬ 
tion. Rates of reaction must also be considered in answering this question. 
Francis and Kleinsclimidt^® carry their water analogy one step further, and com¬ 
pare the pipe line joining the reservoirs to a catalyst for a chemical reaction. 
When the main connecting the two bodies is large, the rate at which the water flows 
from the higher to the lower level is quite rapid, and conversely, when the pipe is 
small, the rate will be slower. Thus, the pipes with their different rates of flow 
may be regarded as catalysts, since the latter have the property of affecting the 
speed of chemical transformations. It should be borne in mind, however, that no 
pipe exists which can cause the water to flow from a lower to a higher level with¬ 
out the application of external work. The same principle is true of catalysts, 
namely: A reaction that is thermodynamically unfeasible (i.e., one in which the free 
energy change is from a lower to a higher level) cannot be forced to proceed by 
means of catalysts. In this respect, Francis and Kleinschmidt point out the dual 
role played by temperature. The addition of energy, in the form of heat, directly 
affects the free energy (as will be shown later in this chapter), so that reaction 
which might be impossible thermodynamically at one temperature may become pos¬ 
sible at another. Furthermore, high temperatures tend to break down chemical 
inertness or resistance to change, and allow changes to proceed at greater speeds. 

Thermodyn.\mic Nomencl.\ture 

Since free energy calculations are used primarily in scientific rather than techni¬ 
cal operations, it is customary to employ the metric rather than the British system 
of units. The thermodynamic variables in most general application, together with 
their symbols and units, are listed below: 



Symbol 

Units 

V^olume. 

. V 

Liters 

Temperature (absylute) 

. T 

°K. (°K. = °C. + 273.1) 

Pressure. 

. P 

Atmospheres 

Heat (general). 

. . . . q 

Cal. 

Heat capacity . . . 

C 

Cal./°K./g. (or mole) 

Heat content. 

. H 

Cal. 

Internal energy. 

. U 

Cal. 

Entropy. 

. S 

Cal./"K. 

Free energy. 

. F 

Cal. 

Work content . . . . 

. A 

Cal. 

Of the variables given above, temperature, pressure and heat capacity are termed 

intensive properties," that is. 

they are independent of the quantity of material.'' 


The others included are “extensive"' and are proportional to the mass of the sub¬ 
stance involved. However, it is convenient to compare these functions on a molar 
basis, fcf instance, volume per mole and entropy per mole, so that in this case molal 
entropy^^ qj. molal volume are intensive quantities, that is, are independent of the 
amount of material taken. 

A. W, Francis and R. V. Kleinschmidt, loc. cit. 

Consult (i. N. Lewis and M. Randall (loc. cit.) for a discussion of intensive and extensive 
properties. 

Molal entropy is generally measured in terms of “entropy units” (abbreviated as F..tM and 
has the dimension'* of calories per degree absolute per mole. 
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As to the general meaning of the above-mentioned terms, volume, temperature 
and pressure are in common use and require no further explanation. The symbol q 
is used to designate any quantity of heat, in general. H represents the heat content 
of a system, while U is the internal energy, or the actual energy content of the 
material under consideration. These quantities are related thermodynamically by 
the equation 

H = U^-PV 

Similarly, F, the free energy or chemical potential and A, the work content, can be 
expressed as 

F A + PV 

(The significance of these terms will be seen more clearly in the discussion given 
in the following section.) The entropy, S, is a quantity, which like free energy 
does not permit a rigorous verbal description, but it will suffice to say it is a measure 
of the waste thermal energy in a system. For a reversible process, an infinitesimal 
increase in entropy is related to the general heat term, q, by the differential equa¬ 
tion : 



where dq represents an infinitesimal amount of heat absorbed. A finite change in 
entropy, designated by A^, is given by 



The heat capacity, C, is a very useful function and is governed by the differential 
equation 


where dq and dT represent infinitesimal increments in the heat quantity and abso¬ 
lute temperature, respectively. The heat capacity is generally designated as Cp for 
a system maintained at constant pressure or Cr for one maintained at constant 
volume. Mathematically, the latter quantities are: 

^-[“1 

‘■•-[rrl 

which, stated in words, are: The heat capacity at constant pressure is equal to the 
rate of change of the heat function with respect to temperature at constant pressure, 
and the heat capacity at constant volume is equal to the rate of change of internal 
energy with respect to temperature at constant volume. The heat capacity is also 
related to the change in entropy 

^ £ 

dT " T 


dS = C </ln r 


These relations are only a few of the many possible thermodynamic equations. 
There are several that require a more detailed consideration, and, therefore, the 
more important of these will now be discussed. 
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Relationship between Change in Heat Content and Change in Free Energy 

The change in heat content (AH) and the change in free energy (AF) are in 
almost constant use in thermodynamic calculations. Although in a few instances 
these two quantities may be very nearly equal numerically, this is by no means the 
general case. The differentiation between these two quantities has been discussed 
by Parks and Huffman^^ and will be shown below. 

Consider a simple system (such as a group of reacting molecules) which may 
be represented in its initial state by the subscript A, undergoing a transposition to 
some reproducible state B. Furthermore, suppose that this transformation occurs 
at constant temperature and pressure and in such a manner that no work is in¬ 
volved except that which is necessary to maintain the conditions of constant pressure. 
The increase in a thermodynamic variable (such as heat content, free energy, 
volume and so forth, represented by the general symbol X) will be given by:^'* 

AX Xb- Xa or - AX = - Xb 

In the case of the heat content, H (or heat function, as it is sometimes called), 
AH = Hb — H\ and is the heat absorbed by the system under these conditions. 
Likewise, —A// will represent heat evolved. From the first law of thermodynamics. 
AH is related to the increase in internal energy,'^ AU, and the change in the 
pressure-volume product, A(PV), by the relation: 

AH = AF-f-A(Pr) 

Since this reaction was assumed to take place at constant pressure, 

All = At/+ PAT 

If the change in volume is positive (i.e., Vft is greater than Ft), the PaV term 
represents the work done by the system on the surroundings. On the other hand, 
if the transformation is accompanied by a decrease in volume, the above term is a 
measure of the work done upon the system by the surroundings. In either case 
the work involyed is not considered available for useful purposes. 

Although the change in the intrinsic energy, aU, is of a more fundamental 
nature than the change in heat content, the latter quantity is of more practical 
importance to the chemist since most processes take place at constant pressure. 
Thus, if heat is evolved in the above transformation, there will be a decrease in the 
heat content, and the heat evolved (— AH) is the heat of reaction, as determined 
in a constant-pressure calorimeter. In other words, — All is symbolic of the 
useful energy (measured as heat) available in a reaction carried out at constant 
pressure and temperature. 

The maximum work (—aA) obtainable from the system is another thermo¬ 
dynamic variable. Under the as.sumed condition of constant pressure, however, 
— AA does not represent the actual work available for useful purposes, since as 
mentioned previously, a certain amount of work, PaV, is usually necessary to 
maintain the conditions of constant pressure. Subtracting the latter from the value 
of the maximum work, the decrease in free energy is obtained: 

-AF = -AA - PAV 
G. S, Parks and H. M, HufTnian. he. cit. 

Usinf? the calculus not:.tion. a finite change in a thermodvnamic variable, such as X, is usu¬ 
ally designated as /^X (the difference between the values of that quantity in the final and initial 
states). Similarly. dX represents an infinitesimal increment. It should he noted that these changes 
may be either pO‘iitive or negative. 

^*This quantity is also known as the energy content, or intrinsic energy. G. N. Lewis and 
M. Randall Hoc. cit.) use the symbol to represent this variable. 
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It will be seen, therefore, that — A/" represents the maximum amount of useful 
work that can be obtained from a reaction occurring at constant temperature and 
pressure.^® 

The free energy is related to tlie heat content and entropy^ by the fundamental 
thermodynamic equation: 


F = II - TS 

or for an isothermal process conducted at constant pressure, 

AF = MI - TAS 

where T is the absolute temperature, 5* is the entropy, and AS is the increase in 
entropy in the system and is the difference between the entropy value for the 
product and that associated with the reactants. (aS is a measure of the degree of 
irreversibility of a reaction or degradation of the system as a whole.) Parks and 
Huffman suggest transposing the latter equation to give: 

-AH = -AF- TAS 

Here the term — /aH represents the total decrease in useful energy during the 
process, — aF is the decrease in useful energy convertible to work and — TAS 
is the decrease in unavailable energy (heat that cannot be converted into useful 
work^® at constant temperature and pressure). 

The Significance of aF 

The importance of the change in free energy in determining the direction of a 
chemical reaction has been stressed by Parks and Huffman. Thus, in the previous 
case, assuming a reaction to take place at constant temperature and pressure, if AF 
has a large negative value, the transformation may occur spontaneously. If aF 
is positive (indicating a positive increment in the variation of free energy), reac¬ 
tion will proceed to an appreciable extent only through the application of external 
work or energy. On the other hand, when AF = 0, a state of equilibrium exists, 
and no further change is to be expected. 

In the case of the formation of one mole of water from its elements at 25°C. and 
one atmosphere pressure, the change in free energy is given by the reaction: 

H 2 («i) + i02(g) = AF 2 gs = —56,560 cal. 

In actuality, after this reaction is once initiated, it proceeds quite vigorously to 
completion. The reverse of the above equation, i.e., the decomposition of water 
into its elements at 25°C. can only be accomplished by a process such as electrolysis. 
Transformations involving a change of state, such as the conversion of ice to water 
at 0®C. or water to steam at 100°C. and atmospheric pressure, are examples of 
equilibrium reactions and are accompanied by no change in AF at the respective 
temperatures. 

Since the free energy change indicates the degree of completion of a reaction, 
by means of the thermodynamic relationship, 

AFy - -RT In K 

'•It will be noted that // be.irs the same relation to (7 as F bears to A. Thus, // = f’ -f- 
and F A PV However, since most reactions are carried out at constant pressure rather than 
at constant volume, Cp, H and F are in much more Reneral use than the corresponding Cr, U and A. 

t*' The entropy may be considered as a measure of the waste thermal energy, that is, energy not 
available for conversion into mechanical work. 

'• The term “useful work” as used here docs not include work expended in maintaining the sys¬ 
tem at constant pressure. 
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where R is the gas constant, T is the absolute temperature (®K), it is possible to 
obtain the equilibrium constant, K, for the reaction. Furthermore, from the latter 
Value it is possible to calculate the actual equilibrium pressures or concentrations 
which should be present in the system under equilibrium conditions. 

It should be noted, however, that whereas AF is indicative of the direction and 
extent of a chemical reaction, yet no information as to the time necessary to reach 
this state of equilibrium may l)e obtained from these data. Parks and Huffman 
discuss this serious limitation of thermodynamics. Thus, in the case of the forma¬ 
tion of liquid water from its elements at 25®C., in the absence of a catalyst or a 
starting mechanism (such as an electric spark), the reaction velocity is extremely 
slow due to the low reactivity of the substances involved. However, as the above 
authorities state, this property of chemical inertness, although frequently a serious 
handicap, is oftentimes a decided advantage. For instance, it makes possible the 
existence of many compounds (such as benzene) which from the viewpoint of 
thermodynamics are unstable with respect to decomposition to their constituent 
elements. 


Evaluation of aF 

Unfortunately, there is no manner in which aF can be measured directly, as 
for instance, can be done with heats of combustion and heats of reaction. However, 
the free energy change in a reaction can be readily calculated from experimental 
data. In general, four methods are available, namely: 

(1) From equilibrium data and measurements of the equilibrium constant, according 
to the relation 


AFx = -RT\n K 

(2) From data obtained with an electric cell, involving the reaction in question. By 
measurement of the reversible electromotive force, E, the increase in free energy 
may be obtained from the formula 

-NFE 

where iTis the number of chemical equivalents involved in the transformation and 
F is Faraday’s equivalent.”' 

(3) From the fundamental thermodynamic equation defining free energy, discussed 
previously. 


AF = A// - TAS 

(4) From a combination of chemical reactions, for which the corresponding free 
energy values are known, to give the desired reaction. 

However, each of these arc subject to definite restrictions and inherent errorti, due 
to many factors. 

The first method may l>e used when the neces.sary equilibrium data are available 
at one or more temperatures.'*^^ However, Parks^^ has stated that such studies are 
naturally limited to interactions which are not unduly complicated by side reactions. 
Furthermore, the quantities of reactants and products existing under e(|uilibrium 
conditions must be sufficiently large to measure without introducing appreciable 

**The values usually employed for this constant are: P ~ 96,500 coulombs per equivalent or 
23,068 cal. per volt equivalent. 

»For example, see R. N. Pease and E. S. Durgan (J.A.CS., 1928, 50, 2715; Chem. Ahs., 1928, 
22, 4459; Brit. Chem. Abs. A, 1928, 1324) and F. E, Frey and W. F. Huppke (/«</. Enu. Chem., 
1933, 25, 54; Brit. Chem. Abs. A, 1933, 227; Chem. Abs., 1933, 27, 654). Also G. S. Parks and 
H. M. Huffman, *‘The Free Energies of Some Organic Compounds,” The Chemical Catalog Co.. 
Inc., New York, 1932. . 

»G. S. Parks, Ind. Eng. Chem., 1933, 25, 887; Chem. Abs., 1933, 27, 447,1; Brit. Chem. Abs. 
A. 1933, 1014. 
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errors. However, with moderate accuracy in the determination of A", the free 
energy values are usually quite satisfactory, a 10 per cent error in the equilibrium 
constant at 500°K. (227®C.) involving an error of only 90 cal. in A/^soo, according 
to Parks and Huffman.22 Parks points out the fact that by the use of specific 
catalysts and improvements in analytical technique, this method may eventually 
become more extensive in applicability. 

The electromotive force measurement method permits a very accurate estimation 
of free energy values. Unfortunately, its usefulness with respect to organic reac¬ 
tions is almost completely confined to certain simple oxidation-reduction mecha- 
nisms.^*** 

The use of the third method, which is the most general one, involves an applica¬ 
tion of the third law of thermodynamics.-'^ In order to obtain A^*, however, an 
extensive knowledge of thermal data is required. Such data were almost completely 
lacking prior to about P)25. From low-temperature specific heat observations, the 
entropy may be calculated quite readily. In some cases, AH can be obtained by 
direct measurement of the heat of reaction by usual calorimetric procedures. 
Uvsually, this quantity must be evaluated indirectly from heats of combustion of the 
various substances involved by the application of Hess’ law.^"^ The use of such 
data may lead to a considerable error, since the major portion of the available 
combustion data was obtained in the early thermochemical studies and is subject 
to some uncertainty.-^' Much later determinations-'^ on heats of combustion are 
providing more reliable values. However, Parks and Huffman have stated that 
although that procedure is the simplest and most convenient method, in most cases 
it cannot yield satisfactory results with respect to free energy values until the heat 
of combustion of the compounds involved are measured to within 0.02 or 0.03 per 
cent. According to these authorities, this accuracy is by no means impossible 
with the calorific facilities now available and with reasonable technique. 

The fourth method involves the combination of various chemical equations and 
their corresponding free energies to give the desired reaction and its free energy 
value, as indicated by the eciuation: 

A + B ^ c\ ir = A A,: - (A a; + aa^) 

where A/*° is the free energy of reaction, and AF^, AF^^ and AF^ represent 

Cl. S. P.irk.s and H. M. IIutTman. lor. ctt. 

** One of the present api>lnations is the conversion of hvdroquinone to quinone, as investigated 
by J. B. Conant and L. F. Fievei. J A C S., 1<)23. 45. 2l<)4; Chem. Abs., 1923, 17, 3866; J.C.S.. 
1923. 124 (2). 727 and F. Schreiner. Z. phystk. Chem., 1925. 117, 57; J.CS., 1925, 128 (2). 978; 
Chem. Abs., 192(>. 20, 6. See also (1. S. ParkN an<l H. M. Huffman, /or. rit. 

** Accortiing to Cl, N. Lewis and (1. K. (lihson. J.A.C.S., 1920, 42, 1528; Chem. Abs., 1920, 14, 
2880; J.C.S.. 1920, 118 (2), 585; “If the enlrup) of each element in some crystalline form be taken 
as zero at the absolute zero, the entropy of any pure crystal at the absolute zero is zero, and the 
entropy of any other substance is greater than zero.” Most authorities agree that this is the most 
satisfactory statement of the third law of thennodvnamics. See E. D. Eastman. Chem. Rev., 1936. 
18, 257; them, Abs., 1936. 30, 51 12, for a discussion of the third law. 

“See A. L. Marshall. “Thermochenii.stry.” in H. S. Ta>lor, “A Treatise on Physical Chemistry,” 
D. Van Nostratul ('o., Inc., New York. 1930, 285. 

2* In this connection it 'ihould be noted that (1. S. Parks and H. M. Huffman Hoc. cit.) ha\e 

.stated that many of the comlmstion values as given in the International C'ritical Tables (McGraw- 

Hill Book C'o., Inc., 1929, 5, 162) are in error from 1000 to even over 3000 cal. Although this 
represents, in general, a i>ercentage error of about O.l per cent in the heat of combustion value, it 
has a much more appreciable effect on the heat of reaction and consequently the free energy, due 
to the loss of significant figures by subtraction. 

^ In this respect, consult F. I). Rossini. Bitr. .Staiuiards .C. Research. 1931. 6, 37; 1932, 8, 119; 
1934, 13, 21; Chem. Abs., 1931. 25. 1727; 1932^ 26. 2109; 1934. 28. 6065; Bnt. Chem. Abs. A, 1931, 
433; 1932, 341; 1934. 1071. G. B. Kistiakowsky. H. Ronieyn, Jr.. J. R. Ruhoff. H. A. Smith and 
W. E. Vaughan. .f.A.C..^., 1935. 57. 65; Brit. Chem. Abs. A. 1935, 304: J. lH.st. Pet. Tech., 1935. 
21, 89A; Chem. Abs., 1935. 29. 2065. G. B. Kistiakowsky. T. R. Ruhoff. H. A. Smith and W. E. 
Vaughan. J.A.C.S., 1935, 57. 876; Chem. Abs., 1935, 29. 4254; Brit. Chem. Abs. A. 1936, 825; 
/. In.xt. Pet. Tech., 1935. 21, 255A. See also W. A. Roth et al. in H. Landolt and R. Bornstein, 
“Physikalisch-chemische Tabellen.” 5th Edition, revised by \V. A. Roth and K. Scheel, J. Springer, 
Berlin, 1931. 
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the free energies of formation of substances A, R and C» respectively. Of course, 
the accuracy of the result in this case is directly dependent upon the accuracy of 
the other free energy values, since the errors involved are directly accumulative. 

Free Energy of Formation 

From a table of free energies of formation for various substances, the increase 
in free energy in a reaction may be calculated, as indicated in method (4) given 
above. However, since the numerical value of these quantities varies considerably 
with the temperature, it is necessary to establish certain definite conditions in order 
that they may be comparable. F^or these reasons, each element is taken in a 
standard reference state^® which usually is its most stable form at room tempera¬ 
ture and 1 atmosphere pressure.-® 

In accordance with these conditions, the free energy of formation of a compound 
is the change in the free energy value when one mole of the substance is formed 
isothennally in its standard state at 1 atmosphere pressure from its constituent 
elements. As a matter of convenience, these values, commonly called “free 
energies,” are usually calculated at 25°C. (298.1 °K.) and are designated as 
AF 298 . The free energies of the variou.s elements in their respective standard 
states are arbitrarily taken as zero. 

According to Parks and Huffman^® there are relatively few instances in which 
the first method given previously for the determination of free energy (involving 
the equilibrium constant) may he used. One exception to this is the synthesis of 
methane from carbon and hydrogen at 1400°K. (1127°C.). By means of catalysts 
such as nickel, cobalt, iron or platinum this reaction may be carried out at 600°K. 
(327°C.).^^ However, due to inaccuracies in thermal data, especially high-tempera¬ 
ture specific heats, and difficulties in determining the equilibrium constant, extrap¬ 
olation of the free energy values obtained at the high temperatures to 25°C. may 
introduce serious errors. Therefore, the only other available method, that involv¬ 
ing the third law, is generally employed for evaluating the free energy of hydro¬ 
carbons. 

The standard free energy of formation is represented by 

298 *^^^298 ~ ^ 

where AHm is the heat of formation (change in heat content for the process of 
formation), A ^298 is the increase in entropy (the difference between the absolute 
entropy of the hydrocarbon and that associated with the requisite number of atoms 
of carbon and hydrogen) and T is the ab.solute temperature (298.1°K.). The heat 
of formation may be obtained from tables or calculated from heats of combustion 
values. The increase in entropy, however, must be calculated from molal entropies, 
which may be evaluated from low-temperature instantaneous heat capacities and 

* The stanHard states arc gas, liquid and solid, and arc indicated by the .subscripts (g). (1) and 
(s), respectively. In any reaction, it is imi)ortant that the states be given, as, for example, thermorly- 
namically butane may be considered in the standard state as a liquid (for comparative purposes), al¬ 
though in reality under the conditions chosen to designate the standard state (2.S*('. and 1 atmosphere) 
this is impossible. Thus, the standard state of cartion is taken as /9-graphite, whereas sulphur is 
considered to be in the rhombic form under these conditions. Hydrogen, nitrogen and r>xygen are 
referred to as diatomic gases (If.,., N« and O^, res|)ectively). 

•The symlwl A'* refers to any thermodynamic quantity corresponding to a standard slate. Thus. 
^//* is the “.standard change in heat content.” H(iW'ever, it is customary to denote the absolute temi>er- 
ature at which this quantity is determined by a subscript. As an example, the standard heat of 
formation of a compound at 25*C. (298.1*K,) is whereas at ISO^C. (423.1®K.) it would 

be expressed as and, in general, at T*K.. as 

•G. S. Parks and H. M. Huffman, loc. cit. 

•See Carleton Ellis, “The Chemistry of Petroleum Derivatives.” The Chemical Catalog Co.. Inc., 
New York, 1934, 105. 
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thermal data pertaining to changes of state, using the method introduced by 
Nernst.®^ Thus, if the entropy at 0°K. (— 273.1°C.), Soy niay be taken as zero for 
a pure, perfectly crystalline substance, then the molal entropy at 25°C. is given by: 


•Sj98 


r-298 


/ 

•'r-o 


T 


where dq is an infinitesimal amount of heat absorbedThis method has been 
applied to over 120 organic compounds by Parks and his collaborators.-^^ 

The free energy values of the hydrocarbons have l>een investigated more thor¬ 
oughly than those of any other class of organic C(jmpounds. One reason for this 
is that the former substances naturally fall into homologous series in which not 
only the usual physical properties but also certain thermodynamic properties show 
regularities that are quite pronounced. 

Normal Paraffins. In Table 238 are listed the standard free energies of 
formation of 8 normal paraffins from their elements at 298.1 °K. (25°C.) and 1 
atmosphere pressure. Also included in this table are the molal entropy, the heat 
of formation and the standard entropy of formation for each substance at this 
temperature. In the final column is tabulated the maximum fortuitous error (due 
to inaccuracies in the values of heats of combustion and entropies) as given by 
Parks.^^ Although these uncertainties may appear quite large. Parks has stated 


»2W. Nernst, Ann. Fhysik, 1911, (4) 36, 395; Chem. Zentr., 1911, 2, 1718; Chem. Abs., 1912, 6, 
175; J.C.S., 1911, 100 (2), 964. An aneroid calorimeter with liquid air as heat absorbing agent is 
used to determine specific heats and latent heats of fusion and vaporization down to about 90*K. 
(—183*C.). See G. E. Gibson, W. M, Latimer and G. S. Parks, J.A.C.S., 1920, 42, 1533; Chem. Abs., 
1920, 14. 2880; J.C.S., 1920, 118 (2), 585 and G. S. Parks. J.A.C.S., 1925, 47. 338; J.C.S., 1925, 128 
(2), 491; Chem. Abs, 1925, 19, 1085, for a discussion of the methods employed. Sec also Bur. 
.Standards Sci. Paper, 197 (1913) for the procedure in making the determinations and calculating the 
heat capacities. In order to obtain entropy values for the range 0*K. to 90"K. (—273 to —183*(‘.) 
the extrapolation formula of K. K. Kelley, G. S. Parks and H. M. Huffman, J. Phys. Chem., 1929, 
33, 1082; Brit. Chem. Abs. A, 1930, 24; Chem. Abs. 1930, 24, 775, i? used. A synopsis of this method 
has also been given by G. S. Parks and H. M. Huffman. ‘*Thc Free F.nergies of Some (Organic 
Compounds,” The Chemical Catalog Co , Inc . New York. 1932, 240. 

^ In the case of liquids. Parks and Huffman use the expression: 
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where Tm is the melting jwiiit of the solid i'ha'>e and is the heat of fusion. (.\11 values are 

per mole.) The first of these integrals is evaluated by the method of K. K. Kelley, G. S. Parks and 
H. M. Huffman, loc. at. The remaining integrals are most readily determined by graphical integia- 
tion. In the case in which the standard state of the substance under investigation is gaseous, it is 
necessary to add two more terms involving the heat of vaporization and the specific heat of the vapor 
in a manner analogous to that given alxne. See f». S. r*arks and II. M. Huffman, /oc. at., fur 
examples illustrating this general method. 

This scries of investigations consists of the following: C S. Parks, JA.C..'^., 1925, 47, 338; 
Chem. Abs.. 1925. 19. 1085; J.C.S., 1925. 128 (2). 764. G. .S. Parks and K. K. Kelley, J.A.C.S.. 
1925, 47, 2089; Chem. Abs., 1925. 19, 2903; y.C..S\. 1925, 128 (2), 949. G. S. Parks and C. T. 
Anderson, J.A.C.S., 1926, 48. 1506; Brit. Chem. Abs. A. 1926, 784; Chem. Abs., 1926, 20. 2444. 
G. S. Parks and H. M. Huffman, J.A.C..S'.. 1926. 48. 2788; Chem. Abs., 1927. 21. 693; Brit. Chem. 
Abs. A. 1927. 1 1. G. S. Parks. K. K. Kelley and H. M. Huffman. J.A.C.S.. 1929, 51. 1969; Chem. 
Abs., 1929. 23. 4877; Brit. Chem. Abs. A. 1929. 990. G. ,S. Parks, H. M. Huffman and .S. B. 
Thomas. J.A.C.S., 1930. 52. 1032; Brit. Chem. Abs. A. 1930. 677; Chem. Abs., 1930, 24. 1839. H. M. 
Huffman. G. S. Parks and A. C. Daniels. J.A.C.S., 1930, 52. 1547; Chem. Abs.. 1930, 24, 2664; Brit 

Chem. Abs. A, 1930. 677. H. M. Httffman. G. S. Parks and S B. Thomas, J..LC.S., 1930, 52, 3241 ; 

Brit. Chem. Abs. A. 1930. 1253; Chem. Abs., 1930. 24. 4755. G. S. Parks and H. M. Huffman. 
J.A.C..S.. 19.30, 52. 4381; Chem. Abs.. 1931. 25. 82; Brit. Chem. Abs. A. 1931, 42. H. M. Huffman. 
G. S. Parks and M. Barmore. J.A.C.S.. 1931. 53. 387<i; Chem. Abs., 1931. 25. 5889; Brit. Chem. 
Abs. A, 1931, 1363. G. S. Parks, H. M. Huffman and M. Barmore, .f.A.C..S., 1933, 55, 2733; Bnt. 

Chem. Abs. A. 1933, 905; Chem. Abs., 1933. 27, 3912. H. Banse and G S. Parks, J.A.C.S., 1933. 

55, 3223; Brit. Chem. Abs. A. 1933, 1014; Chem. Abs.. 1933. 27, 4473. G. S. Parks and D. W. 
Light, J.A.C.^^., 1934. 56. 151 1 ; Brit. Chem. Abs. A. 1934. 9M; Chem. Abs., 1934. 38. 4973. C. 1. 
Jacobs and G. S. Parks, J.A.C.S.. 1934. 56. 1513; Chem. Abs., 1934. 28, 4973; Brit. Chem. Abs. A. 
1934, 951. S. S. To<ld and G. S. Parks. J A.C S.. 193o. 58. 134; Bnt. Chem. Abs. A. 1936. 278; 
Chem. Abs., 1936. 30. 2477; .L Inst. Pet. Tech.. 19 . 16 , 22. 201 A. G. S. Parks. S. S. Todd and W. A. 
Moore. J.A.C.S., 1936. 58, .398; Chem. Abs. 1936. 30. 4387; Brit. Chem. Abs. A. 1936. 557. G. S 
Parks. S. S. Todd and C. H. Shomate. J.A.C..^.. 1930. 58. 2505. See also G. S. Parks and H. M. 
Iluffman. “The Free Energies of Some Organic Compounds.” The Chemical Catalog Co., Inc., New 
York. 1932, for a summary of approximatelv the first ten items of this series, 

"G. S. Parks, Chem. Re:.. 19.16. 18. 325; Chem. Abs, 1936, 30. 5113. 
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that in the practical use of free energy data the absolute magnitude and not the 
percentage error is the important factor. 

Table 238. —Molal Free Energies of Formation of Some Normal Paraffins. 

Maximum Uncer- 

•^298 ^-^298 ^^298 tainty (±) in .(^^298 

State E.U.<*> Cal. E.U. Cal. Cal. 


Methane. g 44.46 -18.070 -19.36 -12,300 80 

Ethane. g SS.O -20,600 -41.4 - 8,260 300 

Propane. g (64.7) -25,390 - 64.3 - 6,220 300 

n-Butane. g 74.4 -30,570 -87.2 -4,580 300 

n-Pentane. 1 62 0 -42,230 -132.2 -2,820 500 

n-Heptane. 1 78.5 - 55,410 -180.9 -1,480 500 

«-Octane. 1 86.0 - 62,260 - 206.0 - 8.50 600 

n-Dodecane. 1 118.2 -85,910 -304.1 +3,540 1,400 


■ E.U. is the abbreviation generally used for “entropy units'* ical. per degree absolute per mole). 

These free energy values have been calculated by Parks^’ on the basis of the latest 
thermal data available, and supersede the respective figures previously given by l^arks 
and Huffman.'*' The heats of combustion used for deterinining the heats of formation 
for all of these hydrocarbons except dodecane are the results of Rossini.^ For the latter 
hydrocarbon (dodecane), the combustion data used is that of Hanse and Parks"* corrected 
according to the method of Washburn.^* In calculating A.VJdh for the formation of the 
hydrocarbons, Giauque’s^* value of 15.615 F.U. for (obtained from spectroscopic 

determinations)*’ and that of Jacobs and Parks,1.36 K.U. for graphitic carbon, have 
been employed. The entropies of the hydrocarbons are from the following sources; that 
of methane is based on the results of statistical determinations of Giaiuiue, Blue and 
Overstreet** and Kassel,*^ while that of ethane is the mean of third law estimates given 
by Parks and Huffman*** and statistical determinations of Mayer, Brunauer and Mayer*' 
and of Smith and Vaughan."* In the absence of any available entropy data for propane. 
Parks has obtained this value as a direct interpolation of the entropies of ethane and 
w-butane. The latter value and also that of dodecane are tho.se of Huffman, Parks and 
Barmore.** For n-pentane, the figure is that of Parks and Huffman,'^’ and for ;/-heptanc 
and n-octane, the results are those of Parks, Huffman and 'riiomas.’’ 
ri. S. Park.s, he. cit. 

^ G. S. Parks and H. M. Huffman. "The Free Energies of Some Organic C'om|>oun(U," The 
Chemical Catalog Co.. Inc.. New York. 1932. 

® F. D. Ros.sini, Bur. Standard.% J. Rc.icareh, 19.14, 13, 21; Brit. C hem. Abs. A, 19.14, 1071; Chrm. 
Abs.. 1934, 28. 606.S. 

*11. Banse and G. .S. Parks, J.A C.S., 19 , 1 . 1 , 55, .132.1; Cltem. Abs., 19 . 1 . 1 , 27, 447.1; Brit. Chrm. 
Abs. A. 1933. 1014. 

E. W. Washburn, Bur. Standards J. Ri'search, 1933, 10, 52.S; Brit. Chem. Abs. A, 1933, 070; 
Chem. Abs.. 1933, 27, 2868. 

‘^W. F. Giauque, J.A.C.S., 1930, 52, 4816; Brit. Chem. Abs. A, 1931, 294; Chem. Abs.. 1931, 
25. 867. 

** The calculation of thermodynamic data from s|>ectrosco|)ic determinations ha.s been discussed by 
L. S. Kassel (Chem. Rev.. 1936, 18, 277; Chem. Abs.. 1936, 30, .*>112. The entropy values obtainefl 
in this manner arc the so-called "absolute” cntro^>ies and contain terms which arc not measured by 
sfiecific heat methods, e.g,, nuclear spin contributions. The term "entroiiy" as used in this text is 
the "practical" entropy, i.e,, absolute entropy minus the nuclear spin entropy, or in other w’ords. that 
quantity which would be obtained from sjiecific heat measurements. See J. I), Kemp and K. S. 
Pitzer (J. Chem. Phys., 1936, 4, 749; Chem, Abs.. 1937, 31, 28; Brit. Chem. Ab.s. A. 1937 ( 1). 21) 
for a discussion of this topic 

** C. J. Jacobs and G. S. Parks, J.A.C.S., 1934, 56, 1513; Chem. Abs.. 1934, 28, 4973; Brit. Chem. 
Abs. A, 1934. 951. 

** W. F. Giauque. R. W. Blue and R. Overstreet, Phys. Rev.. 1931, 38, 196; Brit. Chem. Abs. A, 
1933, 453; Chem. Abs., 1931, 25. 5342. 

«L. S. Kassel. J.A.C.S.. 1933, 55, 1351 ; Chem. Abs.. 1933, 27. 261 1; Brit. Chem. Abs. A, 1933, 
561. 

* G. S. Parks and H. M. Huffman, he. cit. 

E. Mayer, S. Brunauer and M. G. Mayer, J.A.C.S., 1933, 55, 37; Brit. Chem. Abs. A, 1933, 
218; Chem. Abs., 1933, 27, 1263. 

* H. A. Smith and W. E. Vaughan, J. Chem. Phys., 1935, 3, 341. Chem. Abs., 1935. 29, 4498; 
Brit. Chem. Abs. A, 1935. 934. In this connection see J. D. Kemp and K. S. Pitzer (J. Chem. Phys., 
1936, 4, 749; J.A.C.S.. 1937, 59, 276; Chem. Abs.. 1937, 31. 28; Brit. Chem. Abs. A. 1937 (1). ‘21) 
and R. K. Witt ^nd J. D. Kemp (J.A.C.S.. 1937, 59, 273) for experimental and theoretical values 
of S for ethane 

* H. M, Huffman. G. S. Parks and M, Barmore, J.A.C.S., 1931, 53, 3876; Chem. Abs., 1931, 25. 
5889; Brit. Chem. Abs. A. 1931. 1363 . 

»G. S. Parks and H. M. Huffman. J.A.C.S.. 19.30, 52. 4381; Brit. Chem. Abs. A, 1931, 42; 
Chem. Abs., 1931, 25, 82. 

«G. S. Parks. H. M. Huffman and S. B Thomas. J.A.C.S.. 1930. 52. 1032; Chem. Abs.. 1930, 
24. 1839; Brit. Chem. Abs. A. 1930, 677. 
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The regularities in the free energies of these hydrocarbons can be readily as¬ 
certained from Fig. 315. To facilitate the comparisons in the liquid state, Parks®^ 
has calculated the hypothetical values for methane (—^9,300 cal.), ethane (—6,440 
cal.), propane (—4,940 cal.) and n-butane (—3,950 cal.). Similarly, for the gaseous 
state, the theoretical free energies of n-pentane (—2,570 cal.), n-heptane (190 cal.) 
and w-octane (1,520 cal.) are included. From the graph, it will be seen that the 
free energies of the paraffins rise appreciably with increasing length of the carbon 
chain. Above propane the relation between and n, the number of carbon 

atoms, is linear in each case. Thus, for liquid normal paraffins the increase in 
molal free energy is 860 cal. for each CHo increment, whereas for gaseous hydro¬ 
carbons it is 1,4^ cal. 



Number of carbon atoms 


Courtesy Chemical Rexnexvs, Williams and Wilkins Co. 

Fig. 315.—Free Energies of Normal Paraffin Hydrocarbons. (G. S. Parks) 


Branched Paraffins. According to Parks and Huffman®^ the molal free 
energy of the higher paraffins at 298.1 ®K. (25°C.) appears to increase slightly 
with increased branchiness of the paraffin, that is, the branched isomers are less 
stable thermodynamically than the corresponding normal compounds. Parks, Huff¬ 
man and Thomas®** have calculated the entropies of 8 isomers of «-heptane 
(2-methylhexane, 3-methylhexane, 3-ethylpentane, 2,2-dimethylpentane, 2,3-dimethyl- 
pentane, 2,4-dimethylpentane, 3,3-dimethylpentane and 2,2,3-trimethylbutane) and 

“ G. S. Parks, loc. cit. 

■•G. S. Parks and H. M. Huffman, “The Free Energies of Some Organic Compounds,” The 
Chemical Catalog Co., Inc., New York, 1932. 

»*G. S. Parka, H. M. Huffman and S. B. Thomas, J.A.C.S., 1930, 52, 1032; Brit. Chem. Ahs. A. 
1930, 677; Chem. Abs.. 1930, 24, 1839. H. M. Huffman. G. S. Parks and S. B. Thomas, J.A.C.S., 
1930, 32, 3241; Brit. Chem. Abs. A, 1930, 1253; Chem. Abs., 1930. 24, 4755. 
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two of the isomers of ti-octane (2,2,4-triniethyIpentane and hexaniethylethane) 
from low-temperature specific heat measurements in conjunction with the third 
law. The variations in the individual values of the free energies are rather .small 
and, according to Parks/''*'' in some cases not larger than the possible errors in com¬ 
bustion values. The differences between the free energy of the branched isomers 
and that of the w-hydrocarbons have been summarized by Parks and are given in 
Table 239. 


Table 239.— E ffects of Branching on Free Energy of Paraffins 
(in Cal. Per Mole). 

-——Number of Branches- 


12 3 4 

Isoheptanes . 0 +1,200 +2,200 

+ 1,200 +1,700 

+600 

Isooctanes. +2,200 +4,500 


Average effect of a branch.... +750 

Thus, from the table it will be seen that all of these increments, although rather 
irregular, do show a slight increase in molal free energy with increased branching, 
leading to a mean value of +750 cal. per branch (either methyl or ethyl group). 
In one case, however (2-methylpentane), the free energy of the isomer was found 
to be identical with that of the straight chain hydrocarbon. At first this was 
attributed to a fortuitous error which might have concealed an effect of only a few 
hundred calories. On the basis of more recent observations, Parks has suggested 
that this equality may be real, and that it is even possible that certain lower iso¬ 
paraffins, such as isobutane, may have a slightly lower molal free energy thati the 
normal compound. 

Rossini'**' has calculated the heat of reaction for the transformation of n-butane 
to isobutane in the gaseous phase at 298.1°K. (25°C.) to be: 

n-C 4 Hio(ic) =* A //298 = —1,630 (i 150) cal. 

Assuming an increase in for this reaction to be —5 E.U. (in accordance 

with the method of Parks and hluffman'*^), Parks’*^ has calculated the free energy 
change for the isomerization reaction to be aE = —140 (±:150; cal. This figure 
would indicate that isobutane is slightly more stable thermo<lynamically than 
//-butane. 

Unsaturated Aliphatic Hydrocarbons. The free energy data on the 
straight and branched unsaturated hydrocarbons are rather scanty. In the case 
of the olefins, the values on hand, however, do indicate that the effects of increas¬ 
ing length of chain and branching are essentially similar to those of the paraffins. 
Parks®** has supplied the data for the first six olefins listed in Table 240. The 
results for 1,4-pentadiene, w-heptane-1 and the two isomers of diisobutylene**** (that 
referred to as “low boiling” is thought to be 2,4,4-trimethylpentene-l and the 
“high boiling” to be 2,4,4-trimethylpentene-2) have been obtained by Parks, Todd 


«‘G. S. larks, Chem. Rev., 1936, 18, 325; Chem. Abs., 1936. 30, 5113. 

"F. D. Rossini, /. Chem. Phys., 1935, 3, 438; Chem. Abs., 1935, 29, 5730. 

G. S. Parks and H. M. Huffman, “The Free Energies of .Some Organic Compounds,’* The 
Chemical Catalog Co., Inc., New York, 1932, Chapters 3 and 12. 

“ G. S. Parks, loc. cit. 

"G. S. Parks, Chem. Rev., 1936, 18, 325; Chem. Abs., 1936, 30, 5113. 

®The diisobutylene mentioned by G. .S. Parks and H. M. Huffman (/.A.C.S., 1930, 52, 4381; 
Chem. Abs., 1931, 25, 82; Brit. Chem. Abs. A, 1931, 42; also, loc. cit.) and again by G. S. Parks 
(loc. cit.) has been found to have been a mixture of isomers, predominantly of the lower Imiling type. 
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and Shomate®^ and are also included in this table, to which, for comparative pur¬ 
poses, Parks and HufTfman’s®^ values for acetylene have been added. 

Table 240. —Molal Free Energies of Formation of Some Qlefins and Acetylene. 

Maximum Uncertainty 



State 

*^298 

E.U. 

AH 298 

Cal. 

A‘S'298 

E.U. 

AF 298 

Cal. 

(zt) in A 7^298 
Cal. 

Ethylene. 

g 

52.3 

11,975 

-12.9 

4-15,820 

300 

Propene. 

g 

63.1 

4,475 

-34.7 

14,820 

300 

Butene -1 . 

g 

72.5 

-480 

-57.9 

16,780 

600 

a 5 -Butene- 2 .... 

g 

73.0 

-2,250 

-57.4 

14,860 

500 

/ra«5-Butene-2 . 

g 

71.2 

-3,200 

-59.2 

14,450 

500 

Isobutene. 

g 

69.0 

-4,060 

-61.4 

14,240 

500 

1,4-Pentadiene . 

1 

58.2 

18,060 

-73.5 

39,970 

800 

n-Heptene -1 . .. 

1 

78.6 

-25,520 

-149.5 

19,050 

800 

Diisobutylene 
(low boiling).. 

1 

73.2 

-36,360 

-187.5 

19,530 

1500 

Diisobutylene 
(high boiling). 

1 

74.5 

-35,250 

-186.2 

20,260 

2000 

Acetylene. 

g 

(48.1) 

54,900 

(4-14.3) 

50,840 

500 


The for ethylene, propene, isobutene and the diisobutylenes represent replace¬ 

ments for the corresponding values of Parks and Huffman. For all of the olefins listed 
in this table, Parks and his collaborators have used A//^, data derived from the heats of 
hydrogenation observed by Kistiakowsky. Ronieyn, Ruhoff, Smith and Vaughan®* and 
Kistiakowsky, Ruhoff, Smith and Vaughan'*^ in conjunction with Rossini’s*® heats of 
formation for the corresponding paraffins. The entropy of ethylene represents the 
weighted mean of the results of Smith and V'aughan"® and Kassel*^ (both obtained from 
spectroscopic data). In the case of propene, the entropy is that obtained by Huffman, 
Parks and Barmorc.** The entropies and free energies of the four butenes are the results 
given by Todd and Parks*® and the corresponding values for 1,4-pentadiene, «-heptene-l 
and the two diisobutylenes, those of Parks, Todd and Shomate.'^® The molal entropies of 
graphitic carbon and of hydrogen are the values of Jacobs and Parks'^ and Giauque,’’ 
respectively, as were used in the calculations of Table 2 v^ 8 . 

In the case of acetylene, the heat of combustion is the mean of that given in the Inter¬ 
national Critical Tables^ and that of Mixter.'* The values of AF^, are based on 
equilibrium measurements of von Wartenberg,"® Pring'" and Pring and Fairlie.'” The 

•' Cl. S. Parks, S. S. Todd and C. H. Shomate. J.A.C.S.. 1936. 58, 2505. 

CL S. Parks and H. M. Huffman. “The Free Energies of Some Organic Compounds,” The 
Chemical Catalog Co., Inc., New York. 1932. 

‘'■‘’Cl. B. Kistiakowsky, H. Romeyn. Tr.. T. R. Ruhoff. H. A. Smith and W. E. Vatighan. J.A.C.S.. 

1935. 57, 65; Brit. Chem. Abs. A, 1935, 304; Chem Abs., 1935. 29, 2065; 7. Inst. Pet. Tech., 193.s, 
21, 89A. 

*'*CI. B. Kistiakowsky, T. R. Ruhoff, H A Smith and W. E. Vaughan, J.A.C.S., 1935, 57, 876; 

1936, 58. 137. 146; J. Inst. Pet. Tech., 1935, 21. 255A; Chem. Ab.K.. 1935, 29, 4254; 1936, 30, 1645, 
1646; Brit. Chem. Abs. A, 1935. 1071. 

F. D, Rossini, Bur. Stattdards J. Research. 1934. 13, 21; Chem. Abs., 1934, 28, 6065; Bnt. 
Chem. Abs. A, 1934. 1071. 

•• H. A. Smith and VV. E. Vaughan, /. Chem. Ph\s.. 1935, 3, 341; Biit. Chem. Abs. A, 1935, 934; 
Chem. Abs., 1935, 29. 4998. 

•"L. S. Kassel, J.A.C.S., 1933, 55. 135; Brit. Chem. Abs. A, 1933, 218; Chem. Abs., 1933, 27. 
2611. 

• H, M. Huffman, S. Parks and M. Barmove, J.A.C.S., 1931, 53, 3876; Chem. Abs., 1931, 25, 
5889; Brit. Chem. Abs. A, 1931, 1363. 

~S. S. Todd and CL S. Parks. J.A.C.S., 1936, 58. 134; Brit. Chem. Abs. A. 1936, 278; Chem. 

Abs., 1936, 30, 2477; /. Inst. Pet. Tech., 1936. 22, 201 A. 

CL S. Parks, S. S. Todd and C, H. Shomate. toe. eit. 

TIC. J. Jacobs and CL S. Parks, J.A.C.S., 1934, 56. 1513; Chem. Abs., 1934, 28. 4973; Brit. Chem. 

Abs. A. 1934. 951. 

T* W. F. Giatuiue, J.A.C.S., 1930, 52, 4816; Brit. Chem. Abs. A. 1931, 294; Chem. Abs., 1931, 
25, 867. 

T» “International Critical Tables," Metiraw Hill Book Co.. New York and I.ondon, 1926, Volume 
r, 163. 

T*\V. (L Mixter. Am. .1. Sei.. 1906, (4) 22. 13; J.C.S.. 1906. 90 (2), 598; Chem. Zeutr., 1906, 
2, 414. 

T'H. von Wartenberg, Z. anora. Chem. 1907, 52. 299; Chem. Zeutr., 1907, 1, 800; J.C.S., 1907, 
92 (!>, 299, 

T'»J. N. Pring, /.C..9.. 1906. 89. 1601; 1910, 97. 498; C7»rin. Abs., 1910. 4. 2111. 

TTJ. N. Pring and I). M. Fairlie, hid. Ung. Chem., 1912, 4, 812; Chem. Abs., 1913, 7. 307. 
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entropy values estimated” by Parks and Huffman (identified in table by parentheses) 
give a corresponding free energy of acetylene of 50,640 cal. 

From their observations of the isomeric butenes, Todd and Parks^*^ have shown 
that the position of the double bond and geometrical isomerism undoubtedly play 
important roles in the evaluation of the free energy. According to Parks®® the 
introduction of one or more radicals as methyl groups to the carbon atoms adjacent 
to the double bond exerts a progressive protective action on the double bond. This 
may be in the form of “spatial screening,’' tending to render the olefin more like 
a paraffin hydrocarbon. However, the calculations of Parks, Todd and Shomate®^ 
on dehydrogenation reactions now furnish a quantitative estimate of this screening 
effect. According to these authorities, the free energy change for the formation of 
a normal 1-olefin by dehydrogenation of paraffins in accordance with the general 

equation . w-paraffin —n-olefin-1 -f Ho 

is apparently about 21,000 cal., irrespective of the length of carbon chain, except in 
the case of the ethane-ethylene combination.®- The addition of other hydrocarbon 
chains to the carbon atoms adjacent to the double bond lowers the free energy 
value for the dehydrogenation and in the case of 2,4,4-trimethylpentene-l (low 
boiling diisobutylene isomer) is 18,180 cal., according to these authorities. An 
analogous decrease in AF-jgg when the double bond becomes more centrally located 
in the molecule was also noted by Todd and Parks in studying the isomeric 
butenes. For methylbutane to trimethylethylene and tetramethylethane to tetra- 
methylethylene. Parks, Todd and Shomate estimate = 17,360 and 17,100 

cal., respectively, using heats of hydrogenation obtained by Kistiakowsky, Ruhoff, 
Smith and Vaughan.®® The latter figure represents a free energy decrease of 
approximately 4000 cal. when compared wijth the normal 1-olefins. Therefore, it 
will be seen that the substitution of hydrocarbon chains for hydrogen atoms at¬ 
tached to a double bond cau.ses the olefins to become thermodynamically more stable 
with respect to the corresponding saturated compounds. 

The difference between the free energies of ethane and acetylene amounts to 
almost 60,000 cal. Unfortunately, experimental data on higher members of the 
acetylene series are entirely lacking, so that compari.sons in this respect cannot be 
made. The exceptionally high value for the free energy (about 25,000 cal. per 
carbon atom) indicates that at 25°C. acetylene is thermodynamically very unstable 
with respect to decomposition into carbon and hydrogen. 

Cyclic Hydrocarbons. In Table 241 have been summarized the free ener¬ 
gies of formation of various cyclic compounds, all of which except cyclopentane 
(and its derivatives) have been calculated by Parks and Huffman.®** In this table 
are included the basic thermal data and the maximum uncertainty in the free energy 
as estimated by these authorities. The po.ssible errors are, in general, higher than 
those given in the two preceding free energy tables for paraffins and olefins, and 
may be attributed mostly to inaccuracies in the heat of combustion values. 

S. Parks and If. M. Huffman, “The Free Energies of Some Organic Compounds,” The 
Chemical Catalog Co., Inc., New York, 1932, 86. These authorities estimated the absolute entropy 
of acetylene by subtracting twice the a%'erage value (2.7E. U.) observed for the decrease in entropy 
caused by the insertion of a double bond from the absolute entropy of ethane. 

S. S. Todd and G. S. Parks, loc. cit. 

G. r,. Parks, loc. cit. 

'•* G. S. Parks, S. S. Todd and C. H. Shomate. J.A.C.S., 1936, 58. 2505. 

”The free energy values given by Parks {Chem. Rev., 1936, 18, 325; Chem. Ahs., 1936, 30. 5113) 
for various dehydrogenations are: ethane to ethylene; 26,000 cal.; propane to propenc: 21,040 cal.; 
and n*butane to butene-1: 21.360 cal. Parks, Todd and Shomate (loc. cit.) estimate the free energy 
change for the conversion of n-heptane to >i-hcptene-l to be 20.620 cal. and for ii-|>entane to 
1,4-pcntadiene: 2 x 21,400 cal. 

•»G. B. Kistiakowsky, J. R. Ruhoff, H. A. Smith and W. E. Vaughan, J.A.C.S., 1936, 58, 137, 
146; Chem. Abe., 1936, 30. 1645, 1646. 

** G. S. Parks and H. M. Huffman, “The Free Energies of Some Organic Compounds,” The 
Chemical Catalog., Inc., New York, 1932. 
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Table 241 .—Molal Free Energies of Formation of Some Cyclic Hydrocarbons. 

Maximum 

Uncertainty 

-^^^208 ‘^ I ^ 29 S in ^^293 

State E.U. Cal. E.U. Cal. Cal. 


Cyclopentane. 1 49.4 -29,450 -113.5 4,400 2000 

Methylcyclopentane. 1 59.2 -37,800 -136.0 2,700 2000 

1,2-Dimethylcyclopentane. 1 64 5 - 47,650 -163.2 1,000 2000 

Cyclohexene. 1 51.8 -15,290 -112.2 18,200 2000 

Cyclohexane. 1 49.2 - 36,700 -146.0 6,800 1000 

Methylcyclohexane. I 59.3 -46,550 -168.4 3,600 2000 

Benzene. I 41.9 11,630 -59.4 29,400 1000 

Toluene. 1 52.4 2,180 -81.6 26,500 1000 

Ethylbenzene. 1 ol.2 -5,070 -105.4 26,300 2000 

o-Xylene. 1 59.3 -4,670 -107.3 27,300 2000 

m-Xylene. 1 60.3 -4,670 -106.3 27,000 2000 

^-Xylene. 1 60.5 -8,470 -106.1 23,200 2000 

Naphthalene. s 39.9 15.960 -98.0 45.200 1000 


All of the values given above (except those of cyclopentane and its derivatives) rep¬ 
resent revisions by Parks and Huffman of earlier work. The combustion data from 
which the heats of formation were calculated for the naphthenes, cyclohexene and naphth¬ 
alene are taken from the International Critical Tables,®^* and for the benzenoid hydro¬ 
carbons, from the results of Swietoslawski and Bobinska.“ The entropies of all of the 
hydrocarbons were calculated from low temperature heat capacity measurements, using 
the third law of thermodynamics. For cyclohexene and methylcyclohexane these entropy 
values were determined by Parks and Huffman.*^ The entropies of cyclohexane and 
toluene are those obtained by Parks, Huffman and Thomas'* and Kelley,* respectively, 
and those of the other benzenoid hydrocarbons are from the work of Huffman, Parks 
and Daniels.* Giaugue’s’*^ entropy for hydrogen (Sl^ = 15.615 E.U. for ^H,) and 
that of Lewis, Gibson and Latimer®'* (1.3 E.U.) for graphitic carbon were employed in 
calculating the change in entropy for these hydrocarbons. All of the data on cyclopentanc 
have been calculated by Jacobs and Parks* and that for methyl and dimethyl cyclopentanc 
by Huffman, Parks and Barmore.* 

In the case of all of the cyclic hydrocarbons given above, it will be seen that 
the thermodynamic stability is increased by the introduction of side chains (i.e., 
the molal free energy becomes less). With benzene and its various methyl 
derivatives, however, the effect is very pronounced, as is shown in Fig. 316, in 
which the molal free energies in the liquid state for benzene, toluene, the three 
xylenes, pseudocumene (1,2,4-trimethylbenzene), the three tetramethylbenzenes, 
pentamethylbenzene, and hexamethylbenzene are plotted against the number of 
side chains. The molal free energies of these compounds reach a minimum with 
the tetramethylbenzenes, and then increase, so that, according to Parks,®^ the 
effect of adding one methyl group is apparently the same as the addition of six. 

“ "International Critical Tables,” McGraw-Hill Book Co., New York and London, 1926, 5, 163. 

••W. Swietoslawski .ind J. Bobin.ska, J.A.CS., 1927, 49. 2478; Brit. Chem. Abs. A, 1927, 1142; 
Chem. Abs., 1927, 21, 3815. 

MG. S. Parks and H. M. Huffman. J.A.C.S., 1930, 52. 4381; Chem. Abs., 1931, 25. 82; Brit. 
Chem. Abs. A. 1935, 42. 

wG. S. Parks. H. M. Huffman and S. B. Thomas. J.A.C.S., 1930, 52. 1032; Brit. Chem. Abs. 
A. 1930, 677; Chem. Abs.. 1930. 24. 18.19. 

»*K. K. Kelley, J.A.C.S.. 1929, 51, 2738; Chem. Abs., 1929, 23. 5403; Brit. Chem. Abs. A, 1929, 
1373. 

•® H. M. Huffman, G. S. Parks and A. C. Daniels, J.A.C S., 1930, 52. 1547; Chem. Abs., 1930, 24, 
2664; Brit. Chem. Abs. A, 1930, 677. 

MW, F. Giauque, J.A.C.S., 1930, 52. 4816; Chem. Abs., 1931, 25, 867; Brit. Chem. Abs. A, 1931, 
294. 

••G. N. Lewis. G. E. Gibson and W. M. Latimer. J.A.C.S., 1922, 44, 1008; J.C.S., 1922, 122 (2). 
471; Chem. Abs., 1922, 16, 2058. 

MC. J. Jacobs and G. S. Parks. J.A.C.S.. 1934, 56, 1513; Chem. Abs.. 1934. 28. 4973; Brit. Chem. 
Abs. A, 1934, 951. 

MH. M. Huffman. G. S. Parks and M. Barmore, J.A.C.S., 1931, 53, 3876; Chem. Abs., 1931, 25. 
5889; Brit. Chem. Abs. A, 1931. 13»>3. 

"G. S. ParKs, /wd. Bftp. Chem.. 1933, 25. 887; Chem. Abs.. 1933, 27. 4473; Brit. Chem. Abs. A. 
1933, 1014. , 
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The respective AFggg values of cyclopentane and cyclohexane are not directly 
comparable as regards ring stability, because these compounds contain different 
numbers of carbon atoms. According to Parks and Huffman®^ on the basis of the 
free energy per carbon atom, the cyclopentane ring is slightly more stable than 
the cyclohexane ring. However, considering the rather large uncertainty in the 
free energy values, especially in the case of the former compound, this view may 
be subject to change. 

Other Organic Compounds. That definite free energy relations exist 
among the organic compounds of carbon, hydrogen and oxygen is evidenced in 
l^'ig. 317 of l*arks and Huffman.-*'^ In this graph, the niolal free energies of some 
aliphatic compounds containing one or two atoms of oxygen are plotted against 
the number of carbon atoms. In each case, the free energy values of the sub¬ 
stances in their standard states (25°C.) have been used, so that most apply t(» the 



Fig. 316. 

Free Energy Relations of Benzene and Its 
Methyl Derivatives. (Ci. S. Parks) 


1. o-Xylene 4. Durcnc 

2. w-Xylent* 5. I.sodnrene 

3 . />-Xylene (>. Prehnitene 


Courtesy Industrial and liiuiineerina Chemistry 


liquid state. The introduction of oxygen into a compound results in a very marked 
lowering of the molal free energy, that is, oxygenated substances are much more 
stable thermodynamically than hydrocarbons of the same number of carbon atoms. 
Jn any homologous series, according to Parks and Huffman, the trend in the free 
energies is probably similar to that of the normal paraffins, especially after the 
first few members of the series have been passed. 

Estimation of Molal Entropy and Free Energy of Compounds from the 
Structure of the Molecule 


Parks and Huffman”® have pointed out the fairly regular changes in the molal 
entropy and free energy caused by variations in the structure of organic compounds. 
These generalizations are often helpful in predicting both entropy and free energy 
values of substances in the absence of actual experimental data. In the case of 
the hydrocarbons, the entropy and molecular structure are apparently related by 
a simple linear function. In this respect, the normal paraffins and cyclic hydro¬ 
carbons may be regarded as the basic structures. With regard to these thermo¬ 
dynamic properties, branched hydrocarbons are considered to be derivatives of 

G. S. Parks and H. M. Huffman, “The Free Energies of Some Organic Compounds,’' The 
Chemical Catalog Co., Inc., New York, 1932. Sec pp. 95*97 for a discussion of ring stabilities from 
the standpoint of thermodynamics. 

G. S. Parks and H. M. Huffman, loc. cit. Space does not permit a review of all the numerous 
prolific investigations of these authorities and their collaborators on the free energies and entropies of 
organic compounds. The generalities observed by Parks and Huffman allow an approximation of free 
energy values for a large number of substances in the absence of experimental data. For details, 
reference should be made to the above mentioned text. 

** G. S. Parks and H. M. Huffman, “The Free Energies of Some Organic Compounds," The 
Chemical Catalog Co., Inc., New York, 1932, Chapter 12. G. S. Parks, Ind. Eng. Chetn., 1933, 25. 
887; Brit. Chem. Abs. A, 1933, 1014; Chem. Abs., 1933, 27, 4473. These deductions arc based 
principally upon the data compiled by Parks and his collaborators in the series of articles listed in 
the section on Free Energy of Formation. 
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Courtesy Rcinhold Publishing Corp. 

Kig 317._Free Energy Relations Among Aliphatic Compounds Containing Oxygen. 

(G. S. Parks and H. M. Huffman) 
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the former type, in which one or more of the hydrogen atoms is replaced by 
methyl, ethyl or other aliphatic chains. Similarly, oxygen, nitrogen and halogen 
derivatives can be looked upon as substituted hydrocarbons. Using this method 
for olefins (viewed as dehydrogenated paraffins), the fluctuation in the predicted 
entropy values is greater than in the case of most other compounds. Still, espe¬ 
cially with monolefins, the errors introduced are not of a very serious nature. 

Theoretically, the comparisons between the various compounds should be 
made in the gaseous state, according to Parks,®® in order to eliminate the effects 
of intermolecular attraction. However, the most practical basis is the liquid 
state, since most of the substances ordinarily studied are liquids at 25®C.^®® 

Normal Paraffins. Parks, Huffman and Thomas^®^ noted that for the 
normal paraffin hydrocarbons, the entropy could be expressed by the linear 
equation: 

(1) 5„8 - 25.0 -f 7.7» 

where n is the number of carbon atoms in the molecule. From this relation, 
25.0 E.U.^®^ may be regarded as the basic molal entropy for all of the normal paraf¬ 
fins in the liquid state. In the hypothetical case of liquid methane at 25®C. and 1 
atmosphere pressure, the above equation gives 

5m « 25.0 + 7.7 « 32.7 E.U. 

and for heptane, 


5m = 25.0 + (7.7 X 7) » 78.9 E.U. 

Huffman, Parks and Barmore^®^ have continued these investigations and found 
that the differences between predicted and experimental values for molal entropies 
of various straight chain hydrocarbons were a maximum of about 1 per cent, al¬ 
though ordinarily the deviation was even much less. Fig. 318 shows the graphical 
representation of this function, plotted between the experimentally determined 
entropies and the number of carbon atoms in the straight chain. 

In a similar manner. Parks and Huffman^®^ have calculated that the entropy 
of normal paraffins in the gaseous state at 25®C. may be expressed as: 

(2) 5,.8 - 34.0 -H lO.On 

This equation, however, only applies to the first four members of the series which 
are normally gases at 25®C. and 1 atmosphere. They also suggest 

(3) 5,98 - 18.0 -h 5.8n 

for the estimation of the entropy of the normal crystalline paraffins. 

Branched ParafEns. The substitution of a methyl group as a side chain 


•G. S. Parks, loc. cit. 

In a few cases where the compound is normally crystalline in its standard state, the procedure 
of H. M. Huffman, G. S. Parks and A. C. Daniels iJ.A.CS., 1930, 52, 1547; Chcm. Abs., 1930, 24. 
4755; Brii. Chem. Abs. A, 1930, 677) may be employed. The formula for the calculation of the 
change in entropy of fusion at 25*C. (A'^sm) >>* 


A5m< 


A//hi* ion 

' Tm 


-ACp In 


Tm 

298.1 


where fusion is the molal beat of fusion in calories and Tu is the melting point, in degrees 

absolute. These investigators suggest the value 0.05 times the molecular weight for ACp, the 
difference between the molal heat capacities of the liquid and crystals. This entropy Mange is 
added to 5ae of the liquid to give the corresponding Sam for the substances in the solid state. 

. "»G. S. Parks, H. M. Huffman and S. B. Thomas, J.A.C.S., 1930, 52, 1032; Brit. Chem. Abs. 
A. 1930, 677; Chem. Abs., 1930, 24, 1839. 

^E.U. is the abbreviation used for entropy units (calories per degree absolute per mole). 

^ H. M. Huffman, G. S. Parks and M. Barmore, J.A.C.S., 1931, 53, 3876; Cnem. Abs., 1931, 
25, 5889; Brit. Chem. Abs. A, 1931, 1363. 

“*G. S. Parks and H. M. Huffman, toe. cit. 
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for a methylene group in a paraffin molecule is accompanied by a decrease of 
about 4.5 E.U. per branch in the liquid state, according to Parks, Huffman and 
Thomas.^®® Thus, the preceding formula may be modified to give: 

(4) 5m - 25.0 + 7.7n - 4.5r 

where n is the total number of carbon atoms in the molecule and r is the number 
of methyl or aliphatic side chains. These investigators report predicted results 
in good agreement with observed values for the entropy of the eight isomers of 



5 10 15 20 25 30 


Fig. 318.—Molal En¬ 
tropies of Normal 
Paraffin Hydro¬ 
carbons, (H. M. 
Huffman, G. S. 
Parks and M. Bar- 
more) 


Courtesy Journal of 
American Chemical 
Society 


Carbon atoms in molecule 


n-heptane, 2-methylbutane and 2,2,4-trimethylpentane. Fig. 319 shows the ex¬ 
perimentally determined molal entropies of seven of the isomeric heptanes plotted 
against r, the number of branches in the molecule. 

Aromatic Substituted Hydrocarbons. Huffman, Parks and Danielsi<>® 
revised the above formula to apply to molecules involving phenyl groups, and 
suggested: 

(5) 5m - 25.0 + 7.7n - 4.5r -f 19.5/) 

where n is the number of carbon atoms not including the benzene ring, p is the 
number of phenyl groups in the compound and r is the number of hydrocarbon 
groups (aliphatic or aromatic, in this case) in excess of two attached to any 
carbon atoms in the aliphatic chain,^®’^ These investigators report good agree¬ 
ment between observed and calculated entropies for ethyl benzene, the xylenes, 
/cr-butylbenzene, hexamethylbenzene (liquid), diphenylmethane (liquid), tri- 
phenylmethane (liquid) and bibenzyl (liquid).*^® That the relation between the 

)<»G. S. Parks, H. M. Huflfman and S. B. Thomas, J.A.C.S., 1930, 52, 1032; Brit. Chem. 
Abs. A, 1930, 677; Chem. Abs., 1930, 24, 1839. 

M. Huffman, G. S. Parks and A. C. Daniels, J.A.C.S.. 1930, 52, 1547; Brit. Chem. Abs. 
A, 1930, 677; Chem. Abs., 1930, 24, 2664. 

^ As examples, for fer>butylbentene, n is 4, r is 2 and p is 1; for triphenylmethane, n is 1, 
r is 1 and ^ is 3; and for toluene, n is 1, ^ is 1 and r is 0. 

In the case of biphenyl, the observed and calculated values differ by 4 E.U. (about 7 wr 
cent). This may be attributed to too low a value for the heat of fusion, according to H. M. 
Huffman, <3. S. Parks and A. C. Daniels (loc. cit.). With benzene (observed Snti = 41.9 E.U.) 
the discrepancy is 2.6 E.U. or about 6 per cent, due probably to its symmetry and unique character, 
as these authorities state. 
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niolal entropies of the liquid benzenoid hydrocarbons and n, the number of carbon 
atoms outside the benzene nucleus, is a straight line will l)e seen from Fig. 320. 
Tn this figure, the 6*298 values of benzene, toluene, the three xylenes, pseudocumene 
( 1 , 3 , 4 -trimethylbenzene), >/-butylbenzene, the three tetramethylbenzenes, penta- 
methylbenzene and hexamethylbenzene have been plotted against the number of 



Pic. 319. 

hifiiKMicc of Number of Branch Cliains in Mole¬ 
cule on Molal h'ntropies of Isomeric lleplanes. 
(G. S. Parks) 


Courtesy Industrial and Fttfiinrcriiuf Clu'tnisttv 


carbon atoms outside the benzene ring. According to Parks'^® the somewhat low 
values for the first and last hydrocarbons may be attributed to the marked sym¬ 
metry of the molecules involved. 


Fic. 320. 

Molal Entropies of Liquid P»enzenoid 
Hydrocarbons. ( G. S. Parks) 


('oiiy/esy 1 ndu •itt ial and FiDiinrrritx/ ChetnlKtr\< 


12 3 4 5 6 

Carbon atoms outside rin^ 



Cycloparaffin Substituted Hydrocarbons. By means of a further addi¬ 
tion to the last equation. Parks and Huffman have been able to apply it to liipiid 
compounds involving cyclic hydrocarbons, such as cyclo|)entane and cyclohexane 
derivatives: 


(6) 5298 = 25.0 -f- 7.7« - 4.5r -f \9.Sp -f 26.5/)' 

where n, p and r are the same quantities as above and />' is the number of .saturated 
cyclopentane or cyclohexane rings. Parks calls attention to the fact that the 
experimentally measured entropy of cyclohexane (49.2 E.U.) is low in comparison 
with that of methylcyclohexane (59.3 E.U.), on account of the symmetry of the 
former hydrocarbon.^^® 

Olefins. The differences observed in the entropies of various saturated com¬ 
pounds and the corresponding unsaturated ones led Parks and Huffman^to 

»«*G. S. Parks, Ind. Eng. Chem., 19.1.3, 25. 877; Brit. Chem. Abs. A, 1933, 1014; Chem. Ahs.. 
1933, 27, 4473. 

Thesr values were obtained by (I. .S. Parks. H. M. Huffman and S. B. Thomas, J.A.C.S., 

1930, 52, 1032; Chem. Ahs., 1930, 24. 1839; Brit. Chem. Abs. A, 1930. 677; and C. S. Park-; 
and H. M. Huffman, J.A.C..S., 1930, 52. 4381 ; Chem. Abs., 1931, 25. 82; Brit. Chem. Abs. A, 

1931, 42. 

G. S. Parks and H. M. Huffman, J.A.C.S., 1930, 52, 4381; Chem. Abs., 1931, 25, 82; Brit. 
Chem. Abs. A, 1931, 42. 
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propose the additional term, —2.7e, to the general entropy equation for liquid 
hydrocarbons (where e designates the number of double bonds in the molecule). 
Although this was the average decrease per olefin bond obtained in six cases (per¬ 
taining mostly to crystalline unsaturated acids and various cyclic compounds), 
these investigators stated that, at best, it was only a rough estimation, and lacked 
the precision of the other terms in the general equation. They further point out 
that the effect was probably dependent to some extent upon the position of the 
double bond within the molecule and also upon the influence of neighboring 
groups. Subsequently, Todd and Parks*showed this to be the case in their 
study of isomeric butenes. However, the latter investigators further noted that 
the configuration of the molecule must also be considered. Table 242 gives the 
molal entropies of cis- and trans-2Amtc.nc and isobutene, as determined by Todd 
and Parks. 


Table 242.— Molal Entropies of Thre^ Isomeric Butenes. 


Crystals (0 to 90°K.) 
Crystals (above 90°K.). 

Fusion. 

Liquid. 

Vaporization. 

Gas (to 298.1°K.. 
Absolute Entropy, 52 <)h 


m-2-Butene /rfl«5-2-Butene Isobutene 

11.70 10.23 10.81 

6.55 11.18 6.17 

13.06 14.07 10.68 

19.57 13.61 18.72 

20.63 20.41 20.33 

1.50 1.70 2.29 

73.0 71.2 69.0 


Thus, the absolute entropy of the cis compound is 1.8 E.U. greater than that of 


HC—CHa 


CHa—CH 


CHa—C—CHa 


HC—CH, 
cis’2-butene 


HC—CHa 
trans~2-butene 


CHa 

isobutene 


its stereoisomer, the trans modification, and 4.0 E.U. higher than that of iso¬ 
butene.**** 

The researches of Parks, Todd and Shomate*** on the heat capacities of some 
higher olefins (namely «-heptene-l, 1,4-pentadiene, and two isomers of diiso¬ 
butylene) al.so indicate that the molal entropy is largely dependent upon the sym¬ 
metry of the molecule and the position of the double bond.**^ The average decrease 
per olefin bond in these determinations was found to be about 1.4 E.U. per mole. 
According to these authorities, although this figure cannot be considered very 
significant, it is probably preferable to the decrease of 2.7 E.U. suggested pre¬ 
viously by Parks and Huffman. 

Extension to Other Compounds. By means of the above equations, the 
molal entropy of the various hydrocarbons may be calculated. Parks and Huff¬ 
man,**^ however, have carried this matter further. On the basis that oxygen, 
nitrogen and halogen compounds can be considered as derivatives of the various 
hydrocarbons and by comparisons with experimental data obtained in numerous 
investigations, .these authorities formulated several general rules concerning the 
relation of entropy and structure. Their deductions, though purely empirical, 

113 S. S. Todd and G. S. Park.s, J.A.C.S.. 1936. 58. 134; Brit. Chcm. Abs. A. 1936, 278; Chcm. 
Abs.. 1936, 30, 2477; J. Inst. Pet Tech., 1936, 22, 201A. 

113 In the.se experiments, tests were also made on 1 butene which, however, failed to crystallire 
even at 81.3*K. (—191.8'’C.). Todd and Parks c.stiniated the absolute entropy of this i-somer to be 
72.5 =*= 1.3 E.U. per mole. 

11* G. S, Park.s. S. S. To<ld and C. >1. Shomate. J.A.C.S., 1936, 58, 2505. 

^1* See also L. S. Kassel {J. Chcm. Phvsics. 1936, 4, 435; Chcm. Abs., 1936, 30. 5844) for a 
di.scussion of the absolute entropies of w.cnns from spectroscopic determinations, which results art- 
in fairiy good aRrccment with Third Law measurement'^. 

im G. S. Parks and H. M. Huffman, “The Free Energies of Some Organic Compounds,” The 
Chemical Catalog Co., Inc., New York, 1932. 
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permit the ready estimation of the 5*208 values for an enormous number of organic 
compounds, together with the approximate changes in AF 298 which may be ex¬ 
pected due to these structures. Table 243 lists these results of Parks and Huffman. 

Table 243. —The Changes in Molal Entropy and Free Energy Accompanying Various Struc* 

tural Modifications at 298.PK* 


Insertion of CHj into a hydrocarbon chain 
Substitution of CHa for H attached to a 

main hydrocarbon chain. 

Substitution of CjHi for H attached to a 

main hydrocarbon chain. 

Substitution of CHa for H in a hydrocar¬ 
bon ring. 

Substitution of a phenyl group for H at¬ 
tached to carbon. 

Substitution of a cyclohexane or cyclo¬ 
pentane ring for H attached to carbon. 
Conversion of a single bond into an ethyl- 

enic double bond. 

Substitution of OH for H to form a mono¬ 
hydroxy, primary alcohol. 

Substitution of OH for H to form a mono¬ 
hydroxy, secondary alcohol. 

Substitution of OH for H to form a mono¬ 
hydroxy, tertiary alcohol. 

Substitution of OH for H to form a phenol 
Substitution of OH for H to form poly¬ 
hydroxy compounds. 

Insertion of —O— linkage in a chain to 

form an ether. 

Substitution of O for 2H to form an alde¬ 
hyde. 

Substitution of O for 2H to form a ketone 
Insertion of COjH for H to form a car¬ 
boxylic acid. 

Insertion of CO* group into a hydrocarbon 

chain to form an ester. 

Substitution of NH 2 for H to form an 

amine. 

Substitution of NO 2 for H to form a nitro 

compound. 

Substitution of Cl for H. 

Substitution of Br for H. 

Substitution of I for H. 

Substitution of bivalent S for O in a com¬ 
pound. 


-Change in Molal Entropy— -Change in- 

T*_ r A _ A ir** 


Solid 

5.8 

Liquid 

7.7 

Gaseous 

10.0 

A 7^298 
1,080 

5.0 (?) 

3.2 

5.0 (?) 

1,900 

— 

10.9 

— 

3,000 

5.8 

7.7 

— 

0(?) 

17.0 

19.5 

— 

36,000 

— 

26.5 

-- 

13,000 

-2.7 

-2.7 

-2.7 

(a) 

0 (?) 

-1 5 

13.0 

-34,000 

0.5 (?) 

-4.0 

9.0 (.^) 

-37,000 

0.5 (?) 
0.0 

-6 0 

0 (?) 

7.0 (?) 

-41,000 

-41,000 

0.5 (?) 

0.5 (?) 

— 

(b) 

— 

5.0 

8.0 

-20,000 (?) 

1.0(.'') 

1.0 

5.0 (?) 
0.5 (?) 

7.3 (?) 
6.0 

-23,000 (?) 
-30,000 (?) 

5 8 

7.7 

— 

-83,200 

~ 

13.2 

21.0 

-70,000 

0.0 

0 0 

— 

6,000 

7.0 

6.0 

7.5 

9.0 (?) 

8.0 

7.0 (?) 
9.0 (?) 
11.0(?) 

9.0 (?) 
11.5 (?) 
14.0 (?) 

7,000 
-1,600 
4,500 (?) 
10,000 (?) 

2.0 (?) 

2,0 (?) 

2.0 (?) 

36,000 (?) 


?*■ Values marked in this manner are regarded as doubtful by Parks and Huffman. 

• “ Very irregular, mean about 20,000. 

‘’-Primary OH, —34,000; secondary OH. —37,000 

* G. S. Parks and H. M, Huffman, “The Free Energies of Soi^ie Organic Compounds,” The 
Chemical Catalog Co., Inc., New York, 1932. 


As an example in the use of these data, the entropy of 2,2,3-trimethylbutane may 
be considered. Using equation for liquid branched paraffins, u = 7 and r = 3. 
Therefore 

5m « 25.0 + (7.7 X 7) - (4.5 X 3) - 65.4 E.U. 

It will be noted that this procedure is equivalent to obtaining the entropy of 
liquid butane by means of equation (1) and adding the effect of the substitution 
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of three methyl groups for hydrogen atoms, taken from Table 243. For instance : 

5298 * 25.0 + (7.7x4) » 55.8 E.U. 
for liquid butane. The substitutional effect is 

(3x3.2) * 9.6 E.U. 

Adding the two gives 65.4 E.U. This predicted value of 5298 is within 1 per cent 
of that obtained experimentally (64.8 E.U.) for 2,2,3-trimethylbutane by Huffman, 
Parks and Thomas.^^^ In a similar manner, 5298 ^or solid palmitic acid (which 
Parks and Huffman regard as the derivative of w-pentadecane in which one hydro¬ 
gen atom on the terminal carbon atom has been replaced by a carboxyl group) may. 
be predicted. Thus, for solid n-penladecane (C 15 H 32 ) from equation (3), 

5298 = 18.0 + (5.8X15) = 105.0 E.U. 

Adding to this value 5.8 E.U. which is the effect for the carboxyl substitution, the 
resulting entropy value for solid palmitic acid is 110.8 E.U.^^® 

Variation of Free Energy with Temperature 


Although for convenience in comparisons free energy values are ordinarily 
tabulated at 298.1 °K. (25°C.), a knowledge of the variation of free energy with 
temperature is important in the case of studies looking to various practical applica¬ 
tions, since most reactions are carried out at temperatures other than room tem¬ 
peratures. 

From the Gibbs-Helmholtz equation,the change in free energy with respect 
to temperature at constant pressure may be expressed as: 

(7) AF; =« AHo - AaT InT - -f IT 

where aFJ, is the free energy at the absolute temperatuie T, aHq is the basic heat 
of formation, Afl, A 6 and Ac are the constants in the empirical equation for the 
increase in heat capacity at constant pressure: 

^Cp * Aa + A5r + 

and / is the integration constant.When all of the constants can be evaluated, 
equation (7) may be used to give the free energy at any temperature. However, 
as Francis^^^ has stated, equations of this nature are very awkward to employ. 
In general, the curves do not deviate considerably from a straight line, especially in 
the temperature range of 400-10(X)°K. (127-727°C.), and therefore Francis recom¬ 
mends the use of a linear function, such as: 

(8) AF - A + jtr 

H. M. Huffman, G. S. Parks and S*. B. Thomas, J.A.C.S., 1930, 52, 3241; Ckem. Abs., 1930, 
24, 4755; BriL Chem. Abs. A, 1930, 1253. 

»«G. S. Parks, K. K. Kelley and H. M. Huffman (J.A.C.S., 1929, 51, 1969; Brit. Chem. Abs. 
A, 1929, 990; Chem. Abs., 1929, 23, 4877) experimentally determined 5“sw for solid palmitic acid 
to be 113.7. These values differ by 2.5 per cent. 

A rigorous thermodynamic proof of this equation is beyond the scope of this volume. Refer¬ 
ence should be made to G. N. Lewis and M. Randall, “Thermodynamics,” McGraw-Hill Book Co., 
Inc., New York and London, 1923; and H. S. Taylor, “A Treatise on Physical Chemistry,” D, 
Van Nostrand Co., Inc., New York (second edition), 1930. 

The heat content at any temperature T is given by: 

AHt - AHo +Aor -f jA6r* +1 AcT* 

From a knowledge of the value of the heat of reaction and the necessary specific heat data, ^Ho 
can be evaluated. By substituting AF*anH and T s= 298 in equation (7), I can be determined. 
For examples of the application of this equation to numerical data, see A. W. Francis, Ind. Ena. 
Chem., 1928, 20, 277; Chem. Abs., 1928, 22, 1131; Brit. Chem. Abs. A, 1928, 478; and G. §. 
Parks and H. M. Huffman, lac. cit. 

>"A. W. Francis, Ind. Eng. Chem.. 1928, 20, 277, 283; Chem. Abs., 1928, 22, 1131, 1716; 
Brit. Chem. Abs. A, 1928, 478, 470. 
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where h and k are empirical constants. Equation (8), although only an approxi¬ 
mation, is sufficiently accurate for most purposes.^-2 

As a test for the similarity of these two equations, Parks and Huffman^^a i^ave 
calculated the variation in the free energy of formation of ethane following the 
reaction: 

(9) 2C(gr*ph.) -+• 3 H 5 (,) « CiH®(g); AF 208 * —10,700 cal. 

According to equation (7), for this reaction may he expressed as: 

(7a) Mr ^ “19,190 + 1.S.7r InP - 0 . 004 r)r 2 _ 50 /, r 
while from erjuation 

( 8 a) AFr = -26,700 + Sl.OP 

The values for the free energy of ethane at different temperatures, as calculated by 
these investigators from equations (7a) and (8a) are listed in Table 244. 

Table 244 .—Free Energy of Ethane at Various Temperatures.^ 


. 400 500 600 700 800 900 

. 127 227 327 427 527 627 

AFrhyla. . -6,140 -1,360 -f3,650 +8,830 +14,150 +19,560 

AFTby 8 a. -6,300 -1,200 +3,900 +9,000 +14,100 +19,200 

Difference. -160 +160 +250 +170 -50 -360 


• G. S. Parks and H. M. Huffman. “The Free Energies of Some Organic Compounds,” The 
Chemical Catalog Co., Inc., New York, 1932. 

From the differences, it will be seen that over this range of temperature (127- 
627®C.) the results obtained by using the approximate linear relation vary from 
those of equation (7) by about 1 to 2 per cent, which are well within the limits of 
experimental error. 

Table 245 giving the values of h and k in equation (8) for the variation of free 
energy of formation of various substances with the temperature has been sum¬ 
marized from data given by Parks and Huffman.The resulting equations are 
applicable over a temperature range of about 400 to 1000°K. (127 to 727°C.) for 
substances in the gaseous state. Since these values are based on experimental data 
which are subject to revision due to inaccuracies in heats of combustion and forma¬ 
tion, the probable error in the value of APhs as listed by these investigators is 

also included.^25 

By combinations of approximate free energy-temperature equations for various 
compounds. Parks and Huffman have estimated three general formulas for varia¬ 
tion of free energy with both temperature and length of the carbon chain. These 
are 

^2* This is especially true when the uncertainty of the free energy value'; of vonie of the 
compounds involved is considered, 

G. S. Parks and H. .Vf. Huffman, loc. cit. 

'24 G. S. Parks and H. M, Huffman, loc. cit. 

'25 G. S. Parks and H. M. Huffman, “The Free Energies of Some Organic Compounds,” The 

Chemical Catalog Co., Inc., New York, 1932. The probable errors have been estimated by Parks 

and Huffman and represent the maximum uncertainty in the values given by them in their “Table 
of Free Energies,” p. 231. A. W. Francis has compiled a somewhat similar table to show the 
variation of free energy and temperature. Unfortunately the and values available at that 

time (1928) were in error to such an extent that they have been superseded by more recent 
determinations. However, reference should be made to the two articles of Francis mentioned 
previously for a concise treatment and explanation of the practical application of the principles in> 
volved in the above calculations. 

For comparative purposes, the equations derived by A. W. Francis (loc. cit.) are: 

Paraffins: -13,300-7850n + 2.27'+25.55nr 

Olefins: AF®- 3l.060-9400n-39.5r+25.5n7' 

Naphthenes: AF«- !2,900-8500n-19.3r+2S.5nr 
Acetylenes: AF®- 68,400-7000n-61.97'+25.5«r 
Alcohols: AF®- -43,540-7010n+24.2«r 

where n is the number of carbon atoms and T is the ab«;olutc temperature. 
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for normal paraffins in the gaseous state: 

(10) AF4 « -14,700 - 6000w + l.Or - 25.0nr 

for normal 1-olefins (hexene-1, octene-1 and so forth) : 

(11) AF; » 5700 - 6500(« - 2) + 21.IT - 24.0(w - 2)7' 

and for normal primary alcohols: 

(12) AFt « - 57,000 - 6000(n - 2) -H 59.8r + 25.0(n - 2}T 

where n is the number of carbon atoms and T is the absolute temperature. Fig. 

Table 245. — Constants for Evaluating Free Energy at Various Temperatures Using the 

General Equation: 

AFt = h kT 

Maximum Probable Error (±) 


in Fundamental Value of A Fogg 
h k Cal./Mole 

Methane. -19,450 23.0 500 

Acetylene. —54,900 —13.6 500 

Ethylene. 5,700 21.1 2,000 

Ethane. -26,700 51.0 1,000 

w-Hexene-1. -20,300 117.1 2,000 

Cyclohexane. —33,600 136.4 1,000 

Octane. -62,700 201.0 2,000 

Benzene. 17,900 41.7 1,000 

Toluene. 8,200 66.0 1,000 

m-Xylene. 1,700 91.6' 2,000 

N aph thalene. 30, vSOO 63.0 1,000 

Anthracene. 43,400 91.6 5,000 

Methyl alcohol. -49,300 34.4 500 

Ethyl alcohol. -57,000 59 8 2,000 

Acetic acid. —105,300 47.1 2,000 

Formaldehyde. —27,800 6.0 2,000 


321 is a comparison of the variation of molal free energies of four six-carbon atom 
hydrocarbons, benzene, hexene-1, ;i-hexane and cyclohexane in the gaseous state. 
Although at 400°K. (127®C.) n-hexane is the most stable (indicated by the lower 
value of AF°) and benzene is the least stable, at 13(X)°K. (1027°C.) this condition 
is entirely reversed. Analogously, at the lower temperature cyclohexane is slightly 
more stable than 1-hexene, but above 900®K. (627®C.) the opposite is true. 

Applications of Free Energy to Problems of the Petroleum Indusiry 


The possibilities of the application of free energy data to problems of the petro¬ 
leum industry are by no means as limited as those which will be discussed in this 
chapter.^27 However, the examples here cited are of a rather general nature, and 
may be considered as more or less representative applications. 

For convenience, most thermodynamic calculations are based on reactions taking 
place in the gaseous state. One reason for this has been pointed out by Francis,^-® 

Consult A. W. Francis and R. V. Kletnschmidt (OH and Gas 1929, 28 (29), 118; Atncr. 
Pet. Inst. Bull., 1930, III, 93; J. Inst. Pet. Tech., 1930, 16, 3A; Chem. Abs., 1930, 24, 2369; 
for a discussion of the applications of thermodynamics and its limitations. 

^ It should be noted that in some cases the free energy values that have been used are not 
the most recent calculations. Refinements such as these will, of course, lessen the amount of un¬ 
certainty. 

A. W. Francis, Ind. Eng, Chem., 1928, 20, 277; Chem. Abs., 1928, 22, 1131; Brit. Chem. 
Abs. A, 1928, 478. 
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namely, that general equations can be set up to cover these types of transforma¬ 
tions. On the other hand, liquid phase reactions cannot be represented by general 
equations. However, in the latter case, from a knowledge of the vapor pressure, 
fugacity'®^ or activity^®^ of the substance, specific equations to cover each reaction 
may be readily formulated. 

In some instances certain reactions which normally would be accompanied by 
a slight increase in free energy can be forced to proceed by the application of pres¬ 
sure, especially if the transformation is accompanied by a decrease in volume. 
However, Francis^®^ j^^s stated that even the use of high pressures will not ordina¬ 
rily overcome an unfavorable free-energy change of more than about +5000 cal. 
Still another point emphasized by Francis is that a reaction which is found to be 
thermodynamically impossible (one in which the free energy change has a value of 



Fig. 321. 

Variation of Molal Free Energies of Gase¬ 
ous ^-Hexane, 1-Hexene, Cyclohexane and 
Benzene as Function of Absolute Tempera¬ 
ture. (G. S. Parks) 


Courtesy Industrial and Engineering Chemistry 


+ 10,000 cal. or higher, in a positive sense) cannot be induced to proceed by means 
of a catalyst.^^® 

At this time it might also be well to restate some of the limitations of thermo¬ 
dynamics. Free energy calculations are based primarily on the concept of equilib¬ 
rium. In actual practice, especially in cracking, true equilibrium is never attained, 
but according to Francis, only a condition nearer to this state is reached, and this 
implies a lower value of free energy. Furthermore, since the important variable, 
time, does not enter into thermodynamic considerations, no inkling as to the neces¬ 
sary duration for equilibrium to be established is possible. Many reactions appear 

^Fugacity may be regarded as a corrected or effective vapor-pressure, i.e., the actual vapor 
pressure of a substance as differentiated from the theoretical vapor pressure that would be expected 
from calculations involving the use of the ideal gas laws. See G. N. Lewis and M. Randall 
(**Thermodynamic8,'’ McGraw-Hill Book Co., Inc., New York and I..ondon, 1923) for a discussion 
of this concept. 

^ Acti vity is a corrected or effective concentration, made necessary due to deviations of actual 
substances from ideality, usually applied to substances in the liquid state. See G. N. Lewis and 
M. Randall, loc. cit. 

“*A. W. Francis, loc. cit. 

^ In this respect, the possible error in the value of the free energy figures as given in the 

£ receding table should be borne in mind. Thus, if the free energy of a reaction has been calcu- 
ited to be 10,000 cal., but due to uncertainties in the free energies of formation that are involved 
(which errors may either be accumulative or compensating) there mAy be a factor of 5000 cal. 
to be considered. The above statement is of necessity subject to revision, as the free energy change 
for the reaction probably lies between -1-15,000 and -f-5000 cal., and if the latter value is the 
correct one, the reaction may proceed with catalysts. 
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to occur by concatenation, that is, by chain mechanisms, or by stepwise manners. 
In these cases, reaction rates, which likewise are beyond the scope of this science, 
play an important and perhaps even a predominating role.^^^ Finally, it should 
also be remembered that the standard free energy values apply to substances in 
their standard state (one atmosphere pressure and 25®C.). The actual free ener¬ 
gies of substances involved in reactions may differ appreciably from those under 
the assumed ideal conditions, and therefore should be corrected to the corresponding 
circumstances.^^® 

Bearing the above discussion in mind, examples of the use of free energy cal¬ 
culations in cracking, hydrogenation and dehydrogenation, polymerization, the 
preparation of olefins, isomerization, the hydration of olefins, the Fischer synthesis 
and a few other general applications will be reviewed.^®®* 

Cracking. A general discussion of the thermodynamics of cracking in refer¬ 
ence to the work of Schultze^^® has already been given. Parks and Huffman^®*^ 
have also studied the application of this science to typical cracking reactions. Table 
246 has been compiled from their calculations, and represents four types of rupture 
for n-tetradecane in the gaseous phase. The approximate equation expressing the 
free energy change with temperature is given in the first column, and in the second 
and third are listed the corresponding free energies at 600°K. (620° F.) and 1000°K. 
(1340°F.), respectively. 

Table 246. — Fre^. Energy Changes for the Vapor Phase Cracking of n-Tetradecane. 

—— ’"^Fjooo- 

-AF;- (620°F.) (1340°F.) 

(13) C 14 H 30 « Ci 2 H 2 » + CH 4 -f C . -7,450 - 27T -23,600 - 34,400 

(14) CuHao » C^His -H C.Hi, (hexene). 15,700 - 33T -4,000 -17,200 

(15) C 14 H 30 * CgHis -f CgHij (cyclohexane). 2,400 - 13.6r -5,800 -11,200 

(16) C 14 H 30 = CgHis +C6H. 4 - 3 H 2 . 53,900 - lOST -11,100 - 54,400 

Reaction (13) involves cracking to a lower paraffin with the simultaneous 
formation of methane and the deposition of carbon. In equation (14) the de¬ 
composition is to «-octane and hexene. In equations (15) and (16) the products 
are n-octane and cyclohexane and n-octane, benzene and hydrogen, respectively. 

Concerning these reactions, all of which are thermodynamically feasible as 
indicated by the large negative values of aF° even at 600°K. (620°F.), it is im¬ 
possible to predict just which one will predominate at any particular temperature. 
This is a typical case in which a knowledge of the various rates of reaction is re¬ 
quired to establish the point. Thus, by use of specific catalysts, any one of these 
reactions might become the predominating one. Again, it is necessary to remember 
the equilibrium conditions assumed, and since these conditions cannot be attained, 
the corresponding free energy values should be somewhat lower. Parks and 
Huffman, however, suggest that in the absence of any data on the reaction rates, 
the magnitude of the free energy change may be taken as a crude criterion for 
the relative importance. In accordance with this assumption, at 6()0°K. (327°C.) 

This matter will be discussed in more detail later in this chapter. 

^In view of the magnitude of the uncertainty of most free energy values for organic com¬ 
pounds, this procedure is ordinarily not required. However, for the exact application of thermody¬ 
namics, corrections of this nature should be made. Sec G. N. Lewis and M. Randall, loc. cit.; and 
H. S. Taylor, “A Treatise on Physical Chemistry,” D. Van Nostrand Co., Inc., New York, 1930. 

Evaluation of chemical reactions from the standpoint of thermodynamics has also been given 
consideration in previous portions of this text. Note esj^ially Chapters 3, 26, 36 and 52. 

“•G. R. Schultze, Chem,, 1936, 49, 268; Cnem. Abs., 1936, 30, 6176; Brit. Chem. Abs. 

B, 1936, 535. See Chapter 3. This work of SchulUe was based primarily on the general formulas 
of G. S. Parks and H. M. Huffman, “The Free Energies of Some Organic Compounds,” The 
Chemical Catalog Co., Inc., New York, 1932. 

G. S. Parks and H. M. Huffman, iac. cit. Consult H. L. Hays (Oil and Gas J., 1936. 34 
(49), 39; Chem. Abs., 1936, 30, 5401) for a thermodynamic analysis of the reactions involved in 
cracking lower hydrocarbons, such as propane. Also M. W. Travers, /. Inst. Fuel, 1935, 8, 157; 
Brit. Chem. Chem. Abs. B, 1935, 391; Chem. Abs., 1935, 29, 7935. 
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equation (13) might be expected to predominate and at 1000°K. (727°C.), equa¬ 
tion (16). 

Francis^^® has stated that liquid-phase cracking reactions are accompanied by 
lower free energy values, indicating slightly less thermodynamic favorability. The 
values for the corresponding liquid-phase reactions may be calculated, provided the 
partial pressures of the compounds involved are known. 

Dehydrogenation. The change in aF accompanying the dehydrogenation of 
the lower paraffins has been investigated by Frey and Huppke.^*^® These investi¬ 
gators obtained the necessary experimental data from equilibrium constant meas¬ 
urements at various temperatures, using an air-dried chromic oxide gel catalyst. 
Table 247 gives their equations for the change in AF for the dehydrogenation 
reactions and the value of AF at 673°K. (400®C.). 

Table 247.— Free Energies of Dehydrogenation of Lower Paraffins.. 

A/' c.TI 

-- (400°C.) 

C 2 H 6 = C 2 H 4 + Ih . 27,798 - 9.217'log7’ + 2.177' 11,730 

CVfs = C 3 H 6 -f H 2 . 25,920 - 9.2iriogr - 0.217' 8,250 

n-C 4 Hio = C^HsCH—CH., -f H,.. 25,790 - 9.217'log7' - 0.217' 8,120 

n-C 4 Hio = «s-CH 3 CH=CHCH 3 + H,.. 25,580 - 9.21 T logT - 0.217’ 7,910 

n-C 4 H,o = /ra«j-CH 3 CH=-CHCH 3 + .. . 25,090 - 9.2iriog7' - 0.2ir 7,420 

15(7-C4Hio = (CH 3 ) 2 C==CH 2 + H 2 . 23,900 - 9.217'logT - 0.21F 6,230 

According to Frey and Huppke, the error in AF over the range of 300 to 600°C. 
is in no case more than several hundred calories. From their values of AF,{ 7 ;t 
(400°C.) it will be seen that the dehydrogenation of the lower members of the 
paraffin series proceeds to only a very limited extent, even under eciuilibrium con¬ 
ditions and using a selective catalyst. At higher temperatures, especially in the 
case of the large molecular weight hydrocarbons, Frey and Huppke conclude that 
this type of decomposition may be expected. 

Hydrogenation. The theoretical thermodynamic considerations of the hydro¬ 
genation of unsaturated hydrocarbons have been discussed by Sweeney and Voor- 
hies.^^® For the hydrogenation^^^ of benzene to cyclohexane, for instance, the stand¬ 
ard free energy change may be represented l)y: 

(17) C6H6(g) + 3H2(,) = C6H,2(«); = -51,500 -f 94.7r 

where T is the absolute temperature and each substance is assumed to be at 1 
atmosphere pressure. At other partial pressures^'*- (designated by />) of the three 
reactants, the above equation takes the form: 


(18) ^F = -51,5(K) -f 94.77' -f KT \n 

When ecjuilibrium is attained in the sy.stem (A/' = 0), rearrangement of equation 
(18) gives: 


(19) log 


^6“l2 


T 


-20.7+3 log 


i3« A. W. Francis, lud. Eng. Client., 1928, 20, 277; Chem. Abs., 1928, 22, llJl; Brit. Client. 

Abs. A, 192^ 478. 

^F. E. Frey and W. F. Huppke, Ind. Eng. Client., 1933, 25, 54; Client. Abs., 1933, 27, 654; 
Brit. Chem. Abs. A, 1933, 227. See Carleton Ellis, “The Chemistry of Petroleum Derivatives,” 
The Chemical Catalog Co., Inc., New York, 1934, for a discussion of this work. 

J. Sweeney and A. Voorhie.s, |r.. Ind. Eng. Chem., 1934, 26, 195; Chem. Abs., 1934, 28, 
2168; Brit. Chem. Abs. B, 1934, 438; /. Inst. Pet. Tech., 1934, 20, 165A. 

For a general discussion of Iwdrogenatioii of oils, see E. T. Clohr and R. P, Russell, /. Inst. 
Pet. Tech., 1932, 18, 595. 358A; Chem. Abs., 1932, 26, 4941; Brit. Chem. Abs. B, 1932, 919. 

This procedure is based on ideal conditions, i.c., assumption that the ideal gas laws hold. 

For high pressures, the fugacity, or effective j>res.sure should be substituted. See G. N. Lewis 

and M. Randall. “Thermodynamics,” McGraw-Hill Book Co., New York and London, 1923. 
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Sweeney and Voorhies have substituted values of 7 = 672°K. (750°F.) and 
812°K. (1000°F.) in equation (19) and plotted the functions, as shown in Fig. 
322. Thus, it is evident that the equilibrium ratio of cyclohexane to benzene in¬ 
creases sharply in proportion to the rise in hydrogen pressure. At 750°F. this 
quotient is 0.0001, corresponding to 1 atmosphere of hydrogen. At the same tem¬ 
perature and 150 atmospheres of hydrogen, the ratio of the partial pressure of 
cyclohexane to benzene is approximately 300. Thus, according to these investi¬ 
gators, it should be theoretically possible to obtain any degree of hydrogenation at 
a certain temperature by the appropriate chfMce of hydrogen pressure. 



Fig. 322. 

Effect of Temperature and Pressure 
in Simple Hydrogenation of Ben¬ 
zene and Hexene. (W. J. Sweeney 
and A. Voorhies) 


Courtesy Industrial and Enitineering Ghent- 
tstry 


The analogous case of the hydrogenation of hexene to hexane has also been 
discus.sed by Sweeney and Voorhies. WHien each of the substances is at 1 at¬ 
mosphere pressure, the equation 

C,H,2(g) + H2(g) = CcHhu); = -30,400 -f 33.97 

gives the standard change in free energy. Likewise at other partial pressures of the 
three substances and at equilibrium, this transformation may be represented by: 


log 


PCgHij 


6,650 

7 


- 7.41 -f log pii^ 


Assuming the same temperatures as in the previous case, from Fig. 322 it will be 
seen that the equilibrium ratio of the partial pressures of hexane to hexene is 
greater than that of cyclohexane to benzene (in the preceding instance) indicating 
that the saturation of the olefin to give the corresponding paraffin should proceed 
quite readily even at 1 atmosphere pressure of hydrogen. The effect of hydrogen 
pressure is less pronounced in the case of the hexene-hexane equilibrium than in 
that of the benzene-cyclohexane reaction, as is shown by the slopes of the respective 
isotherms. 

Polymerization. Parks^'*^ has stated that the well known tendency of the 
lower olefins to undergo polymerization may be readily explained by means of 
free energy calculations. One example, that of the dimerization of isobutene, has 
already been discussed.^^^ Another illustration, that of the polymerization of 
S. Parks, Ind. Eng. Ghent., 19.13, 25, 887; Ghent. Abs., 1933, 27, 4473; Brit. Ghent. Abs. 
A. 1933. 1014. 

Sec Chapter 26. 





1300 


CHEMISTRY OF PETROLEUM DERIVATIVES 


hexene-1 to dodecene, will now be considered. Parks has employed AF 298 
values of 14,900 and 21,000 cal., respectively, for these two substances^^® and rep¬ 
resented the change in AF 208 for this reaction as: 

20eHis(i) *= Ci2H24(i); ^^298 ~ 21,000 — 2(14,900) =» —8,800 cal. 

From this large negative free energy. Parks concluded that the liquid phase poly¬ 
merization of an olefin, such as hexene-1, should be virtually complete,even 
at 25"C. 

Production of Isooctane. Vast interest has been shown in the synthetic 
production of isooctane (2,2,4-trimethylpentane), due to the antiknock properties 
of this hydrocarbon as a motor fuel.^^^ Parks and Todd^^® have investigated the 
thermodynamic considerations involved in the preparation of this hydrocarbon 
from isobutene and suggest two mechanisms, both of which will now be discussed. 

The first method for producing isooctane involves the polymerization of iso¬ 
butene to diisobutylene and subsequent hydrogenation to isooctane. For the first 
step, the change in free energy is given as: 

(20) 2 C 4 H 8 (g) = CsHifld); AF 298 = —6,930 cal. 
and for the second step: 

( 21 ) CgHied) -f Hgcg) * CgHisd); ^^299 = —20,280 cal. 

Thus, even at 25®C, the rather large negative values of AFJos indicate that thermo¬ 
dynamically the reactions may be expected to proceed quite spontaneously and 
completely from left to right. Parks and Todd allege that these two reactions may 
be carried out readily even at room temperatures with the proper choice of 
catalysts. Assuming approximate linear relations for the change in free energy 
with temperature (that is, taking ACp = 0) equation (20) results in 

(20a) AFx * -26,770 -H 66.6r ' 

and equation (21) in 

(21a) AFt = -28,470 -f 27.5T 

The latter equations show that the free energy will be negative below 402° K. 
(129®C.) and 1035®K. (762®C.), respectively, both of which are above the boiling 
points of diisobutylene (101°C.) and isooctane (99°C. for 2,2,4-trimethylpentane). 

Considering now the production of both diisobutylene and isooctane in the 
gaseous phase, the equations become: 

(20b) AF; - -17,920 4 - 42.2r 
from which = 0 at 425°K. (152°C.) and 

(21b) AFt * -28,570 -f 26.7T 

from which aF® = 0 at 1035°K. (762°C.). By the use of moderate pressures (up 
to 10 atmospheres) of isobutene, Parks and Todd believe that the production of 
gaseous diisobutylene should be perfectly feasible up to about 200° C. 

Estimations of the free energies of these substances may be made from the general equations 
for the free energy of formation of olefins [equation (11)] by substituting T = 298 and n = 6 
and 12, respectively. An alternative method would be to use the general equation for the free 
energy of formation of paraffins [equation (10)] and add on 20,000 cal., for the effect of the double 
bond, as given in Table 243. 

See Chapter 26, this text. 

See, for example, C^iapters 3, 26 and 44 of this text. 

S. Parks and S. S. Todd, Ind. Eng. Chern,, 1936, 28, 418; /. Jnst. Pet. Tech., 1936, 
22, 2S3A; Chem. Abs., 1936, 30, 3401; Brit. Chem. Abs. A, 1936, 701. 
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The second method of producing isooctane outlined by Parks and Todd**® 
involves the union of isobutene and isobutane, according to the equation: 

(22) + QH 8(«) “ CgHisd); -^^298 ~ —8,250 cal. 

The approximate general equation for the change in free energy as a function of 
the temperature is: 

(22a) AFt = -27,100 -f- 63.2r 

from which is negative up to 429°K. (156°C.). However, the corresponding 
equation for the production of gaseous isooctane is 

(22b) AFt = -18,350 -h 39.ir 

which gives negative values for the free energy up to 469®K. (196°C.). Parks 
and Todd state that the latter reaction is not feasible with moderate pressures of 
isobutane and isobutene at temperatures in excess of 225°C. At this temperature 
AFigg = 1,130 cal. and Kp b 0.3, corresponding to about a 6.7 mole per cent con¬ 
centration of isooctane in equilibrium with 7 atmospheres of isobutane and 7 at¬ 
mospheres of isobutene. 

Parks and Todd assert that the relatively low temperatures required by the 
above thermodynamic considerations, together with the low reaction velocity and 
chemical inertness associated with the paraffin hydrocarbons, tend to make reaction 
(22) appear rather dubious. However, these authorities point out the fact that this 
type of reaction^®® (especially one involving a tertiary carbon atom, as isobutane) 
may be made to proceed by means of special catalysts, and cite as an example the 
work of Ipatieff and Grosse.'*'*^ The latter investigators studied reaction (22) 
using a catalyst of powdered nickel, boron triHuoride and water, at 25°C., and 
obtained a 32 per cent yield of octanes. Likewise, experimentally the upper tem¬ 
perature limit of this reaction was found to be about 200®C., which is in essential 
agreement with the predictions of thermodynamics. 

Isomerization. The conversion of cyclohexane into methylcyclopentane may 
be cited as an example of isomerization. Parks^^^ has calculated the free energy 
change for this transformation in the liquid phase at 25°C. to be: 

— CjHjCHad); ^ —4,100 cal. 

However, due to the low reactivity of these two hydrocarbons at ordinary tempera¬ 
tures, equilibrium could not probably be reached within reasonable time limits. 
From Table 241 the change in heat content for this reaction may be calculated as 

(-37,800) - (-36,700) = -1,100 cal. 

and assuming the change in molal heat capacities of the two hydrocarbons are equal, 
the approximate equation 

AFt * -1,100 - lor 

is obtained. Although this equation was based on the li(|uid phase reaction, ac¬ 
cording to Parks, it can be applied as a rough approximation to the gaseous phase 
conversion, since the boiling points and consequently the free energies and 
heats of vaporization of cyclohexane and methylcyclopentane do not differ very 
greatly. Thus, at 773® K. (500®C.) the free energy for the gaseous reaction is 

G. S. Parks and S. S. Tmld. loc. cit. 

>“®Scc Chapter 24. 

N. Ipatieff and A. V. Crosse, J.A.CS., 1935, 57, 1616; Brit. Chem. Abs. A, 1935. 1348; 
Chem. Abs., 1935. 29, 7270. 

S. Parks, /nd. litw. CUem., 1933. 25, 887; J. Just. Pet. Tech., 1933, 19, 412A; Chem. 
Abs.. 1933. 27, 4473; Brit. Chem. Abs. A. 1933. 1014. 
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—8,800 cal. In this respect, it is of interest to note that numerous investigators 
have identified methyl cyclopentane among the products obtained in the catalytic 
reactions of cyclohexane. For instance, Aschan^^^ reported that by heating the 
latter hydrocarbon with fuming hydriodic acid at 300°C., it was converted into 
methylcyclopentane. Anhydrous aluminum chloride was found not to effect the 
transformation, as was subsequently verified by Nenitzescu and Cantuniari.^^"^ 
These latter investigators, however, observed that by adding traces of water to the 
aluminum chloride catalyst, yields of as high as 20 per cent of methylcyclopentane 
could be obtained by heating cyclohexane for 3 hours at about 80°C. Ipatieff and 
Komarewsky^^® also reported a pronounced conversion to methylcyclopentane with 
a mixed catalyst of gaseous hydrogen chloride and aluminum chloride. 

Hydration of Ethylene. The free energy change involved in the produc¬ 
tion of ethyl alcohol from ethylene^has been the subject of much discussion. 
Considerable discrepancy exists between the calculations based upon the existing 
thermodynamic data and those derived from experimental observations, as pointed 
out by Gilliland, Gunness and Bowles. 

These investigators studied the reaction 


GiH4(g) -f H20(g) = C2H50H(g) 


over a range of temperatures of 175 to 310°C. and pressures of 82.6 to 264.2 
atmospheres, using dilute sulphuric acid as a catalyst. P'rom equilibrium data ob¬ 
tained in these experiments, the free energy for the reaction was calculated by 
means of the equation: 


AF; = -RT\n 


(y/)c2HsOH 

(y/)c2H4 iyf ju^O 


where y is the mole fraction of the substance in the vapor phase and / is the fugac- 
ity in atmospheres of the pure gas at the temperature in (luestion and at a pressure 
equal to the total pressure, R is the gas constant and T is the absolute tempera- 
ture.^^® It was also found that the change in free energy with temperature for this 
reaction could be expressed by the approximate relation: 

AFr = -7,780 -f 26.27' 


This equation correlates well with the experimental work of Sanders and Dodge, 
Bowles,^®^ and Stanley, Youell and Dymock^^*^ but does not agree with the values 
of Francis and Kleinschmidt^®^ ^nd Parks and Huffman,^®^ both of which were 

5«0. Aschan, Ann., 1902, 324, 1; J.C.S., 1902, 82 (1), 749; Chem. Zentr., 1902, 2, 895. 

C. D. Nenitzescu and I. P. Cantuniari, Bcr., 1933, 66, 1097; Ann., 1934, 510, 269; Chem. 
Abs., 1933, 27, 4780; 1934, 28, 5413; Brit. Chem. Abs. A, 1933, 941; 1934, 773. See Carleton 
Ellis, “The Chemistry of Petroleum Derivatives,” The Chemical Catalog Co., Inc., New York, 
1934, Chapter 6. Sec also Chapter 6. this text. 

^ V. N. Ipatieff and V. I. Komarewsky, J.A.C.S., 1934, 56, 1926; Brit. Chem. Abs. A, 1934, 
1209; Chem. Abs., 1934, 28, 6704; J. Inst. Pet. Tech., 1934. 20, 566A. 

^ Sec Carleton Ellis, “The Chemistry of Petroleum Derivatives,” The Chemical Catalog Co.. 
Inc., New York. 1934, Chapter 11. .Sec also Chapter 11, this text. 

^ E. R. Gilliland, R. C. Gunness and V. O. Bowles, Ind. Eng. Chem., 1936, 28, 380; Chem. 
Abs., 1936, 30, 3307; Brit. Chem. Abs. A, 1936, 565. 

According to the.se authorities, the use of pressures in place of fugacities produces relatively 
small errors in the free energy values (for instance, at 200 atmospheres, the difference amounts to 
about 10 per cent). This may be explained by the fact that ethylene acts like an ideal gas under 
these conaitions, and that the deviations of ethanol and water from ideality tend to cancel, since 
they occur in the free energy equation as a ratio. 

F. J. Sanders and B. F. Dodge, Ind. Eng. Chem., 1934, 26, 208; /. Inst. Pet. Tech., 1934, 
20, 168A; Chem. Abs., 1934, 28, 2171; Brit. Chem. Abs. B, 1934, 233. 

«>V. O, Bowles, S. M. Thesis, Mass. Inst. Tech., 1933. 

»«iH. M. Stanley, J. E. Youell and J. B. Dymock. J.S.C.I.. 1934. 53, 205T; Brit. Chem. Abs. 
A, 1934, 233; Chem. Abs., 1934, 28. 2171; /. Inst. Pet. Tech., 1934, 20, 48aA. This work has l)een 
substantiated by R. H. Bliss and B. F. Dodge (Ind. Eng. Chem.. 1937, 29, 19). See also, G. S. 
Parks, Ind. Eng. Chem., 1937, 29, 845, B. F. Dodge, Ind. Eng. Chem., 1937. 29, 846. 

'«*A. W. Francis and R. V. Kleinschmidt, Oil and Gas J., 1929, 28 (29), 118; Amer. Pet. 
Inst. Bull^ 1930, III, 93; /. Inst. Pet. Tech., 1930, 16, 3A; (fhem. Abs., 1930, 24. 2369. 

G. S. Parks and H. M. Huffman, “The Free Energies of Some Organic Compounds,” The 
Chemical Catalog Co., Inc., New York, 1932. 
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based on thermal computations. However, Gilliland, Gunness and Bowles point 
out that the A /^208 value of Francis and Kleinschmidt is in j?ood agreement with 
that obtained by extrapolation of the experimental values, while that of Parks and 
Huffman is not.^®^ 

Gilliland, Gunness and Bowles^®® suggest the equation: 

AF® = -8,300 + 26.9r 

to correlate all of the experimental data mentioned above on the vapor phase hydra¬ 
tion of ethylene. This expression is said to he accurate to within ± 500 cal. It is 
noteworthy that hy using dilute sulphuric acid catalysts, liquid-phase concentrations 
of ethanol as high as 18 per cent were obtained hy these investigators. However, 
they found that the temperature range for the production of ethanol is limited to 
220 to 250°C., as below the first temperature ether is formed, and above the latter 
temperature, polymerization of ethylene interferes. 

Production of Higher Alcohols by Hydration. Tt is interesting to note 
the thermodynamic possibilities of the direct hydration of some of the higher olefins 
to alcohols.^®® Eberz and Lucas^^^ have studied the equilibrium between isobutene, 
water and /rr-butyl alcohol using a dilute nitric acid catalyst. From calculations 
of the quilibrium constant for the reaction: 

C4H8(g) + H-iOd) = C4H90Hd) 

at 25°C. and 35°C., they obtained = —1.330 (±20) cal. and AFg^g = 

—946 cal., respectively. These values show that the production of /er-butanol is 
thermodynamically possible even at ordinary temperatures. 

l\arks^^^ has estimated the free energy change in the hydration of hexene-1 to 
jtrr-hexyl alcohol for the liquid phase process at 25°C. to ])e approximately 600 
cal,055> Provided chemical inertness is not too great an obstacle, Parks believes 
that it may be possible to carry out this hydration even at room temperature. 
However, for the production of n-hexyl alcohol from hexane and water, the ac- 
cxmipanying free energy change is about 22,000 cal., so that this reaction is 
unfeasible. 

The Fischer Synthesis (Synthol). The synthesis of higher alcohols from 
carbon monoxide and hydrogeiP”’^ under high pressure may be taken as an illus¬ 
tration of the use of free energy in substantiating a mechanism propo.sed for a 
given reaction. lH)r instance, bVolich and CVyder^^^ have stated that it is generally 
conceded that the high molecular weight products are not formed directly in one 
step, but are the resultants of a serie.s of several reactions. Methanol is undoubtedly 
an important intermediate in all of these ()i)erations. 

In this respect, it slionhl he n«)te<i tluit the \aiue'; for ethylrjie (4 12..^00 .nnil for 

ethyl alcohol (—42.200 cal.) are li*>tetl hy Parks and llntlnian as both being nncetiam to the ex¬ 
tent of ^ 2.000 cal. Mpre lecent deteiniinations have shown (see Table 240) that tlie \alue for 
ethylene should have been T l.S,S20 aOhO) cal., so that the error in this coniiiouud alone was 
almost equal to that assumed for the total reaction 

E, R. Cdlilattd. K. (’. Cvumess and t>. Bowles, loc. at. 

lou ^ee Chapter 11. Also, Carlelon Ellis, “The Chemistry of Petroleum Derixatives,” The 
Chemical Catalog C'o., New NOik, 1934. 

i«7 w. F. Eberz and H. 1. Lucas, J.A.C.S., 1034, 56, 1230; Chem. Abs., 1034, 28, 4371; But 
Chem. Abs. A, 1934, 731 

,S. Parks, Ind. limt. Chrm., 1933, 25. 887; Chem. Abs., 1933, 27, 4473; Btit. CUem. Abs 
A, 1933, 1014. 

This result is based ou free energies of formation given by C. S. Parks and H. M. Huffman 
(loc. cit.) and may entail a fortuitous error of ^3000 cal. 

‘“0 For a discussion of the thermodynamics of the Fischer-Tropsch Synthin (Kogasin) process, 
hy which hydrocarbons are luoduced by the catalytic re«luction of carbon monoxi<le, see Chapter 52. 

K. Frolich and 1). .S. Cryder, hid. liiui. Chem., 1930, 22, 1051; Brit. Chem. Abs A 
1930, 1553; Chem. Abs., 1930, 24. 5717. 
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Considering first the production of methanol, Parks and Huffman^'^^ point out 
that this substance may be formed by the trimolecular reaction : 

(23) CO + 2H, - CH,OH(g); AF® - -22,800 + 55.ir 

or by the two bimolecular reactions advanced by Frolich and Cryder: 

(24) CO + H, - HCHO(,); AF® - -1300 + 26.7T 

and (25) HCHO(,) -f H, - CH,OH(,); AF® - -21,500 -f 28.4r 

involving the formation of formaldehyde and subsequent reduction to methanol. In 
Fig. 323 Parks and HufiFman have plotted the change in free energy with tempera- 



Courtcsy Reinhold Publishing Corp. 

Fig. 323.— Change in Free Energy with Temperature for Reactions Involved in Syn¬ 
thesis of Alcohols from Carbon Monoxide and Hydrogen. (G. S. Parks and H. M. 
Huffman) 


ture for these reactions (indicated by (23), (24) and (25), respectively). For 
reaction (23) the free energy change at 600°K. (327°C.) will be -h 10,000 cal. for 
the standard state reaction (assuming methanol to be produced at one atmosphere 
pressure). But by increasing the partial pressure of the hydrogen and carbon mon¬ 
oxide each to 100 atmospheres. Parks and Huffman calculated that the value of 
AFeoo will be in the magnitude of —6500 cal. Therefore, under the latter con¬ 
ditions, this trimolecular reaction appears very feasible. Similarly, high pressures 

'“"G. S. Parks and H. M. Huffman, “The Free Energies of Some Organic Compounds,” The 
Chemical Catalog Co., Inc., New York, 1932, 224. All of the free energy-temperature relations 
in the present discussion have been calculated by Parks and Huffman. Their equations for methyl 
alcohol, formaldehyde, ethyl alcohol and acetic acid may be obtained from Table 245. The other 
aoproximate equations for the evaluation of change in free energy of formation with temperature 
toat they used are: 

CO(*»: AFf--26.500-20.7r 
HiOf.): APf- -58.350-|-12.5r 
and CHiCHO/g): APt*-4.1.4004-37.IT 
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are required for the Frolich and Cryder mechanism. Parks and Huffman state that 
under the above conditions of temperature and pressure equation (24) only becomes 
feasible if the partial pressure of formaldehyde is kept at about 0.01 atmospheres. 
However, the partial pressure of the latter substance will depend upon the relative 
rates^^® of reactions (24) and (25). 

According to Fischer^*^^ the production of higher alcohols may be represented 
by a series of equations involving primarily the combination of carbon monoxide 
and methanol to form acetic acid, and the subsequent reduction of this compound 
to acetaldehyde and finally to ethanol. Using Parks and Huffman's equations for 
the free energy change with temperature gives: 

(26) CH,OH(,) + CO - CH5C00H(»); A/^ « -29,500 -f- 33.4r 

(27) CH,COOH(g) 4- H 2 * H^O 4- CHaCHOt.); AF® - 3550 4- 3.ir 

(28) CH,CHO(,) 4* A^ * -13,600 4- 22.ir 

However, on the basis of experimental observations, Frolich and Cryder disagreed 
with the mechanism proposed by Fischer and advanced the possibility of a reaction 
involving the dehydration of two molecules of methanol to form one of ethyl 
alcohol, as for instance: 

(29) 2CH,OH(,) - H,0(g) 4- AF’ « -16,750 -f 3.5r 

Referring again to Fig. 323 it will be seen that the mechanism of Frolich and 
Cryder is consistent with thermodynamic considerations over the entire tempera¬ 
ture range, having a fairly constant value of —13,000 cal. This indicates a large 
driving force for the dehydration reaction. The equations of Fischer, however, 
involve reaction (27) for the reduction of acetic acid to acetaldehyde, for which 
the free energy change is approximately 5000 cal. Offhand, it might therefore be 
concluded that the Fischer mechanism is incorrect, since one of the standard state 
reactions involved is thermodynamically unfeasible. However, Parks and Huffman 
b;'ve calculated that at 600°K. (327°C.), with partial pressures of acetic acid 
vapor, hydrogen, water vapor and acetaldehyde of 1.0, 200, 1.0 and 0.1 atmospheres, 
respectively, AFeoo = —3700 cal. Thus, although from the theoretical equations 
this reaction appeared to be very doubtful, under actual operating conditions it may 
very likely proceed. Parks and Huffman conclude, however, that the mechanism 
of Frolich and Cryder is undoubtedly the more feasible for explaining this synthesis. 

From the above considerations, it will be seen that corrections are often neces¬ 
sary to allow for actual operating conditions. Thus reaction (23) had a standard 
state free energy (AF^qoo) of 4-10,000 cal. at 600°K. (327°C.), but under actual 
operating conditions with high pressures of carbon monoxide and hydrogen, the 
actual free energy is much different (in the case cited, AFeoo = —6500 cal.)‘ 
However, when the standard state free energy for a transformation is in the mag¬ 
nitude of 4-20,000 to 30,000 cal. or more, Parks and Huffman state that the re¬ 
action is thermodynamically untenable.^^^ 

Engineering Thermodynamics 

The first portion of this chapter has been devoted to a discussion of thermo¬ 
dynamics as relating to chemical transformations. However, another phase of this 

Thus, if the speed of reaction (25) is sufficient to allow no accumulation of formaldehyde, the 
al>ove partial pressure may result. 

1T4 p, Fischer, “The Conversion of Coal into Oils,” translated by R. Lessing, D. V^an Nostrand 
Co., New York, 1925. 

From the above discussion it should be noted that a certain compound may often l)e produced 
by more than one reaction, theoreticallv. at least, in a complex system. Although it may be ther¬ 
modynamically impossible to account for the presence of this substance by one reaction, another 
equation or series of equations may be postulated which can explain the apparent discrepancy. This 
i« one of the difficulties at present inherent in i>etroleum thermodynamics. 
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science, that dealing with physical changes in a system, is important in engineering 
calculations. Therefore, the remainder of this chapter will be devoted to a sum¬ 
mary of the data available for this branch of thermodynamics directly applicable 
to petroleum problems and to methods of empirically estimating such data in the 
absence of experimental values. 

The thermodynamic variables most generally employed in engineering calcula¬ 
tions, together with their symbols and units, are listed in Table 248. 

Table 2AS.—Thermodynamic Variables for Engineering Calculations. 

Units 

Symbol British System Metric System 


Pressure. P lbs. per sq. in. kg. per sq./cm. 

Temperature. T °R. (Rankine, °R. = °K. (Kelvin, °K. = 

°F. -h 460) °C. + 273) 

Volume. V cu. ft. liters 

Heat Capacity (constant 

pressure). Cp B.t.u. per lb. per °R. cal. per gram j3er °K. 

(or °F.) (or °C.) 

Heat Content. 11 B.t.u. cal. 

Entropy. 6' B.t.u. per °R. (or °F.) cal. per °K. (or °C.) 


The first three of the above variables, pressure, temperature and volume, are in 
very common usage. They are related by the equation of state, for instance, in 
the case of an ideal gas, PV = NRTy where N is the number of moles and R is the 
gas constant. The remaining properties, heat capacity, heat content and entropy, 
are essential in evaluating energy transformations, and merit some further dis¬ 
cussion 

The heat capacity (or specific heat) may be regarded as the quantity of heat 
that is required to raise the temperature of one unit of the material under considera¬ 
tion one degree (using consistent units). The heat content, or total heat or en¬ 
thalpy, as it is sometimes called, is a very useful quantity, since changes in this 
property indicate directly the quantity of heat gained or lost by a system of constant 
mass undergoing a transformation at constant pressure. On the other hand, the 
entropy indicates how any variation in a system affects the ability of that system 
to do useful work, since the entropy is a measure of tlie waste thermal energy. 

The mathematical relations between Cp, H and S can be best seen from the 
fundamental partial differential equations 

- [S]. f' - [‘3. 

Ivjuation (28) may be expressed in words as: the heat capacity at constant pressure 
is e(|ual to the rate of change of heat content with respect io temperature at con¬ 
stant pressure. Similarly, etjuation (2d) may be stated as the heat capacity at con¬ 
stant pressure, divided by the absolute temperature is efiual to the rate of change of 
entropy with respect to temperature at constcant pressure. Under isobaric condi¬ 
tions, therefore, the integrated forms of the above expressions become: 

(28a) dn = jCrdT and (29a) dS = j 

respectively. 

In general, these thermodynamic properties may be tabulated for each hydro- 

Space does not permit a complete di.scussion of the numerous thermodynamic equations ainl 
relations existing between all these variables. Consult (L N. Lewis and M. Randall. ‘Thermody 
namtes," McGraw-Hill Book Co., Inc., New York and London, 1923. J. H. Perry, “Chemical Engineers’ 
Handbook,’’ McGraw-Hill Book Co., Inc., New York and London, 1934. The fundamental princi¬ 
ples may be found in most elementary volumes on thermodynamics. 
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carbon, not unlike the “steam tables’^ for the case of water. However, as Lacey 
and Sage^*^*^ have stated, the graphical representation of these quantities is distinctly 
advantageous and convenient. For instance, in a simple chart plotted between the 
temperature as ordinate and the entropy as abscissa, lines of constant pressure, con¬ 
stant volume and constant heat content may be drawn, thus including the complete 
data for one substance on a single chart. 

Before entering upon a discussion of the charts of this nature and their use it 
is advisable to review some of the empirical relations that have been developed and 
may be used in estimating thermodynamic properties ])oth of pure hydrocarbons and 
mixtures (for instance, petroleum fractions) in the absence of experimental data. 

One empirical constant, the Universal Oil IVoducts characterization factor, K 
(usually referred to as the U.O.P. characterization) has been found to have quite 
a broad applicability for estimating and correlating various physical and thermal 
properties of petroleum fractions, in light of this, a brief discussion of this con¬ 
stant is in order. 


Thf. U.O.P. Characterization Factor 


I"rom data on the physical properties of pure hydrocarbons, Watson and Nel¬ 
son'"-* have observed that the ratio of the cube root of the absolute boiling point to 
the specific gravity is substantially a constant for the paraffin hydrocarbons boiling 
between 100 and 700°F. When the boiling point is expressed in degrees Rankine 
(Fahrenheit, absolute) and the specific gravity at 60°F. referred to water at the 
same temperature, this ratio varies between 12.5 and 12.8 for paraffin hydrocarbons, 
whereas for aromatics, the value is 9.8. The definition of the U.O.P. characteriza¬ 
tion factor arose from the above observations. For narrow-boiling fractions of a 
crude oil which contains predominantly hydrocarbons of one type, the cube root of 
the “molal average boiling point” is approximately proportional to the specific 
gravity of the fraction or: 


(30) K = 




s 


where K is the U.O.P. characterization factor, 7 'b is the molal average boiling 
point in degrees Rankine (°R = °F. -f- 460), and s is the specific gravity at 
60/60°F.'**'* P'or narrow boiling fractions, the Engler 50 per cent point may be 
taken as the average boiling point.However, when mixtures of wide boiling 
range are used, a special method for estimating this (juantity must be employed, as 
will be discussed shortly. 

According to Watson and Nelson, the characterization factor denotes what may 
be termed the “paraffinicity” of the hydrocarbon fraction. Thus, stocks predom¬ 
inantly paraffinic in nature are represented by a factor of 12.5 or thereabout. Frac¬ 
tions that are highly aromatic or naphthenic have a considerably lower characteriza¬ 
tion, approaching a value of 10 as a minimum. Egloff and Nelson'®- have listed 
the following values of characterization factors for typical petroleum stocks: 


177 w N. Lacey and B. H. .‘^agc. Oil and (las J., 19.M, 33 (2(0, 8(i; Chem. Ahs.. 19.15, 29. 
585; J. Inst, Pet. Tech., 1935, 21. 122A. . , , . . , , . 

Lines of constant values are given special designations on these chaits. For instance, lines 
of constant temperature are known as isotherms, lines of constant volume are isochores and »)f 
constant pressure, isobars. 

K. M. Watson and E. F. Nelson, Ind. Etuj. Chem., 1933, 25. 880; Chem. Ahs., 1933, 27, 
5522; Brit. Chem. Abs. B, 1933. 995; J. Inst. Pet. Tech., 1933. 19. 408A. 

The symbol 60/60®F. ts often used, and signifies that density of the material in question has 
been measured at 60*F, and is referred to water also at (>0*F. „ , 

181 Carleton Ellis, “The Chemistry of Petroleum Derivatives, The Chemical Catalog Co., 
Inc., New York, 1934. See also Chapter 50, this text. 

Egloff and E. F. Nelson, OH and Gas /.. 1936. 35 (7), 34; Chem. Abs., 1936, 30, 7828. 
Also “The Modern Cracking Process,” Universal Oil Products Co., Chicago. 1936. 
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Pennsylvania stocks. 12.2-12.5 

Mid-Continent stocks. 11.8-12.0 

Gulf Coast stocks. 11.0-11.5 

Cracked gasoline. 11.5-11.8 

Cracking Plant combined feeds. 10.5-11.5 

Recycle stocks. 10.0-11.0 

Cracked residuums. 9.8-11.0 


Estimation of Average Boiling Point. Watson and Nelson^*"* have 
pointed out that there are several different methods for establishing a so-called 
average boiling point of petroleum hydrocarbons. By calculating an integrated 
average ordinate of the true boiling point curve, an accurate average boiling point 
may be obtained, either on a volumetric or a weight basis, depending upon the 
units on which the distillation curve is plotted.^®^ An Engler distillation curve 
gives a fair approximation to the volumetric average boiling point, with a tendency 
toward higher values than would result by averaging a volumetric true boiling 
point curve. These investigators prefer to use the “molal average boiling point.” 



Of CNOUR 0tSTl.UATI0N CUMVC 
lOt TO toff/ PCMCCNT 


Fig. 324. 

Correction Curve for Obtaining Approximate 
Molal Average Boiling Points. (K. M. Watson 
and E. F. Nelson) 


Courtesy Industrial and Engineering Chemistry 


This quantity is less than the volumetric average because of the fact that the ratio 
of the specific gravity to the molecular weight is higher for the low-boiling mem¬ 
bers of a hydrocarbon series. Thus, in determining the average boiling point from 
a volumetric distillation curve, the lower boiling fractions should be given increased 
weighting in proportion to the variation with boiling point of this ratio of specific 
gravity to molecular weight, according to Wat.son and Nelson. 

These authorities proposed to obtain an approximation for the molal average 
boiling point by applying a correction factor to the volumetric average boiling point. 
This correction factor (see Fig. 324) is expressed as a function of the slope of 
the 1(X) cc. Engler distillation curve, and becomes zero as the slope of the curve 
approaches zero (denoting a pure substance). To obtain the volumetric average 
boiling point, it is ordinarily sufficient to average the temperatures at which the 
percentage over plus the distillation loss (in the 100 cc. Engler distillation test) 
equals 10, 30, 50, 70 and 90 per cent. The slope to be used in Fig. 324 is obtained 
by dividing the difference between the 90 per cent point and the 10 per cent point 
by 80. The number of degrees to be subtracted from the volumetric average boil¬ 
ing point is then read from the chart. 

When dealing with high-boiling stocks where the temperatures in the distilla¬ 
tion exceed 700®F. (which may cause the material to undergo partial cracking), 
Watson and Nelson prefer to use data from a reduced pressure distillation, correc¬ 
tion to atmospheric pressure being made by means of a vapor pressure chart. How¬ 
ever, if low-pressure distillation data are not available on these high-temperature 
stocks, these authorities state that the 50 per cent point probably offers a better 

K. M. Watson and E. F. Nelson, he. eit. 

See Chapter 50, this text. 
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approximation to the average boiling point than would that value obtained by 
averaging the temperatures of the atmospheric distillation curve. 

On the basis of later data, Watson, Nelson and Murphy^®^ have suggested a 
more accurate method for approximating the average molal boiling points. For 
Engler slopes of 3 or less. Fig. 324 is satisfactory. However, where the Engler 
slope is 8.0, better correlation results when a correction of approximately 60®F. 


Fig. 325. 

Correlation of Char¬ 
acterization Factors, 
A.P.I. Gravity, Aver¬ 
age Boiling Points 
and Kinematic Vis¬ 
cosity at 210°F. for 
Petroleum Fractions. 
(K. M. Watson, E. F. 
Nelson and G. B. 
Murphy) 


Courtesy Industrial and 
Engineering Chemistry 



rather than the 90° F. indicated on Fig. 324 is used. Intermediate corrections are 
similarly reduced. These investigators also state that for close-cut fractions with 
slopes of 1.5 or less, this correction factor may be neglected and the 50 per cent 
temperature taken as the average boiling point. 

Estimation of the Characterization Factor 


The U.O.P. characterization factor, K, may be calculated by means of equa¬ 
tion (30) from a knowledge of the specific gravity and the average boiling point. 
Watson, Nelson and Murphy have also found that viscosities, aniline points, vis¬ 
cosity indices and hydrogen contents of petroleum fractions could also be used for 
evaluating this constant. Of these methods, however, that based on the viscosity 
is the most universal in its application. 

Thus, if the kinematic viscosity at 210°F. (in centistokes^®®) and the gravity 
(in °A.P.I.) of the oil are known, the characterization factor may be obtained by 
interpolation of the curves given in Fig. 325. Similarly, from the kinematic vis- 


K M Watson. E. F. Nelson and G. B. Murphy, Ind, Eng. Chem., 1935, 27, 1460; J. Inst, 
Pet, Tech., 1936, 22, 49A; Chem. Abs., 1936, 30, 3974; Brit. Chem. Abs. B, 1936, 132. 

»*>Scc Chapter 50, this text. 
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cosity at 122°F. or 100®F. and the gravity, K may be read from Figs. 326 and 327, 
respectively. The lines of constant boiling point plotted in Figs. 325, 326 and 327 
are the resultants of a combination of the relationships between the characteriza¬ 
tion factor from both boiling point and viscosity data. (These lines permit an 
approximation of the boiling point from only viscosity and gravity data.) Egloff 
and Nelson^®^ have pointed out that the relationship is particularly useful in the 


-s o JO ao 



Fic;. 326. 

Chart for Character¬ 
ization Factors of 
Petroleum Fractions 
from A.P.I. Gravity 
and Kinematic Vis¬ 
cosity at 122° F. (K. 
M. Watson, E. F. 
Nelson and G. B. 
Murphy) 


( uiirtcsy Industrial and 
Iiii(jinccriu(j Chemistry 


aise of heavy stocks on which boiling point data can be obtained only under reduced 
pressure. However, because of the rapid change in viscosity with a slight varia¬ 
tion in the gravity of heavy stocks, estimations such as these may be considerably 
in error, sometimes as high as 50®F. for the heavier residuums. 

Molfxular Weight of Petroleum Fractions 

Watson and Nelson^^® have stated that methods for relating the molecular 
weight of petroleum fractions to any other single physical property have proved 

ERloff and E. F. Nelson, Oil and Gas 1936, 35 (7), 34; C/irm. /lbs., 1936, 30. 7828. 
Also “The Modern Cracking Process,” Universal Oil Products Co., Chicago, 1936. 

K. M, Watson and E. F. Nelson, Ind. Eng. Chem., 1933, 25, 880; Chem, Abs., 1933, 27. 
5522; Brit. Chem. Abs. B, 1933, 995; J. Inst. Pet. Tech., 1933. 19, 408A. 
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rather unreliable, except for a few limited cases. However, by correlation of two 
properties, such as specific fjravity and boiling point, a relationship can be estab¬ 
lished which is said to be satisfactory for most purposes. Using the characteriza¬ 
tion factor and the molal average boiling point, the molecular weight may be ob¬ 
tained with errors less than 5 per cent, according to these investigators, from 
Fig. 328. Similarly, from the gravity of the oil (in °A.P.I.) and the molal average 
boiling point, the molecular weight may be estimated from the curves shown in 
Fig. 329. However, for accurate calculations, Watson and Nelson recommend that 



an experimental determination of the molecular weiglit is to l)c employed when¬ 
ever possible. 


Estimation of tiif. Critical Tf.mpkrature 

Eaton and Porter^®® have developed an empirical equation for evaluating the 
critical temperature of a substance, based on the 50 per cent A.S.T.M. boiling 
point^^® and the specific gravity. This relation, which was derived from data on 
both pure hydrocarbons and various petroleum fractions, may he stated as: 

/c = 180 -f 1.75a - 0.00088a2 

L. Eaton and C. A. Porter, Ind. Eng. Chem., 1932, 24, 819; Brit. Chem. Abs. B, 1932, 
825; them. Abs.. 1932, 26, 4450. 

See Carleton Ellis, “The Chemi.stry of Petroleum Derivatives,*’ The ( hemical Catalog Co., 
Inc., New York, 1934. See also Chapter 50 this text. 
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where a = (ty + 100)/c = critical temperature (®F.), = 50 per cent point 
(A.S.T.M. distillation) and s = specific gravity at 60®F. Fig. 330 is a graphical 
representation of this function, by means of which the critical temperature may be 
determined directly if the 50 per cent point and the specific gravity are known. 
According to Eaton and Porter, the average deviation in the values of the observed 



Fig. 328. 

Correlation of Characterization Factors and 
Average Molecular Weights of Petroleum 
Fractions. (K. M. Watson and E. F. Nel¬ 
son) 


Courtesy Industrial and Engineering Chemistry 


and calculated critical temperatures is about 8®F., although for pure hydrocarbons 
of higher molecular weight than propane, the average difference is about 5.5®F. 

Watson and Nelson,however, believe that the use of the molal average 
boiling point gives a more logical correlation on stocks of wide boiling ranges than 
does the use of the A.S.T.M. distillation 50 per cent point, as proposed by Eaton 
and Porter. In Fig. 331 is plotted the relation between the critical temperature 


Fig. 329. 

Average Molecular Weights of Petroleum 
Fractions as Functions of A.P.I. Gravity 
and Molal Average Boiling Point. (K. M. 
Watson and E. F. Nelson) 


Courtesy Industrial and Engineering Chemistry 



(in®F.) and the molal average boiling point for various values of the A.P.I. gravity, 
as calculated by Watson and Nelson. An illustration of the applicability of this 
method has been cited by the same workers using the data of Bahlke and Kay^®^ 
for a gasoline and a close-cut naphtha of substantially the same molecular weight 
and specific gravity. The properties of the two stocks are listed in Table 249. 


K. M. Watson and E. F. Nelson, loc. cit. 

H. Bahlke and W. B. Kay, Ind. Eng. Chem., 1929, 21, 942; Chem. Ahs., 19.10, 24. 230; 
Brit. Chem. Abs. B, 1929, 1004. 
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Table 249. —Properties of Gasoline and Naphtha of Eqml Molecular Weight, 



Gasoline 

Naphtha 

Molecular weight (determined). 

. 109 

no 

Gravity. 

A.S.T.M. distillation curve: 

. 57.3 

57.1 

10%. 

. 149 

230 

30%. 

. 230 

245 

50%. 

. 282 

258 

70%. 

. 325 

272 

90%. 

. 371 

295 

Slope of A.S.T.M. curve. 

Volumetric average b.p. 

. 2.8 

0.81 

. 271 

260 

Critical temperature (determined). 

. 586 

591 

Molal average b.p. (from Fig. 324). 

. 254 

256 


These data show that the gasoline is a lighter stock of lower molecular weight 
and critical temperature than the naphtha. However, both the 50 per cent point 
and the volumetric average boiling point are considerably higher than those of the 


Fig. 330. 

Chart for Estimation of Critical 
Temperatures of Petroleum Frac¬ 
tions from A.S.T.M. 50 Per Cent 
Boiling Point. (G. L. Eaton and 
C. A. Porter) 


Courtesy Industrial and Engineering 
Chemistry 



naphtha. When the boiling point is corrected to a molal average basis (by use of 
Fig. 324) the values of both the average boiling point and the critical temperature 
fall in the proper order. From Fig. 331 the critical temperatures of these stocks 
are estimated as 584 and 587°F., respectively. 

The critical temperature may also be estimated in terms of the characterization 
factor, from the chart prepared by Watson, Nelson and Murphy^^^ ^nd given in 
Fig. 332. This chart may be used to estimate the characterization factor, molecular 
weight and critical temperature of petroleum fractions from the A.P.I. gravity and 
the molal average boiling point. Thus, the latter two quantities determine one point 
on the graph, and by interpolation between the corresponding constant-value lines 
for characterization factor, molecular weight and critical temperature, the desired 
property may be approximated. 

1«K. M. Watson, E. F. Nelson and G. B. Murphy, /nd. Eng. Chem., 193S, 27, 1460; Chtm, 
Abe,, 1936 . 30 . 3974. 
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Estimation of the Critical Pressure 

Determination of the critical pressures of hydrocarbon mixtures is difficult and 
quite susceptible to large errors unless special precautions are taken. However, 
Watson and Nelson^^** have proposed a method which offers fair correlation with 
the available data. This scheme is based on the method of plotting vapor pressure 
data suggested by Cox^®® for estimating the critical pressure of a pure hydrocarbon 
whose critical temperature is known. The vapor pressure curves for the pure 
hydrocarbon when plotted in this manner form straight lines converging at a single 
point. The critical pressure of a compound whose critical temperature is known 
may be obtained by drawing a line connecting the normal boiling point of the 



Fig. 331. 

Critical Temperatures of Petroleum Fractions 
from A.P.I. Gravity and Molal Average Boil¬ 
ing Point. (K. M. Watson and E. F. Nel¬ 
son) 


CoHTtcsy Industrial and Engineering Chemistry 


compound to the point of convergency. The critical pressure is now read from 
the point of intersection of the vapor pressure curve and the critical temperature 
abscissa. 

Watson and Nelson observed that the average boiling points of mixtures of 
hydrocarbons usually are approximately straight lines on the Cox chart, and, fur¬ 
thermore, that these lines have the same point of convergency as the pure hydro¬ 
carbons. Similarly, the curves representing conditions of initial equilibrium 
vaporization also are straight lines on the Cox chart, provided the stocks do not 
contain large quantities of dissolved gases. The investigators point out that the 
slope of the initial vaporization curve is considerably less than that of the average 
boiling point curve, so that these two lines intersect at a point beyond the critical 
temperature of the fraction. As a fair approximation, they found that the latter 
point of intersection may be assumed to lie at a point beyond the intersection of 
the aveiage boiling point line and the critical temperature abscissa by a distance 
equal to 0.2 times the distance between the latter intersection and the atmospheric 
average boiling point. The temperature of the initial equilibrium vaporization at 
atmospheric pressure may be taken as the Engler distillation 10 per cent point, in 

K. M. Watson and E. F. Nelson, loc. cit. 

R. Cox. Jnd. Eng. Chem., 1923, 15, 592; J.S.C.L, 1923, 42, 699A; Chem. Abs., 1923, 
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accordance with the views of Bridgeman, Aldrich and White.^®® These assump¬ 
tions permit an approximation for the initial vaporization line to be established 



Courtesy Industrial and Engineering Chemistry 

Fig. 332.—Diagram Correlating Molecular Weights. Critical Temperatures and Char¬ 
acterization Factors of Petroleum Fractions. (K. M. Watson, E. F. Nelson and 
G. B. Murphy) 


on the Cox chart. The critical pressure is then obtained as the pressure correspond¬ 
ing to the intersection of this initial vaporization line with the critical temperature 
abscissa. 

O. C. Briflgeman, E. N. Aldrich and H. S. White, Bull. Am. Pet. Inst., 1930, 11 (I), 4: 
Chem. Abs., 1930, 24. 1966. 
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An illustration of this method has been given by Watson and Nelson,using 
the data of Weir and Eaton^®® for a naphtha having the following characteristics: 


A.P.I. Gravity. 

A.S.T.M. Distillation: 


10 %... 

30%. 

50%. 

70%. 

90%. 

Volumetric Average B.P. 

Molal Average B.P. (Predicted from Fig. 324). 


58.2 

157 

211 

259 

303 

353 

256 

241 


From Fig. 332, the critical temperature is estimated to be 571 ®F. The procedure 
for graphically estimating the critical pressure of this stock is shown in Fig. 333. 
The series of slanting lines on this chart are the vapor pressure curves for the 
various paraffin hydrocarbons (the number at the top of the lines refers to the 
number of carbon atoms in the molecule). The line FC is the critical temperature 
ab.scissa of this particular naphtha (571 °F.). AB is the average boiling point line 
drawn through the atmospheric average boiling point A (241 ®F.) and the point 
of convergency of the pure hydrocarbon lines. Point D is located by measuring 



Fig. 333. 

Chart for Estimating Crit¬ 
ical Pressures of Petro¬ 
leum Fractions. (K. M. 
Watson and E. F. Nelson) 


Courtesy Industrial and Engineer• 
ing Chemistry 


along line AB a distance of 0.2 times the length of AC, Point E is the A.S.T.M. 
10 per cent point (157°F.). The critical temperature and pressure are represented 
by point F, corresponding to 571 ®F. and 530 lbs. per sq. in. (absolute). Watson 
and Nelson point out that these values are in good agreement with the values pre¬ 
dicted by Weir and Eaton from the thermal behavior of this distillate, namely 
575®F. and 500 lbs. per sq. in. 

A more accurate method of estimating the critical pressure of hydrocarbon 
mixtures has been suggested by Eglofif and Nelson,^®® based on the vapor pressure 

^K. M. Watgon and £. F. Nelson, Ind. Eng. Ckem., 1933, 25, 880; Chem. Abe., 1933, 27, 5522; 
BrU. Chem. Abe. B, 1933, 995; /. /net. Pet. Tech., 1933, 19, 408A. 

«*H. M. Weir and G. L. Eaton, Ind. Eng. Chem., 1932, 24, 211; Brit. Chem. Abe. B, 1932, 327; 
Ckem. Abe., 1932, 26, 1760. 

»*r>. E^off and E. F. Nelson, Oil and Gas J., 1936, 35 (7), 34; Chem. Abe., 1936, 30, 7828. 
Also “The Modern Cracking Process/' Universal Oil Products Co., Chicago, 1936. 
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Fig. 334.—Curves Relating Boiling Points and Critical Pressures of Hydrocarbons. 

(G. Egloff and E. F. Nelson) 
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chart of Coats and Brown,and is shown in Fig. 334. From this graph, the 
critical pressure of the hydrocarbons is determined from the molal average boiling 
point and the critical temperature. The small curve plotted in the upper corner 
of this figure shows the correction factor by which the critical pressure of a pure 
compound is multiplied to obtain the critical pressure of a mixture having the same 
average boiling point, gravity and critical temperature. This correction factor is 
related to the slope of the Engler distillation curve in the same manner as that of 



Courtesy Industrial and Raqineering Chemistry 

Fig. 335.—P.seudocritical Temperatures and Pressures of Hydrocarbcjii Mixtures. (W. 

B. Kay) 


Fig. 324. The latter method is a convenient means of approximation, and is said 
to be in fair agreement with the available data. 

Kay20i lias correlated the pseudocritical temperatures and pressures-^- of hydro¬ 
carbons in terms of the characterization factor and the molecular weight of the 
fraction. These relations are given in Fig. 335. According to Kay, the critical 
values of mixtures composed of lower molecular weight hydrocarbons may be esti- 


*** H. B. Coats and G. G. Brown, Univ. Mich, Dept. Eng. Research, Cir. Series, 1928, 2, 1: 
Chem. Ahs., 1929, 23, 3610; Bnf. Chem. Abs. A, 1929, 387. 

»iW. B. Kay, Ind. Eng. Chem., 1936, 28, 1014; Chem. Abs., 1936, 30, 7828; Brit. Chem. Abs. A, 
1936, 1330. 

The ‘*pseud(Kritical point” of a mixture corresponds to the critical point of a pure hydrocarbon 
of the' same phy.sical characteristics (i.e., molecular weight, boiling point and so forth). According 
to W. B. Kay (loc. cit), the pseudocritical point of a mixture has no real existence and therefore 
cannot be measured. Only for mixtures of very nairnw boiling range is it approximately equal to the 
true critical point. 


PSEUDO-CRITICAL TEMPERATURE T 
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mated with an error of 2 or 3 per cent. However, in the case of higher molecular 
weight fractions, the error may be somewhat greater.^®** 

Pressure-Volume-Temperature Relations of Hydrocarbons 

The introduction of high temperature and high pressure developments in the 
petroleum field has necessitated a knowledge of the properties of the substances 
under these conditions. Especially in the gaseous or vapor phase are materials 
sensitive to changes in temperature and pressure, as Lewis^^^ has pointed out. The 
ideal gas laws are exact only at very low pressure, and it was generally recognized 
that in some instances deviations of from 10 to 20 per cent were not uncommon, 
even when dealing with pressures of 100 to 200 lbs. per sq. in. However, these 
errors were seldom as large as other uncertainties in design problems, and there¬ 
fore, ordinarily, engineers did not hesitate to take advantage of the simplicity of 
these relations, ^ut in the case of high pressure operations, it was found that 
these deviations may reach several hundred per cent and as such would have to be 
considered in calculations. 

Reduced Equation of State. The so-called reduced equation of state of¬ 
fers a possible basis for the generalized treatment of gases and vapors. Designating 
the pressure, volume and temperature of a substance at the critical point as Pc, 
Vc and Tc, respectively, the values of these quantities under any other conditions 
may be expressed as a ratio (commonly known as the reduced property) in terms 

P 

of the critical constants. Thus, the reduced pressure is Pr- p, where P is the 

•* 0 

pressure and Pc is the critical pressure for the material under consideration. Sim- 

y 

ilarly, the reduced volume may be expressed as Vr =* and the reduced tem- 

T 

perature as T, = y- 

For one mole of a material, regardless of the deviation of the vapor from the 
ideal gas laws, the equation of ^tate may be written as PV = /xPT, where R is the 
gas constant and fx is the correction factor to allow for deviation (necessarily a 
dimensionless ratio).^^'’^ Substituting for the three variables in the above equation 
their equivalents in terms of the critical and reduced properties gives: 

PrVr mPPc 

■Pr “ PcFc 

Lewis states that if, for a given group of substances a single reduced equation of 
state exists (as designated mathematically by the notation Vr = f (P,, Tt) where 
/ represents the same function for the entire group), regardless of how complicated 
this relationship may be, it must reduce to the above form at sufficiently low 
pressure values. However, the right-hand side of this e(|uation is a constant for 
a given compound, and so it follows that this constant must he identical for all 
substances of the group. Thus, Lewis believes that a common reduced equation 
of state is impossible except for substances having identical critical ratios of 

AT*- 

PcFc* 

*» Consult L. C. Rocss (/. Inst. Pet. Tech., 19.t6, 22, 665; /. Inst. Pet. Tech.. 1936, 22, 539A) 
for a discussion of the development of a flow methotl for determining the critical temperature and 
pressure of petroleum fractions up to 1000* F. and 600 lbs. i»r sq. in., respectively, and the correla¬ 
tion between these properties and other physical properties which are more readily determined. 

W. K. Lewis, /»»</. Eng. Chem., 1936, 28, 257; Chemistry and Industry, 1936, 123; Chem. Abs.. 
1936, 30, 1893; J. Inst. Pet. Tech., 1936, 22, 14(,A; Brit. Chem. Abs. B, 1936, 255. 

■“•Thus for an ideal gas, since m = L PV^RT. A dimensionless ratio is a pure number, i.e., one 
which requires no qualifying units. 
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Correlation of P-V-T Data. A survey of the available data on hydro¬ 
carbons by Brown, Lewis and Weber^o® showed that a reduced equation of state 
was applicable to all compounds of this type above propane. According to 
Lewis,the experimental data for all hydrocarbons indicates a maximum devia- 



Couricsy Industrial and Engineering Chemistry 

Fig. 336. —Diagram of P-V-T Relations of Hydrocarbons at Temperatures Above 

Critical. (W. K. Lewis) 


tion of about 12 per cent in the critical ratio. However, when the low-boiling 
compounds of small molecular weight are excluded, this variation docs not exceed 
3 per cent. Therefore, it is permissible to compare the P-V-T characteristics of 
hydrocarbons containing more than three carbon atoms on a reduced basis. 



Fig. 337. 

Correlation of P-V-T Data for 
Hydrocarbons at Temperatures 
Below Critical. (W. K. Lewis) 


Courtesy Industrial and Engineer^ 
ing Chemistry 


The curves in Figs. 336 and 337 have been prepared by Lewis to indicate this 
correlation for hydrocarbons above and below the critical conditions, respectively. 
In these graphs, the values of the deviation from ideality, /x, are plotted against 

- ”• 

•W W. K. Lewif, loc, cit. 
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the reduced pressure, Pr, for different values of the reduced temperature, Tr. 
Lewis has emphasized the advantages in the use of these charts for calculating 
pressure-volume-temperature relations. This type of chart completely eliminates 
the necessity for knowledge of the critical volume of the specific compound. Thus, 
if the critical temperature and pressure are available, and the independent variables 
T and P are known, the reduced properties can be readily calculated. The value 



Courtesy Industrial and Engineering Chemistry 

Fig. 338.—Chart of P-V-T Relationships for Methane, Ethylene and Isopentane. (G. G. 
Brown, W. K. Lewis and H. C. Weber) 


of fi may be interpolated from the curves given in Figs. 336 or 337 and substituted 
ill the equation: 

PV « NfiRT 

{N is the number of moles) to give F, the volume occupied by the gas under the 
assumed conditions. It should be noted that /x is a dimensionless ratio and is 
numerically independent of the units of measurement employed, provided they are 
consistent. The quantity R is the gas constant and should be expressed in w'hat- 
ever units are employed throughout the equation. 

Although these curves were derived for pure hydrocarbons, Lewis^® has also 
applied them to steam, carbon dioxide and ammonia vapor, and has concluded that 

K. Lewis, Ind, Eng. Chem., 1936, 28, 257; Chemixiry and Industry, IMS, 123; Chrm. Abs,, 
1936, SO, 1893; J. Inst. Pet. Teeh., 1936, 22, 146A; Brit. Chem. Abs. B. 1936, 255. 
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these curves can be used with reasonable accuracy to approximate the properties 
of other compounds, even though widely different in type. 

Brown, Lewis and Weber^®® have plotted the available data for methane, 
ethylene and isopentane, as is shown in Fig. 338. From this figure it will be 
noted that for the lower temperature isotherms, the latter hydrocarbon gives lower 
values for /a than methane and ethylene, but that this condition is reversed on the 
higher reduced temperature curves.^'® 



Courtesy Industrial and Enqinccrinfl Chemistry 

Fig. 339. —Ratio of Fugacity to Pressure Plotted Against Reduced Pressure for Various 
Reduced Temperatures. (W. K. Lewis) 


Fugacity. Since the ideal gas laws do not hold at high pressures, similar 
general relations, such as mass action and liquid-vapor equilibria formulas and 
other equations involving substances in the vapor state, will also be considerably 
in error. However, by substituting for the pressure a corrected function of the 
same dimensions (the so-called fugacity, designated by the symbol /) these equa¬ 
tions may still be used. 

Lewis^'^ has demonstrated tliat the ratio of the fugacity to the corresponding 


pressure 



is a unique function of the reduced temperature and pressure for a 


*• G. G. Brown, W. K. Lewis and H. C. Weber, Ind. Eng. Chem., 1934, 26, 325: Brit. Chem. 
Abs. B, 1934, 486; Chem. Abs.. 1934, 28, 3567. 

For other discussions on P-V-T relations see also: K. M. Watson and R. L. Smith, Nat. Pet. 
News, 1936, 28 (27), 29; Chem. Abs., 1936, 30, 6255; Brit. Chem. Abs. A, 1936, 1331; /. Inst. 
Pet. Tech., 1936, 22, 394A, Also ^‘Generalized High Pressure Properties of Gases,*' Universal Oil Prod¬ 
ucts Co., Chicago, 1936. E. R. Gilliland, Ind. Eng. Chem., 1936, 28. 212; J. Inst. Pet. Tech.. 1936. 
22, 151A; Brit. Chem. Abs. A, 1936, 419; Chem. Abs^ 1936, 30, 1623. W. B. Kay, Ind. Eng. Chem. 
1936, 28, 1014; Chem. Abs., 1936, 30, 7828; Brit. Chem. Abs. A, 1936, 1330; /. Inst. Pet. Tech.* 
1936, 22, 539A. W. K. Lewis and C. D. Luke, Trans. Am. Soc. Meek. Engrs. (Petroleum Meeh 
Eng.), 1932, 54 (17), 55; Chem. Abs., 1933, 27. 3495. Ind. Eng. Chem., 1933; 25, 725: Brit. Chem. 
Abs. A. 1933, 895; dhem. Abs., 1933, 27. 4145. . » 

W. K. Lewis, he. eit. 
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group of substances conforming to a single reduced equation of state (as, for in¬ 
stance, the higher hydrocarbons). By graphical integration of Figs. 336 and 

337, he obtained a series of curves, as shown in Fig. 339, in which the ratio of ^ 

is plotted against the reduced pressure for different values of reduced temperature. 
From the latter chart, the values of the fugacity of any hydrocarbon may be cal¬ 
culated at any pressure, provided the necessary critical constants are available.2^2 

Estimation of Thermal Properties 

The thermal properties of a large number of substances have been determined 
experimentally. From the data accumulated in this manner, a number of em¬ 
pirical relations have been deduced which may be employed in estimating the 
thermal data for hydrocarbons in general, or mixtures of hydrocarbons, such as 
petroleum fractions, in the absence of any available experimental information. 

Specific Heat 


Vapor State. The vapor phase specific heat determinations of Bahlke and 
Kay,2i3 Weir and Eaton,and Gary, Rubin and Ward^^^ on the Mid-Continent 
crude fractions have been found to be in excellent agreement. To establish a basis 
for estimating the specific beats of vapors of stocks other than those of the above- 
mentioned type, Watson and Nelson-^® have modified the equation proposed by 
Bahlke and Kay, by the insertion of a term involving the characterization factor, 
to give: 


Cp = 0 + 670) (0.12/i: - 0.41) 

where Cp is the specific heat of the vapor, t is the temperature (°F.), is the 
specific gravity (60/60'’F.) and K is the characterization factor. For Mid-Conti¬ 
nent stocks (K=11.8) the correction factor reduces to unity. Fig. 340, pre¬ 
pared by Egloff and Nelson, 217 a graphical representation of the above equation. 
The specific heats of Mid-Continent stocks and paraffin gases may be read directly 
from this graph. (For light stocks, the specific gravity is referred to air as 1 and 
for heavy stocks it is in terms of the A.P.I. gravity of the liquid). Por a stock 
having a characterization other than 11.8, the correction by which the above value 
is multiplied to give the specific heat is read from the small inset curve.-^® 

*** For discussions of the use of fuRacity in calculating vapor-liquid equilibria in hydrocarbon sys¬ 
tems consult: W. K. Lewis, Ind. Eng, Cnem., 1936, 28, 257; Chemistry and Industrx, 1936, 123; 
Chem. Ahs., 1936, 30, 1893; /. Inst. Pet. Tech., 1936, 22, 146A; Brit. Chem. Abs. 6, 1936, 255. 
W. K. Lewis and C. D. Luke, loc. cit. G. G. Brown, W. K. I.ewis and H. C. Weber, loc. cit. K. M. 
Watson and R. L. Smith, loc. cit. M. Souders, Jr., C. W. Selheimer and G. G. Brown, Ind. Eng. 
Chem.. 1932, 24, 517; Brit. Chem. Abs. A, 1932, 696; Chem. Abs., 1932, 26, 3416. Also A. I. Kr“a- 
sil’shchikov. J. Phvs. Chem. (U.S.S.R.). 1935, 6. 1362; Chem. Abs., 1937, 31, 22. 

««W. H. Bahlke and W. B. Kay, Ind. Eng. Chem., 1929, 21, 942; Chem. Abs., 1930, 24, 230; 
Brit. Chem. Abs. B, 1929, 1004. 

M. Weir and G. L. Eaton. Ind. Eng. Chem., 1932, 24, 211 ; Brit. Chem. Abs. B. 1932, 
327; Chem. Abs., 1932, 26, 1760. 

*15 w. W. Gary, L. C. Rubin and J. T. Ward, Ind. Eng. Chem., 1933, 25, 178; Brit. Chem. Abs. 
B, 1933, 293; Chem. Abs., 1933, 27. 1492. 

K. M. Watson and E. F. Nelson, Ind. Eng. Chem., 1933. 25, 880; Chem. Ahs., 1933, 27, 
5522; Brit. Chem. Abs. B, 1933, 995; I. Inst. Pet. Tech., 1933. 19, 408A. 

!«‘^G. Ealoff and E. F. Nelson, Oil and Gas J., 1936, 35 (7), 34; Chem. Abs., 1936, 30, 7828. 
Also “The Modern Cracking Process,” Universal Oil Products Co.. Chicago, 1936. 

This ix)rtion of the plot corresponds to the equation of Bahlke and Kay for Mid-Continent oils. 
The heat capacities of a number of the common gases have been revi^sed by E. D. Eastman, 
“Specifii: Heats ot Gases at High Temperatures,” U. S. Bureau of Mines Tech. Paper 444, 1929; 
Chem. Abs., 1929, 23, 3610. See A. C. Halferdahl (Chem. and Met. Eng., 1930. 37. 686; Brit. Chem. 
Abs. A, 1931, 156; Chem. Abs., 1931, 26, 242) for a graphical representation of these data. Sec also 
J. H. Perry, “Chemical Engineers’ Handbook,” McGraw-Hill Book Co., Inc., New York and London. 
1934. 
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Liquid State. Gaucher22o has correlated the available data on the specific 
heats of pure hydrocarbons in the liquid state by means of the equation: 


C, - 0.6230 - 0.0187 ^ + 0.000355^ + 0.00045(1 - 32) 

V S* 


or in terms of the characterization factor: 


Cp « 1.323 - 0.2005A: + 0.0107A:* 4- 0.00045(/ - 32) 

where boiling point, in degrees Rankine (Fahrenheit, absolute), ^ = specific 
gravity (60/60°F.), t = temperature (°F.), Cp = specific heat at t°F. and K = 

the characterization factor Either of these equations is said to express 

the specific heat of pure hydrocarbons with an average deviation of 1.3 per cent 
and a maximum of 6 per cent on the basis of the available experimental data. 

According to Gaucher, the specific heats of liquid petroleum fractions are best 
represented by the relationship proposed by Watson and Nelson, 

Cp = [0.6811 - 0.3085 -f /(0.000815 - 0.0003065)) [O.OSSX + 0.35.] 

The symbols here are the same as given above. Fig. 341 is a graphical representa¬ 
tion of this function. Thus, the values for Mid-Continent fractions (K = 11.8) 
may be estimated directly from the main chart. For other stocks, this number is 
multiplied by the correction obtained from the characterization factor as indicated 
in the inset curve to give the specific heat. According to Watson and Nelson, the 
above equation may cause a considerable error at conditions near the critical state 
because of the variation of Cp with pressure. However, this relation is said to be 
applicable to pressures well above that required to prevent vaporization, but may 
give results much too low at sub-atmospheric pressure.^^^ 


Heat of Vaporization 


Of the numerous methods^^a for estimating latent heats, Watson and Nelson^^^ 
have stated that the equation proposed by Kistyakovskii^^s for pure hydrocarbons: 

L = ^(7.58 + 4.571 log To) 

where L = latent heat of vaporization (B.t.u. per lb.), Tb = normal boiling point 
(degrees Rankine, °R = °F -f 460) and M = molecular weight, may be used as 
an approximation for hydrocarbon mixtures, provided the average molecular 
weight and boiling point are used. Assuming the applicability of the above eqiia- 

** L. P. Gaucher, Ind. Eng. Chem., 1935, 27, 57; /. Inst. Pet. Tech., 1935, 21, 85A; Brit. Ckem. 
Abs. A, 1935. 289; Chem. Abs., 1935, 29, 1972. 

K. M. Watson and E. F. Nelson, Ind. Eng. Chem., 1933, 25, 880; Chem. Abs., 1933, 27, 5522; 
Brit. Chem. Abs. B, 1933, 995; J. Inst. Pet. Tech., 1933. 19, 408A. 

•“For other work on specific heats of petroleum fractions see: A. R. Fortsch and W. G. Whit¬ 
man, Ind. E’ng. Chem., 1926, 18, 795; Br%t. Chem. Abs. B, 1926, 810; Chem. Abs., 1927, 21, 169. 
H. M. Weir and G. L. Eaton, Ind. Eng. Chem., 1932, 24, 211; Brit. Chem. Abs. B, 1932, 327; 
Chem. Abs., 1932, 26, 1760. H. R. Lang and R. Jesse!, J. Inst. Pet. Tech., 1930, 16, 783; 1931, 

17, 572; 1932, 18, 850; Brit. Chem. Abs. B, 1931, 143, 1034; 1933, 374; Chem. Abs., 1931, 25, 2275; 

1932, 26, 584; 1933, 27, 1741. W. W. Gary, L. C. Rubin and J. T. Ward, Ind. Eng. Chem, 1933, 
25, 178; Chem. Abs., 1933, 27, 1492; Brit. Chem. Abs. B, 1933, 293. C. S. Cragoe, Bur. Standards, 
Miscellaneous Pub., 97, 1929; Brit. Chem. Abs. B. 1930, 228; Chem. Abs., 1930, 24, 1496. A. J. E. 

Swann, Fuel, 1932, 11, 113; Chem. Abs., 1932, 26, 3654; Brit. Chem. Abs. B, 1932, 409. W. Gold- 

stern, Petroleum Z., 1936, 32 (36), 1; Brit. Chem. Abs. B, 1936, 1028. 

■•For the use of Trouten^s rule see: C. S. Cragoe, loc. cit. H. M. Weir and G. L. Eaton, 
loc. cit. W. W. Gary, L. C. Rubin and J. T. Ward, loc. cit. See also J. H. Hildebrand, J.A.C.S., 
1915, 37. 970; Chem. Abs., 1915, 9, 1423; J.C.S., 1915, 108 (2), 416. W. K. Lewis and H. C. 
Weber, Ind. Eng. Chem., 1922, 14, 485; J.S.C.I., 1922, 41, 573A; Chem Abs., 1922, 16, 2630. S. D. 
Turner and J. W. Harrell, Chem. Met. Eng., 1930, 37, 98; Chem. Abs., 1930, 24, 2280; Brit. Chem. 
Abs. B, 1930, 357. W. Goldstern, Petroleum 1936, 32 (56), 1; Brit. Chem. Abs. B, 1936, 1028. 

K. M. Watson and E. F. Nelson, loc. cit. 

■*V. Kistyakovskii, Z. physik. Chem., 1923, 107, 65; Chem. Abs., 1924, 18, 932; J.C.S., 1924. 
126 (2), 19. 
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tion, Watson and Nelson have plotted Fig. 342, in terms of the molal average 
boiling point and the characterization factor or the molecular weight. However, 
these investigators advocate, whenever possible, the use of the actually determined 
molecular weights in preference to the characterization factors curves (the latter 
involve the estimation of the molecular weight from Fig. 328). They state that 
the data obtained from Fig. 342 are in good agreement witli the experimentally 


Fig. 342. 

Diagram for Latent Heats of 
Vaporization of Petroleum Frac¬ 
tions at Atmospheric Pressure. 
(K. M. Watson and F. F. Nelson) 


Courtesy Industrial and Enqinccring 
Chemist ry 



obtained values for the latent heat of vaporization obtained by Weir and Eaton^so 
on both Mid-Continent and cracked stocks.^-*^ 

Heat Content 

From their experiments on straight run gas oil stocks, Weir and Eaton^^® pro¬ 
posed the equation: 

II = (215 - 875) 4- (0.415 - 0.1045)/ + (0.000310 - 0.0000785)/* 

where H = total heat above 32°F. (B.t.u. per lb.), s = specific gravity at 60°F. 
and t~ temperature (°F.), for evaluating the total heats of gas oil vapors above 
32°F. Gary, Rubin and Ward-^® have arrived at a similar relation for the total 
heat of liquid gas oil stocks: 

H * (155 - 27) -h (0,7615 - 0.4005)/ + (0.000625 - 0.0004405)/* 

The latter authorities have plotted these two functions, as shown in Fig. 343, in 
terms of the A.P.I. gravity of the fractions. Thus, from this chart it is possible to 
estimate the input heat required to raise an oil of this nature to a given tempera¬ 
ture knowing only the gravity. Gary, Rubin and Ward emphasize tlie fact that 
this figure should not be used for cracked stocks, as it is impossible to correlate 
the heat content data of different types of stocks by means of the specific gravity 
and temperature relations alone. 


H. M. Weir and G. L. Eaton, lac. cit. 

MTW. C. Edmister {Oil and Gas 1932, 30 (41). 50, 99; Chrm. Abs.. 1932, 26. 3366) has pre- 
(Mtred a chart showing the latent heats and vapor pre.ssures of a large number of pure hydrocarbons. 
*■ H. M. Weir and (i. L. Eaton, loc. cit. 

W. W. Gary, L. C. Rubin and J. T. Ward, Ind. Eng. Chem., 1933, 25, 178; Brit. Chem. Abs. 
B, 1933, 293; Chem. Abs., 1933, 27. 1492. See also A. J. E. Swann, Fuel, 1932, 11, 113; Chem. 
Abs., 1932, 26. 3654; Brit. Chem. Abs. B. 1932, 409. 
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Fig. 343. 

Total Heat Chart 
for Gas-Oil Cracking 
Stocks. ( W. W. Gary, 
L. C. Rubin and J. T. 
Ward) 


Courtesy Industrial and 
Engineering Chemistry 
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Effect of Pressure on Heat Content of Hydrocarbon Vapors. A 
simple means for correcting the heat contents of gases and vapors for the effect 
of pressure has been proposed by Watson and Nelson.^^o By a combination of the 
basic thermodynamic equation 


expressing the rate of change of heat content with respect to pressure at constant 
temperature, and the corrected equation of state 


PV * tLRT 

these workers obtained a relation of the type 


MIM 

T 


-nTr,Pr) 


where AH = change in heat content due to a change in pressure, M = the molec¬ 
ular weight of the fraction, T = absolute temperature (°R.) and f(TrPr) is a 


Fig. 344. 

Heat Content Correction for 
Change in Pressure of Hydrocar¬ 
bon Vapors. (K. M. Watson and 
E. F. Nelson) 


Ccurtcsy Industrial and Engitteering 
Chtmistry 



function of the reduced temperature and pressure only. Fig. 344, in which the ratio 

ahm 

—y- is plotted against the reduced pressure and temperature, represents this 

relationship as introduced by Watson and Nelson. These curves have subse¬ 
quently been revised by Egloff and Nelson,as shown in Fig. 345. Thus, for a 
given reduced temperature and pressure, a value of the above ratio is read from 
the chart. This expression may now be solved for AH and the latter quantity 
subtracted from the heat content at atmospheric pressure to give the corresponding 
heat content for the vapor at the assumed pressure.^®^ 

Examples of Estimation of Total Heat Content. From the data and 
charts given on the preceding pages it is possible to obtain the total heat content 
of either liquid or vapor petroleum fractions over quite a broad range of tem¬ 
perature and pressure. It now remains to illustrate the general principles in¬ 
volved in the use of such information. Egloff and Nelson^^s have suggested sev¬ 
eral general procedures for problems of this type. For instance, the heat content 


K. M. W«tson and E. F. Nelson, loc. cit. 

At Nelson, OH and Gas J 1936 , 35 ( 7 ), 34 ; Ckem. Abs„ 1936 , 30, 7828 . 

Also “The Modern Cracking Process,” Universal Oil Products Co., Chicago. 1936. 

••According to Wa^n and Nelson, for ordinary calculations, the difference between heat con¬ 
tent at aero and atnoepheric pressures may be disregarded. 

••G. Egloff and £. F. Ndson, loc, cit. 
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may be calculated at atmospheric pressure and the desired temperature and then 
corrected for the effect of pressure by means of Fig. 345. Or it may be assumed 
that the fraction is heated as a liquid to its average boiling point, vaporized at that 
temperature, and superheated as a vapor to the final temperature. (According to 
these collaborators, the errors introduced by this assumption are ordinarily negli¬ 
gible.) In the case of mixed-phase systems, however, the enthalpies of the liquid 
and vaporized portions are best treated separately. 

As an illustration of the general use of the various charts, that cited by Watson 
and Nelson^^** using the data of Weir and Eaton^^^ obtained for a naphtha fraction 
(volumetric average boiling point 256°F.) will be considered. The boiling char¬ 
acteristics of this stock, together with the calculated critical temperature and pres¬ 
sure, have already been given-^® and may be summarized as: 


Specific gravity. 0.7459 

A.P.I. gravity. 58 

Molal average boiling point, ®F. 241 

Critical temperature, . 571 

Critical pressure, Ibs./sq.in. (absolute)... 530 


The characterization factor is calculated^®^ as 

^ (241 4- 460)«/3 
0.7459 

This stock is therefore a typical Mid-Continent fraction, and so either Fig. 340 
or 341 may be used directly to obtain the specific heats. From Figs. 328, 329 or 
332 the molecular weight may be estimated as 108. 

Assuming that it is desired to calculate the heat content above 32°F. for this 
naphtha in the vapor state at 800°P'. and 1000 lbs. per sq. in. (gage pressure), from 
Fig. 341 the mean specific heat for the liquid between 32 and 241 °F. (average 
boiling point) is obtained at the mean temperature, 137°F., as 0.532. The mean 
specific heat of the vapor between 241 and 800°F. is estimated from Fig. 340 at 
the mean temperature (520°F.) as 0.600. The heat of vaporization at 241 and 
K = 11.8 may be read from Fig. 342 as 133 B.t.u. per lb. The total heat content 
at atmospheric pressure, therefore, is given by 

B.t.u./lb. 


Heat of liquid: 0.532(241 - 32) - 111 

Heat of vaporization. 133 

Heat of vapor; 0.600(800 - 241) « 335 


579 

To evaluate the total heat content at a gage pressure of 1000 lbs. per sq. in.. Fig. 
344 is used with the following supplemental data: 

T = 800 -f 460 « 1260°F. 

Tr = 571 -f 460 « 1031°R. 

Po « 1000 + 15 = 1015 lbs. per sq. in. (absolute) 

The reduced temperature is, therefore, 

Tr •» 1260/1031 - 1.22 

and the reduced pressure, 

Pr » 1015/530 - 1.92 

K. M. Watson and E. F. Nelson, Ind. Eng. Chem., 1933, 25, 880; Chem. Abs., 1933, 27, 5522; 
Brit. Chem. Abs. B, 1933, 995; J. Inst. Pet. Tech., 1933, 19, 408A. 

H. M. Weir and G. L. Eaton, Ind. Eng. Chem., 1932, 24, 211; Brit. Chem. Abs. B, 1932, 
327: Chem. Abs., 1932, 26. 1760. 

" See the section on Estimation of Critical Pressure. 

This value may also be obtained by interpolation from Fig. 332. 

“•From experimental data of H. M. Weir and G, L. Eaton, a value of 580 B.t.u. per lb. is given 
for this stock. 
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From these values of reduced pressure and temperature the ratio 
lated^*® from Fig. 344 as 4.65, and, therefore. 


AH 


4.65 X 1260 
108 


54 B.t.u. per lb. 


The total heat content at 800®F. and 1000 lbs. per sq. in. is 

579 - 54 - 525 B.t.u. per lb. 


is interpo- 


Thermal Diagrams for Hydrocarbons 


The thermodynamic properties of a substance may be represented graphically in 
several different manners. Among the most common types of charts in general use 
that will be considered are enthalpy, temperature-entropy and Mollier diagrams. 
Each of these series of curves has advantages and special adaptability for different 
kinds of problems. 


Enthalpy Diagrams 

The enthalpy-pressure-temperature relations of hydrocarbons may be very 
conveniently tabulated in charts of the type of Figs. 346, 347, 348 and 349. In 



Fig. 346. 

Enthalpy Diagram 
for n-Pentane. (E. 
C. Pattee and G. G. 
Brown) 


Courtesy Industrial and 
Engineering Chemistry 


all of these diagrams, the pressure is plotted as ordinate and the temperature as 
abscissa. Lines of constant enthalpy (heat content or total heat) are represented 
by straight lines (nearly perpendicular to the temperature axis). In most thermal 
problems it is not necessary to know the absolute heat content, since only changes 

345, based on subsequent data, would give a lower value for this ratio. 
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in the relative value are of importance. Therefore, it is arbitrarily assumed in 
these ciiarts that at one definite set of conditions the heat content may be taken as 
zero. Ordinarily the datum conditions employed are a standard state (solid, liquid 
or gas, as the case may be) at 32°F.24o 

The enthalpy diagram for n-pentane (see Fig. 346) was determined by Pattee 
and Brown^^i from experimental data. It is interesting to note the information 
presented by this chart. The pressure-temperature relation gives the vapor pres¬ 
sure curve. All points to the left of this line refer, therefore, to the liquid phase 
and those on the right to the vapor phase. In addition to the heat content lines, iso- 



Conrtcsy Industrial and Engineering Chemistry 

Fig. 347.—Enthalpy-Pressure-Temperature Relationships of Benzene. (J. D. Lindsay 

and G. G. Brown) 


chores (constant volume lines) are also included. Thus, from the temperature and 
pressure of n-pentane, it is possible to predict not only the state, but the heat con¬ 
tent and volume occupied by the material. 

The diagram shown in Fig. 347 was obtained by Lindsay and Brown^^ for 
benzene. (This chart differs from that of n-pentane in that the constant volume 
lines have been omitted.) Fig. 348 represents the data accumulated by Pattee and 
Brown^**® for a naphtha fraction^*^^ and is similar to Fig. 346 in its construction 
and applicability. 


Thus, in the case of water, this is standard procedure ordinarily followed, i.e., water at 32* F. 
and normal pressure is arbitrarily assumed to have a heat content of 0. Following this convention, 
for conditions below datum, the neat content is regarded as a negative quantity. In petroleum tech¬ 
nology, it is often more advantageous to set the datum temperature as 60* F. rather than 32* F. as 
in the case of water. 

Ml E. C. Pattee and G. G. Brown, Ind. Eng, Chem., 1934, 26, 511; /. Inst. Pet Tech., 1934, 20, 
400A; Brit. Chem. Abs. B, 1934, 567; Chem. Abs., 1934, 28, 4876. 

MSJ. D. Lindsay and G. G. Brown, Ind. Eng. Chem., 1935, 27, 817; Bn't. Chem. Abs. B. 1935, 
791; Chem. Abs., 1935, 29. 7170; /. Inst. Pet. Tech., 1935, 2l, 335A. 

M» K. C. Pattee and G. G. Brown, loc. cit. 

•MThe type of naphtha used by these investigators was a so-called varnish maker’s and painter’s 
naphtha and nad an A.S.T.M. distillation 50 per cent point of about 255*F. Using the method pro- 
po»^ by K. M. Watson and E. F. Nelson (see section on molecular weight) the equivalent hydrocar¬ 
bon was found to be octane. 
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From the plots for «-pentane and naphtha, Pattee and Brown concluded that 
for practical purposes, a mixture of hydrocarbons may be treated approximately 
as a pure compound of the same critical temperature, pressure and molecular 
weight, as suggested by Watson and Nelson.^^® The former investigators also 
point out that although the results obtained by these approximations are by no 
means accurate, the correction due to pressure is so small in comparison with the 
effect of temperature on the enthalpy that the final result obtained is in all prob¬ 
ability sufficiently accurate for most engineering purposes. 



In Fig. 349 is shown a different type of enthalpy chart, one in which the heat 
content is plotted against the temperature for parametric values of the pressure. 
This particular series of curves were determined by Sage, Lacey and Schaafsma^^® 
for a California crude oil of specific gravity 0.8383 (37.1°A.P.I.) at dO'^F. and 
a molecular weight of 188. In addition to the constant volume lines (indicated by 
dashes), constant entropy curves are also included on this chart. The double scale 
has been employed in order to enlarge the isothermal sections. It will be noted 
that the datum conditions for this graph are saturated liquid at 60°F. and 1 atmos¬ 
phere. Sage, Lacey and Schaafsma have stated that the entropy-temperature plane 
is usually preferable for the graphical representation of the thermal properties of 
a substance. However, in this case, the isothermal changes in entropy are so 
small compared to the isobaric changes with temperature that the former properties 
cannot be properly shown in a temperature-entropy scale. 

“®K. M. Watson and E. F. Nelson, Ind. Eng. Chem., 1933, 25, 880; Chetn. Abs., 1933, 27, 
5522; Brit. Chem. Abs. B, 1933, 995; /. Inst. Pet. Tech., 1933, 19. 408A. 

H. Sage, W. N. Lacey and T. G. Schaafsma, Ind. Eng. Chem., 1935, 27, 162; /. Inst. Pet. 
Tech., 1935, 21. 122A; Brit. Chem. Abs. B, 1935, 886; Chem. Abs., 1935, 29. 2044. 




THERMODYNAMICS IN PETROLEUM TECHNOLOGY 1335 


Sage, Lacey and Scliaafsnia-'*^ have shown the applicability of Fig. 349 in 
estimating the change in heat content of an oil under conditions of adiabatic^**® 
and isothermal compression. Thus, the frictionless adiabatic compression of the 
oil follows along a line of constant entropy from the initial to the final state. On 
the other hand, the isothermal compression is represented by a horizontal path 
from the initial to the final pressure. In the first instance, the work done by the 
adiabatic compression is given by the gain in heat content df the fluid or by the 
graphical evaluation of j VdP over the constant entropy path. For the isothermal 



Courtesy Industrial and Enciinccring Chemistry 

Fig. 349.—Temperature-Enthalpy Chart for a Crude Oil. (B. H. Sage, W. N. Lacey 

and J. G. Schaafsrna) 


case, however, the gain in heat content is given by Fig. 349, and when the step is 
frictionless, the heat rejected is determined by a.scertaining T(Si — (where 
the subscripts refer to the initial and final stages, respectively) for the path. The 
sum of the heat gained and that rejected gives the work done.-'**^ 


Temperature-Entropy Diagrams 


Figs. 350, 351 and 352 are typical temperature-entropy diagrams for hydro- 
carbons.^^® These curves are usually plotted with temperature as ordinate and 

B. H. Sage, W. N. Lacey and T. G. Schaafsrna, loc, cit. 

An adiabatic transformation is defined as one in which there is no exchange of heat with respect 
to the surroundings, that is, heat neither enters nor leaves the system during transformation. 

For other general examples see: W. H. Walker, W. K. Lewis and VV. H. McAdams, “Prin¬ 
ciples of Chemical Engineering.” McGraw-Hill Book Co.. Inc.. New York and London, 1923. J. H. 
Perry, “Chemical Engineers’ Handbook,” McGraw-Hill Book Co., Inc., New York and London, 1934. 

*** Temperature-entropy diagrams for water, ammonia, carbon dioxide, air, hydrogen, helium, nitro¬ 
gen, methane and ethylene will be found in J. H. Perry, “Chemical Engineers’ Handbook,” McGraw- 
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entropy as abscissa. Lines of constant pressure, constant volume and constant en¬ 
thalpy are usually also included on these charts. According to Lacey and Sage, 2 ®^ 
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Fig. 351 .— Temperature-Entropy Diagram for Propane. (B. H. Sage, J. G. Schaafsma 

and W. N. Lacey) 


Hill Book Co., Inc., New York and London, 1934. S. Sugawara and R. Nozawa, {Trans. Soc. Mech. 
Enors. {Japan), 1936, 2, 359; Chem. Ahs., 1936, 30, 7022) prepared an entropy chart for dichloro- 
methane. W. C. Edmister {Ind. Eng. Chem., 1936, 28, 1112; Brtt. Chem. Abs. A, 1936, 1330; Chem. 
Abs.. 1936, 30, 7437; J. Inst. Pet. Tech., 1936, 22, 538A.) calculated a table of entropy and enthalpy 
values for methane. I. N. Beall {Refiner, 1935, 14, 77; Chem. Abs., 1935, 29, 2714) tabulated data 
for the lower hydrocarbons, and also for isobutane {Refiner, 1935, 14, 437; Chem. Abs., 1935, 29, 
7779). Detailed instructions for the construction of tem^raturc-entropy diagrams and an example 
(using methane) have been given by J. H. C. Lisman {Koeltech., 1935, 6, \;Chem. Abs., 1936, 30, 

N. Lacey and B. H. Sage, Oil and Gas J.. 1934, 33 (26). 86; Chem. Abs., 1935, 29. 585; 
/. Imt. Ptt. Tech., 1935, 21, lOA. 
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slightly to the center of Fig. 351 (for propane) will be seen the so-called ^^satura- 
tion dome,” with the critical point at its apex (the critical temperature for pro¬ 
pane is approximately 212° F.). The left-hand side of this line corresponds to the 
case of liquid propane at its vapor pressure (saturation line.) The right-hand side 
refers to saturated propane gas. The region beneath the dome applies to equilib¬ 
rium mixtures containing both liquid and gas phases. The portion of the diagram 
to the left of the dome describes the behavior of liquid propane at pressures greater 



Courtesy Industrial and litiffinccrituj Chemistry 

Fig. 352.—Temperature-Entropy Diagram fur n-Pentanc. (B. H. Sage, W. N. Lacey 

and J. G. Schaafsma) 

than its vapor pressure, and that on the right of the dome relates to information 
concerning superheated propane gas. 

The nearly vertical solid lines (labeled near the top of the figure) are isobars, 
or lines of constant pressure. Within the saturation dome these lines become 
nearly horizontal. This is due to the fact that a pure substance undergoes a transi- 
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tion of state (such as from liquid to vapor, or vice versa) at constant temperature 
and pressure. The short-dash lines indicate values of constant si)ecific volume 
(cu.ft. per lb. in this case) or isochores. VVhen both li(iuid and gas jdiases are 
present (that is, within the dome), these lines indicate the specific volume of the 
whole mixture. The long-dash lines (within the dome) meeting at the critical 
point are lines of constant quality^^^ (constant mass fraction of the mixture which 
is in the gaseous state under the conditions prevailing). The solid lines which 
slope downward to the right are lines of constant heat content (enthalpy or total 
heat). Neither the entropies nor enthalpies indicated on this chart are absolute 
values. Both quantities are based on an arbitrary datum of saturated liquid pro¬ 
pane at 60° F. 

Fig. 350 represents the temperature-entropy diagram for ethane, as obtained by 
Walton.-^^ The curves for propane. Fig. 351, described previously are the results 
of investigations conducted by Sage, Schaafsma and LaceyFig. 352 for pen¬ 
tane was constructed by Sage, Lacey and Schaafsma^**^ from experimental data. 
(In this instance, the saturation dome has not been included in the figure.) 

As an example of the use of these diagrams, the illustration of Lacey and 
Sage,^*''^ involving the application of Fig. 351, will be considered. Assume that 
a sample of propane is at a temperature of 180°F. and occupies a volume per 
pound of 0.10 cu. ft. By locating the position on the diagram where these two 
conditions are fulfilled, it will be found that propane exists in the proportions of 
0.56 lb. of liquid and 0.44 lb. of gas per lb. of mixture. The pressure is approxi¬ 
mately 470 lbs. per sq. in. (absolute), the heat content is 123 B.t.u. per lb. and the 
entropy is 0.204 B.t.u. per lb. per degree Rankine (Fahrenheit, absolute). Thi^ 
diagram is also useful in problems involving continuous processes, as indicated by 
Lacey and Sage in the following example. Assume that the above .sample of pro¬ 
pane passes through a continuous flow .system, such that the final conditions find 
the sample at 80°F. and an absolute pressure of 50 lbs. per sq. in. From the chart 
it will be found that this hydrocarbon will exi.st entirely as a gas with a specific 
volume of 2.55 cu. ft. per lb., a heat content of 164 B.t.u. per lb. and an entropy of 
0.347 B.t.u. per lb. per degree Rankine. 

To illustrate the further u.se of this chart, these collaborators assume (arbi¬ 
trarily) that the last mentioned .system consists of the flow of propane through a 
continuous vertical pipe, 4000 ft. long, and that both the decrease in pressure and 
the heat gained or lost through the wall are directly proportional to the distance 
travelled in the pipe. In this case, the useful work of lifting amounts to 4000 ft. 
lbs. per lb. of propane, which is equivalent to 5.1 B.t.u. per lb. In such a flowing 
system, the difference between the final and initial heat contents gives the net 
increase or net decrease in energy in the moving fluid. In the assumed case, the 
increment is 164 — 123 — 41 B.t.u. per lb. This net increase in energy, despite the 
fact that useful work has been done, indicates that energy (in the form of heat) 
has been added to tlie fluid through the walls of the pipe. The amount of heat 
absorbed must then be 41 -f 5.1 = 46.1 B.t.u. per lb. 

On the basis of the supposed conditions relating to the change of pressure and 
heat gained through the walls, it is possible to follow the path of the change 

25^ Thus, in the case of steam tables, the “quality” is indicative of the percentage of steam actually 
pre.sent under the conditions. 

r. S. Walton. Refiner, 1935, 14, 440; Chem. Abs., 1935, 29, 7779. 

2MB. H. Sage, J. (J. Schaafsma and W. N. Lacey, Ind. Ena. Chetn., 1934, 26, 1218; J. Inst. Pet. 
Tech., 1934, 20. 606A; Brit. Chem. Abs. A, 1935, 22; CUem. Abs.. 1935. 29. 28. A temperature- 
entropy chart for propane has also been constructed by E. Justi (Z. Ver. dcut. Ina., 1936, 80, 103; 
Chem.'Abs., 1936, 30, 7097). 

2'® B. H. Sage, W. N. Lacey and J. (1. Schaafsma. Ind. Ena. Chem., 1935. 27, 48; Chem. Abs., 
1935, 29, 670; J. Inst. Pet. Tech., 1935. 21. 90A; Brit. Chem. Abs. A, 1935, 290. 

W. N. Lacey and B. H. Sage, Oil and Gas J., 1934, 33 (26), 86; Chem. Abs., 1935, 29, 585; 
J. Inst. Pet. Teeh., 1935, 21. lOA. 
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occurring during the step. As a result of this, the corresponding values of tem¬ 
perature and entropy may be read from the chart for any stage in the operation. 
By reading a series of such values and plotting them with entropy as abscissa and 
the absolute temperature as ordinate, the area below the resulting curve between 
the initial and final states may be determined, and in this manner the value of the 
sum of heat absorbed through the walls and the heat developed as the result of 
friction may be obtained. (The friction results both from turbulence within the 
fluid and from movement of the mixture relative to the interior pipe wall.) For 
the above case, Lacey and Sage found this sum to be 81.4 B.t.u. per lb. Since the 
heat absorbed was 46.1 B.t.u. per lb., the heat developed as a result of friction is 

81.4 - 46.1 « 35.3 B.t.u. per lb. 

This quantity of heat has been produced at the expense of energy otherwise avail¬ 
able for doing useful work. Another way in which the energy is utilized is by 
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Fig. 353.—Temperature-Entropy Chart for a Crude Oil. (B. H. Sage, W. N. Lacey 

and J. G. Schaafsma) 


increasing the velocity of the moving fluid. The energy required for this purpose 
is ordinarily quite small, and in the assumed instance would be approximately 0.2 
B.t.u. per lb. if the final velocity is taken as 100 ft. per sec.^^**^ 

Fig. 353 is a temperature-entropy diagram for a California crude oil (37.1® 

A.P.I. gravity) as determined by Sage, Lacey and Schaafsma^®* from experi¬ 
mental data. These investigators also point out the value of charts of this nature. 

For other examples, see J. H. Perry, ''Chemical Engineers' Handbook," McGraw-Hill Book Co.. 
Inc^ New York and London, 1M4. W. H. Walker, W. K. Lewis and W. H. McAdams, "Principles 
of Chemical Engineering," McGraw-Hill Book Co.. Inc., New York and London, 1923. 

B. H. Sage, W. N. Lacey and J. G. Schaafsma, Ind. Eng. Chem., 1935, 27, 162: J, Inst. Pet. 
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Thus, the random path AB could represent any one of a number of operations. If 
there is no work done on or by the system, or no change in elevation, the difference 
in the initial and final heat contents will give the loss of heat from the oil in going 
from A to B. The graphically determined value for \TdS added to the loss in 
heat content' gives the amount of heat produced as the result of friction in the 
step represented by the path between A and B. (If the change in elevation or the 
work done by the oil is known, it can be added to or subtracted from the change 
in heat content, and the above method can be used to determine the friction.) 

The principles outlined by these workers can be illustrated by a specific prob¬ 
lem, such as that shown by the path CDE. This path may be assumed to be that 
of a pumping oil well, operating under arbitrarily chosen conditions. Let point C 
represent the condition of the oil at the entrance to the pump cylinder, 4000 ft. 
below the surface, assuming it to be a liquid at 200.1°F. under the saturation 
pressure. Point D represents the conditions at the outlet of the pump cylinder 
(corresponding to a pressure of 2000 lbs. per sq. in. after a frictionless adiabatic 
step, that is, the entropy of the oil at the entrance and outlet of the pump cylinder is 
the same). The work done in this step is equal to the difference in the initial and 
final heat content, or 7.5 B.t.u. per lb. of oil. (As a check, the work may be cal¬ 
culated by evaluating \ VdPy and is found to be 7.37 B.t.u.) Let point E represent 
the state of the oil at the surface, with a temperature of 187.4® F. and under the 
corresponding saturation temperature. The path DE is arbitrarily chosen to 
represent the thermodynamic path of the fluid up the pipe line.-®® The difference 
in enthalpy between D and E (14.80 B.t.u.) measures the heat lost to the sur¬ 
roundings (in this case, 9.66 B.t.u. per lb. of oil.) The value of \TdS over the 
given path from D to E is found (by graphical integration) to be —7.78 B.t.u. 
per lb. Then the energy lost as a result of friction during flow is equal to the 
algebraic sum of ^TdS and the heat lost by the system, and in this instance is 
equal to 1.88 B.t.u. per lb. of oil. 

Mollier Diagrams 

Mollier diagrams are plotted between heat content as ordinate and entropy as 
abscissa, and are especially adapted to problems involving flow of fluids. As 
Walton-^® has pointed out, although on entropy-temperature charts heat quantities 
are represented by areas, on diagrams of the Mollier type they are shown by line 
segments. It is also customary to include lines of constant quality, constant super¬ 
heat, isobars, isotherms and isochores on these depictions. 

Fig. 354 represents the Mollier diagram for ethane, as obtained by Walton.®®^ 
The datum temperature for this chart is 332®R. (—128®F.). As an example of 
the application of the data included in this figure, Walton has considered the fol¬ 
lowing problem. It is desired to determine the condition of the vapor resulting in 
the expansion (through a valve) of a mixture composed of 95 per cent ethane 
vapor and 5 per cent ethane liquid at 85.3 lbs. per sq. in. gage pressure to atmos¬ 
pheric pressure (14.8 lbs. per sq. in. absolute). This is an expansion of the 
Joule-Thomson type, occurring at constant total heat. Thus, from the intersection 
of the 100 lbs. per sq. in. absolute pressure line and the 95 per cent quality line, the 
constant heat curve is followed across the diagram to the right until the 14.8 lbs. 

^Thc thermodynamic properties are dependent only on the initial and final state, and not on the 
path. However, the exact path is necessary for the evaluation of the friction. 

^J. S. Walton, Refiner, 1935, 14, 440; Chem. Abs,, 1935, 29, 7779. This article should be con- 
•ulted for an explanation of the manner of derivation of both Mollier and temperature-entropy dia- 
Hrrams from tables of thermodynamic data. Mollier diagrams for ammonia, carbon aioxide, air, ethylene, 
helium, hydrogen, methane, nitrogen and steam have been given by J. H. Perry, “Chemical Engineers* 
Handbook," McGraw-Hill Book Co., New York and London, 1934. 

J. S. Walton, loc, cit. 
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per sq. in. isobar is reached. At this point on the chart it will be seen by inter¬ 
polation that ethane exists as a superheated vapor at —70° F. and has a superheat 
of 62° F. 

As another example, Walton-^2 j^^s calculated the work done in the reversible 
expansion of 57 lbs. of ethane vapor at 200 lbs. per sq. in. absolute pressure and 
475°R. (15°F.) to 30 lbs. per sq. in pressure in an engine, without appreciable 
loss or gain of heat. Since this is an adiabatic expansion, there will be no change 
in entropy. The initial heat content of the ethane is read from Fig. 354 as 242.5 
B.t.u. per lb. Following down the constant entropy line to the 30 lbs. per sq. in. 
isobar, the final heat content is given as 206.5 B.t.u. per lb. The available work 
is, therefore, 

242.5 - 206.5 - 36 B.t.u. per lb. 
or (36 X 57) = 2052 B.t.u. 

from the 57 lbs. of ethane. On multiplying this value by the conversion factor, 
778, to give foot pounds, the amount of work available is given as 

(778 X 2052) = 1,596,000 ft. lbs. 

The quality of the final mixture may be read by interpolating between the constant 
quality lines as 98.5 per cent. 

As indicated above, the application of thermodynamics to the petroleum field 
is limited to some extent since the element of reaction time does not enter into this 
type of calculation. Also, a number of the factors employed are probably subject 
to considerable error. Nevertheless, in many instances thermodynamic considera¬ 
tions frequently .serve to foretell, to a reasonable extent, the probability of a given 
course of reaction. It is apparent that, as more accurate data come to hand, this 
phase of the petroleum industry will gradually develop to one of great significance. 

J. S. Walton, loc. cit. 
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from benzene, 95, 259 
from butane, 64, 166, 168 
from 1-butene, 83 
from calcium carbide, 701 
from coke oven gas, 170 
from cracking operations, 131, 140 
from ethane, 56 

from ethylene, 57, 79, 160, 166, 168 
from ethylene dibromide, 505 
from ethylene dichloride, 497 
from free radicals, 53, 75 
from isobutane, 66, 67, 166 
from isobutene, 84 
from kerosene, 253 

from methane, 54, 55, 165, 166, 168, 218. 
254, 257, 892 
from natural gas, 168 

from olefins, 255 

from petroleum hydrocarbons, 253, 254 

from propane, 61, 166, 169, 187, 254 

from propene, 81, 187 
from tars, 254 
from toluene, 260 
gasoline from, 704 
heat of formation, 1282-1284 
heavy, reaction with chlorine, 742. 74 3 
hydration of, 712, 713, 714 
hydrogenation of, 171. 704, 719 

Ignition temperature of. 988 
inflammability limits of, 980 
in motor fuels, 701, 1039. 1040 
mechanism for oxidation of, 902, 903 
mechanism for ozonization of, 904 
methenyl radical from, 89 
molal entropy of, 1282, 1283. J 284 
na.scent. polymerization of, 187 
oxalic acid from, 904 
oxidation of, 849, 850, 902, 904 
peroxides from, 924 
phosphine removed from. 170 
photobromination of. 711 
photochemical decomposition of. 264. 2n5 
polymerization of, 57, 89, 264-2f>7. 68t), 702- 
704 


—, properties of, 701 

- pyrolysis of. 88, 89, 703 

—-, reaction with acetaldehyde, 680 
—. — acetic acid. 717 

- — alcohols, 714 

—, — alkyl mercury bromides, 724 
—. — amines, 719 
—. — ammonia, 719 
-, — aniline, 719 
—. — benzene, 718 
—, — chlorine, 709 
—. — cresols, 715 

- — dichloromethylarsine. 721 
—, — ethylacetoacetate, 721 

—. — ethylbenzene, 719 
—. — hydrogen chloride, 716 
—. — hydrogen fluoride, 716 
—. — hydrogen sulphide, 720 
—, — iodine, 711 
—. — mercaptans, 472. 473, 715 

- — mercury salts, 702 
—. — /3-naphthol, 715 

—^ — organic acids, 717 
—, — ozone, 904 
—. — phenol, 715 
—, — selenium, 720 


Acetylene, reaction with sodium hypoiodide, 711 

—, -- sulphur, 467, 485, 720 

—, — thiocresol, 473 

—, — toluene, 718 

—, removal of acetone from, 1264 

--, removal of hydrogen sulphide from, 170 

—, storing of, 171, 701 

—, thiophene from, 467 

—, thiophenol from, 467 

—, toxicity of, 1264 

—. use of calcium chloride in purification of, 
170 

—, — chlorine in preparation of, 168 
—, — hydrogen in preparation of, 108 
—, — hydrogen chloride in preparation of, 168 
—, — lime in purification of, 170 
—use**- of, 701 

t 'y-valero-lactone solvent for, 169 
—vinylacetylene from, 704 
—, vinyl resins from, 253 

Acetylene addition, mechanism for mercury cat¬ 
alysis in, 722 

Acetylene black, ash content of, 244 
—, benzene in, 244 

, carbon tetrachloride vapor adsorbed by. 2^2 
—, in dry cells, 251 
—, in liquid oxygen explosives, 251 
—, iron in, 244 
—, naphthalene in, 244 
—, phenanthrene in, 244 

- preparation of, 223, 242 

- properties of, 244 
removal of iron from, 244 

—, silica in, 244 

Acetylene carboxylic acids, preparation of, 829 
Acetylene diiodide, formation of. 711 
Acetylene-ethane, azeotropic mixture of, 30. 1140 
Acetylene homologues, effect of lead tetraethyl 
on, 1019, 1020 

Acetylene hydrocarbons, refining with, 719 
Acetylene-hydrogen mixtures, chlorination of, 709 
Acetylenes, from amylene dibromide. 513 
Acetylene tetrachloride, dechlorination of, 710 
—, formation of, 709 
—in cleaning compositions. 732 
Acetylenic alcohols, preparation of, 724 
Acetylenic Crignard reagents, preparation of. 724 
Acetyl iodide, reaction with cyclohexene, 611 
—, — divinyl ether. 612 
—, — furan. 612 
—, — thiophene. 611 
Acetylketene, heat of formation, 442 
Acctylmandelic acetic anhydride, prei>aration of. 
439 

2-Acetyl-3-methylbutane. preparation of, 1099 
2-Acetyl-l-methylcyclopentane, formation of. 205 
2-Acetylpentane, preparation of. 444. 1099 
Acetylphthalimide. acetone from, 423 
Acetvlsalicvlic acetic anhydride, preparation of. 
439 

Acid anhydrides, condensation with conjugated 
diolefins. 687, 688. 689. 690 
—, from ethylene glycol esters, 540 
—, from paraffin wax. 971 
—. reaction w’ith aldehydes, 885 
Acidation. of oil wells, 9 
Acid halides, reaction with olefins. 609-614 
Acidic oxides, catalysts, reaction of olefins and 
carlion monoxide. 625, 626 
Acidity, determination of, 1166, 1167 
Acidosis, effect of ethylene on, 1260. 1261 
Acids, aliphatic, sulphates from. 1086 
—. as demulsifying agents, 969, 1075 
—, by aquolysis, 131 

—. by oxidation of petroleum. 962, 964-966 
—. catalyst, ethylene oxide-hydrogen suliihide re¬ 
action, 564 

—. —, polymerization of aldehydes. 886 
—. condensation with conjugated diolefins, 688, 
690, 691 

—, decolorizing with clay, 976, 977 
—. effect on stability of naphthenes, 937 
—, esterification of, 314 
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Acids, formation in gasoline, 922 
—, from alcohols, 1050, 1052 
—. from butane. 874 

—. from carbon monoxide and hydrogen, 122.^. 
1244, 1245 

—, from cyanohydrins, 886 
—, from ethane, 871, 872 
—, from gasoline, 861 
—, from Kogasin, 1255 
—, from methane and steam. 870 
—, from 2-methylpropene, 622 
—, from mineral oil, 856 
—, from naphtha, 881 

from olenns and carbon monoxide, 625 
—from oxidation of olefins, 553 
—, from oxidation of transformer oil, 935 
—, from paraffin wax, 843, 865, 1255 
—, from pentane, 859 
—, from petroleum ether, 854 
—from propane, 862, 863 
—. from still vapors, 1047 

- gasoline-soluble, from ceresins, 975 

—. m co-polymerization of chloroi>renc, 681, ^»82 
—, in gasoline, 908 

- -, in gum formation, 921 

—. in pressure distillates, 1104 
—, oxidation of, 852 
—, plastics from, 969 
—, removal of, from gasoline, 1047 
—. separation by acetic acid. 977 
—, — alkali bases, 976 
-— alkali carbonate, 975 
—. — ammonia, 976, 977 
—. — benzene, 967, 968 

— benzine, 967, 968, 975 
—, — calcium hydroxide. 976 
—, — calcium hypochlorite. 968 
—, — fractional crystallization. 959 
—, — fractional distillation, 958, 960. 977 
—, — gasoline, 976 
—, — hydrogenation. 975. 976 
—, — isopropyl alcohol, 975 
—. — lime, 967 
—. — methyl alcohol, 975, 977 
—, — oxidation. 960 
—. — phosphoric acids, 977 
—, — pyridine, 977 
—, — sulphur dioxide. 967, 977 
—, — trichloroethylene, 967, 968 
—, treatment of gasoline with, 927 
—. use in lul^icants, 968 
—. — rubber vulcanization. 969 
—. wetting agents from, 1076 
Acid sludge, hydrolysis of, 486 
—. reaction with olefins, 669 
Acrolein, for solvent extraction. 43 
—, from dibromocyclopropane, 762 
—, from glycerol, 878 

Acrylic acid, from ethylene chlorohvdrin, 527 
Acrylic acid esters, polymers of. 527 
Acrylonitrile, reaction with monoethanolaniine. 
569 

Actinic light, action on motor fuels. 268 
—, effect on color stability of fuels. 926 
—, use in amylene chlorination, 511 
—, — butane chlorination. 752 
—. — butene di-iodide synthesis. 511 
Actinic rays, use in propane chlorination. 750 
Activated aluminum silicate, use in cracking, 128 
Activated carbon, catalyst, acetone from acetic 
acid, 423 

—, —, esterification of ethylene glvcol. 540 
—, —, polymerization of olefins. 171 
—, —, pyrolvsis of methane, 169 
—, use in clarifying wines, 232 
Activated charcoal, catalyst, reaction of mono- 
vinylacetylene and hydrogen chloride, 680 
—, —, esterification of propene, 307 
—, —, trimethylacetic acid from acetone. 432 
Activated fuller’s earth, use in progressive catal¬ 
ysis, 114 

Activation energies, for free radicals from hy¬ 
drocarbons. 51 

Activation-energy, of hvdrosren halides. 301 
—, of triphenylmethyl chloride, 826 


Activity, definition of, 1296 
Acylaminophenols, antioxidants for gasoline. 916 
Acyl urea, stabilization of carbon tetrachloride. 
730, 731 

Adamantane, isolation from crude oil, 35 
Adhesion energies, of asphalts, 1213 
Adiabatic transformation, definition of, 1335 
Adipic acid, alkoxyalkyl esters, as plasticizers, 
544 

—, from cyclohexanone, 450 
—, from cyclohexene, 895 
—. from nitrocylohexane, 1093 
Adipic anhydride, antioxidant for transformer oil, 
941 

Adsorbent carbon, production of, 227 
Adsorbent clays, desulphurizing agents, 489 
Adsorbent silicates, use in cracking, 129 
Adsorbents, use of in refining, 31 
Adsorption, of hydrocarbons bv silica gel, 31 
Adsorption agent, fuller’s earth as, 1109 
Adsorption agent, gumbrin as, 1109 
Adsorptive catalysts, in refining of gasoline, 135 
Aerobacter. in fermentation of sucrose, 547 
Aerogel, definition of, 446 
Aetox gas, definition of, 556 
Agar agar, in asphalt emulsions. 1219 
Air, absorption by mineral oil, 939 
—. effect on hydrogen bromide-allyl bromide re¬ 
action, 315 

—. — hydrogen bromide-undecenoic acid reac¬ 
tion, 318 

—. — hydrogen bromide-vinyl bromide reaction, 
315 

—, — polymerization of olefins, 661, 672 
—, — voltolization, 261 

—, ozonized, use in drying oil preparation, 1054 
Albuminous substances, in crude oil. 12 
Alcoholates, reaction with alkyl halides, 825 
—, — aralkyl halides. 825 

Alcohol-benzol-gasoline blends, as motor fuels, 
1038 

Alcohol-gasoline blends, as motor fuels, 1034-1039 
—, octane number of. 1251 
Alcohols, acetylation by ketene, 438 
—. acids from. 1052 

action of electric discharges on, 262 
—, aldehydes from, 399. 844 
—, as blending agents, 1035 
—. as extraction agents, 972 
—, as plasticizing agents, 1112 
butadiene from, 676, 677 
—, by aquolysis. 131 

—. by reduction of carbon monoxide, 1049, 1223, 
1244. 1251, 1252. 1303-1305 
—. combustion of, 999 
—. condensation of. 341 
—, - - with phenols. 402, 403 
—, conversion to higher alcohols, 341 
—. cyclopentadiene from. 676 

. decomi>osition of. catalyst for. 155 
—. decrease of induction period bv. 909 
—. dehydration of, 394, 399, 406, 558, 1051, 
1052 

—. drying agents for. 407 
—. esterification of. 1080. 1081, 1118-1120 
—. estimation, in blended fuels, 1185 
—, ethers from. 406, 579 
—. extractants for asphalts, 1202 
—, formals from. 889 
—, free energy of formation. 1294. 1295 
—, from aldehydes. 885, 886, 889 
—, from butane. 859. 874 
—, from cracking gases. 146 
—. from ethane. 857. 858. 871, 872 
—, from Gasol, 1255 
—, from gasoline. 861 

—. from heptane, 859, 865 

—. from methane and steam, 870 

—, from mineral oil. 856 

-. from naphtha oxidation. 876 
—. from natural gas, 23 
—. from oxidation of asphalt. 1203 
—. — hydrocarbons, 865 
—, — olefins, 893 
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Alcohols, from oxidation of petroleum, 843, 962, 
963, 964, 965 

from oxygenated paraffins, 340 
from paraffin wax, 865, 971, 1056 
from pentyl chloride, 755 
from petroleum ether, 854 
^^from photochemical decomposition of acetone, 

from propane, 858, 862, 863 
from residual oils, 1050 
from terpenes, 624 

halogenated, preparation of. 522, 523, 524 
—, uses ot, 523 
in cleaning agents, 1084 
in insecticides, 1078 
in vulcanization of ruhlier, 1078 
ketones from, 399, 421 
uiehns from, 155, 420 

oxidation of, 399, 420, 423, 844, 840. 877- 
880, 931 

polyhydric, desulphurizing agents, 488 
—, see Polyhydric alcohols 
precipitation of asphalt by, 935 
pyrolysis of, 155, 213 
reaction with acetylene, 714 

— alkylacetylenes, 723 

— benzene, 402 

— carbon monoxide, 1041, 1050 

— ethers, 715 

— ethylene oxide, 548 

— formaldehyde, 889 

— isobutene oxide. 589 

— vinylactylene, 705 

— wax acids, 975 
removal from ether, 336 
s<^ubility in water, 404 
stabilization of soap suspensions by, 409 
sulphation of, 1085 

. wetting agents from, 1076 
Aldehyde^acids, from petroleum distillates, 843, 
863, 864, 1053 

Aldehyde-alcohols, from petroleum distillates, 843, 
1053 

Aldehyde-hydroxy acids, from petroleum distd- 
lates, 843, 1053 

Aldehydes, alcohols from, 885, 886, 889 

—, aldoximes from, 886 

—, applications of, 889-891 

—, as antiknocks, 1018 

—, carboxylic acids from, 885 

—, condensation of, 886 

—■, condensed with ketones, 443 

—, cyanohydrins from, 886 

- cyclic acetals from, 544 

—, decomposition of, 883, 884 

—, detection in ethylene, 1259 

—, diethers from, 889 

—, effect on stability of naphthenes, 937 

—. esters from, 889 

—. formals from, 889 

—, formation in gasoline. 922 

from alcohols, 331, 399, 844, 1052 
—. from aquolysis, 131 
—, from asphalt oxidation, 1203 

—. from butane, 874 

—, from 2,3-butene glycol, 536 
—, from carbon monoxide and hydrogen, 1223, 


—. from ethane. 857. 858. 871, 872 
—, from ethylene glycol, 536 

—. from gas oil. 864 
—. from gasoline, 861 
—, from hexane, 1014 

—, from methane and steam, 870 

—, from naphtha oxidation. 875. 876, 881 
—, from oxidation of olefins, 553 
—. — petroleum, 962, 964-966, 1053, 1056 
—. from paraffin wax, 865, 971 
—, from petroleum distillates, 843 
—, from petroleum ether, 853, 854 
—, from propane, 858, 862. 863 
—. from residual oils, 1050 

—, from still vapors, 1047 
—, from wax acids, 979 


Aldehydes, in co-polymerization of chloroprene, 681, 
682 

—, in gasoline, 908 
—, in gum formation, 921 
—, in perfumery, 875, 881 
—, in pickling solutions, 890 
—, in refining, 625 
—, nitriles from, 886 
—, nitro alcohols from, 888 
—, nitro-glycols from, 888 
•—, oxidation of, 885, 931 
—, polymerization of, 886, 889, 890 
—, products with nitric acid, use of, 851. 852 
—, pyridine bases from, 885, 886 
—, reaction with acid anhydrides, 885 
-, — ammonia, 885 

— ammoniacal silver. 885 
—, — ammonium cyanide, 886 

— glycols, 582, 889 

—, - Grignard reagents, 886 

—, — hydrazine, 886 

- — hydrogen cyanide. 886 

— hydroxylamine. 886 
—, — mercaptans, 473, 474 

—, — nitro compounds, 888, 1095 
—, — olefins. 623 
—, — sulphonic acids, 1081 

- -, recovery of, 884, 885 
—, reduction of, 885, 889 

, removal from ether, 336 
—, — gasoline, 1047 
—-. resins from, 625, 886, 1081 
Aldol-a-naphthylamine, antioxidant for gasoline, 
918 

Aldoximes. from aldehydes, 886 
Aliphatic compounds, in crude oil fractions, 13 
Aliphatic halides, reaction with sulphites, 819 
—sulphonic acids from, 819, 820 
Aliphatic hydrocarbons, conversion to acetylene. 
168 

—, crystalline, preparation of, 31 
—, cyclization of, 73 
—, olefins from, 160 

Aliphatics, effect on knock rating, 1024, 1025 
—, from carbon monoxide and hydrogen, 1235 
—, estimation in benzene, 1150 
—, oxygenated, free energy relations of, 1286 
—, reaction with sulphuric acid, 1082 
Aliphatic sulphonic acids, as refining agents, 930 
Alkadienes, bromination of, 1152 
—, estimation of, 1152 

Alkali, activation by mahogany sulphonates, 1077 
—, as extraction agent, 976, 1104, 1105 
—, catalyst, condensation of acetaldehyde, 889 
Alkali alkoxides, as dehydrating agents, 330 
—. catalysts, reaction of olefins and carbon mon¬ 
oxide, 626 

Alkali carbonates, catalyst, oxidation of petro¬ 
leum, 964 

—. —, reaction of olefins and carbon monoxide. 
626 

—, for separation of acids, 975 
—, — sulphonic acids, 1071 
—. for sulphur removal, 1249 
Alkalies, catalysts, polymerization of aldehydes, 
886 

—, emulsifying agents for asphalts, 1217 
Alkali fatty acid salts, catalysts, reaction of 
olefins and carbon monoxide, 626 

Alkali halides, catalysts, reaction of olefins and 

carbon monoxide, 625 

Alkali hydroxides, catalysts, reaction of olefins 
and carbon monoxide, 626 

—, reaction with ethyl alcohol, 342 
—. — olefins, 629 

Alkali metal caseinate, stabilization of asphalt 

emulsions with, 1218 

Alkali metals, in refining of gasoline, 929 
—, reaction with diolefins and amines, 698 
—, — ethyl alcohol. 342 

Alkaline-earth alkoxides, catalysts, reaction of ole¬ 
fins and carbon monoxide, 626 
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Alkaline-earth carbonates, catalysts, methane oxi¬ 
dation, 264 

—, —, oxidation of petroleum, 964 
—, —, reaction of olefins and carbon monoxide, 
626 

Alkaline-earth fatty acid salts, catalysts, reaction 
of olefins and carbon monoxide, 62ft 
Alkaline-earth hydrides, in refining of gasoline, 
929 

Alkaline-earth hydroxides, catalysts, reaction of 
olefins and carbon monoxide, 626 
—, —, reaction of sulphur and hydrocarbons. 4ft7 
Alkaline-earth metal halides, catalysts, reaction of 
olefins and carlx)n monoxide, 625 
Alkaline-earth metal salts, promoters, oxidation of 
anthracene. 952 

.Mkaline-earth oxides, catalysts, methane oxidation, 
>64 

—, —, oxidation of petroleum, 964 
—, —, reaction of sulphur and hydrocarlxMis, 467 
Alkaline-earth phosphates, catalyst, hydration of 
ethylene, 287 

Alkali phenoxides, dehydrating agents. 3J0 
Alkali phosphates, catalyst, methane-carbon diox¬ 
ide reaction. 870 
—, in cleaning agents, 1112 

Alkali rosinates, in asphalt emulsion preparation, 
1217 

Alkali salts, promoters, oxidation of anthracene. 
952 

Alkali sludge, asphaltenes in, 1105 

—, naphthenic acids in, 1105 

—.resins in. 1105 

Alkaloids, preparation of. 688 

Alkanes, as anesthetics, 1256 

Alkene glycols, reaction with phthalic acid. 542 

Alkenes, from secondary alcohols, 400 

- see Olefins 

Alkoxyalkyl halides, reaction with butadiene, 698 
Alkoxy chlorides, sec Alkyl hypochlorites 
2 Alkoxy-2-trichloromcthyM .3 dioxolanes. proper¬ 
ties of, 541 

Alkylacetylenes, formation of, 721, 722 
—, Grignard reagents from, 724 
—, reaction with acetic acid. 722 
—acetyl chloride. 724 
—alcohols, 722. 72.1 
/cr-Alkyl adipic acids, formation of, 605 
Alkylamines, prcfiaration of, 804, 808 
Alkylaryl ketones, in motor fuel. 1039 
Alkylated naphthalenes, voltolization of, 262 
Alkylatetl phenols, uses of. 604. 605. 91ft 
Alkylated polyphenols, antioxidants fur gasoline. 
916 

Alkylation, of anthracene. 595. 596 
—. of gasoline. 59.1 
—, of naphthenes, 594, 601. 602. 60.1 
/er-Alkyl benzenes, oxidation of. 942. 94.1 
Alkyl chlorosulphites. preparation of, 41.1 
Alkyl compounds, as antiknocks, 1017 
Alkyl cyanamides. for stabilizing carbon tetra¬ 
chloride, 730 

Alkvlene diamines, antioxidants for white nilv. 
937 

Alkyl esters, recovery of, 305 

Alkyl ethers, catalysts, oxidation of paraffins. 
874 

/er-Alkyl ethers, preparation of. 544. 606. 607 
Alkyl gallates, antioxidants for gasoline. 917 
Alkyl halides, alkylation of aromatics with. 811 
—. catalysts, carbon monoxide-methyl alcohol re¬ 
action. 10.50 

—. decomposition of. 805 
—. ethers from. 804 
—. olefins from. 804 
—.polymerization of. 811 
—. reaction with alcoholates. 825. 826 

- — amines. 804, 808 
—. — ammonia. 804, 808 
—. — hydrocarlx)ng. 804 

- -, — magnesium, 804. 822 
—. — mercaj^ans, 479 

—. — metallic cyanides. 822 
—, — sodium sulphide. 479 
—, — thiosulphates. 829 


Alkyl halides, sulphonates from, 804 
—, sulphur plastics from, 828 
Alkyl hypochlorites, reaction with olefins, 626, 
627 

Alkyl hy]K)halites, preparation of. 346 
Alkylidcne diesters, preparation of, 717 
Alkylmagnesium iodides, reaction with nitrupar- 
affins, 1096 

Alkyl mercury bromides, reaction with acetylene, 
724 

N-Alkyl morpholines, preparation of, 583 
Alkyl nitrates, as ignition promoters, 1096 
Alkyl nitrites, as ignition promoters, 1097 
Alkylolamine.s, corrosion inhibitors, 577 
—, heat-resistant agents, 577 
—, naphthenic sulphonic .salts of, 57.5 
—, phosphorized esters, rust preventives. 57ft 
—, recovery of, 577 

Alkylolamine soaps, in hydraulic cement. 575 
Alkyl oxalates, as antiknocks, 1017 
/*-/rr-Alkylphenols, preparation of, 402 
Alkyl phthalates, as antiknocks. 1017 
Alkyl resorcinol, preparation of, 813 
Alkyl sulphates, hydrolysis of, 325, 394-397 
—. reaction with acetates, 396, 397 
Alkyl sulphides, estimation of. 1159 
Alkyl sulphonic acids, decomposition of. 1067, 
1068 

—. from mercaptans. 1066 
—, hydrolysis of, 1067, 1068 
—. stability of, 1067. 1068 

Alkyl sulphur chlorides, disnljihides from. 478 
—, reaction with cyanides, 478 
—, — stannites, 478 
—. —- sulphites, 478 

Alkyl sulphuric acids, reaction with mercai»tans. 
472 

Alkyne peroxides, oxidizing properties of, 9(i3 
Alkyncs, oxidation of. 903. 904 
Allenc, from petroleum hydrocarbons, 255 
—. — propene, 75 
—, — propene dichloride, 508 
—, nitrosite from. 696, 697 
—. reaction with nitrogen trioxide, 69ft, ft97 
Allowable boost ratio, definition of, 1027 
Alloys, catalytic action on decoini>osition oT rtle- 
fins. 77 

--.mechanical stability of, 134 

- resistance to corrosion, 134 
—.resistance to oxidation. 134 

Alloy steel, in cracking unit construction. 133. 150 
Allyl acetic acid, reaction with hydrogen bro¬ 
mide, 318 

.Mlyl alcohol, from t>ropene oxide. 586 
—-• glycerol from, 895 
Allylamine. as antiknock. 1018 
Allyl bromide, reaction with hydrogen bromide. 
315 

Allylcyclohexane. pyrolysis of. 93. 94 
Allylene. from petroleum hydrocarbons. 255 
Allyl ethers, reaction with sulphur <lioxide. ftlft 
Allyltoluene. pyrolysis of. 96 
Alpha bonds, thermal stability of. 96 
Alpha particles, action on acetylene, 2ft7 
Alum, reaction with dieth>l pinacone. 678 
Alumel catalyst, pyrolysis of olefins. 77 
Alumina, catalyst, alkylation of jihenols. 605 

- -.—.cracking of petroleum. Ill, 128 
—- . cyclization of paraffins. 74. 190 

—.—.dehydration of alcohol, 331. 399, 400 
—.—ethylene glycol monoethylether. 174 
—.—. — Synthol. 1252 

- -. —. dehydrogenation of cyclohexane. 93 
—. —. —- paraffins. 159 

- . —. esterification of propene. 307 

- —. ether from ethyl alcohol. 331. 332 

- -. —. ethyl alcohol from ether. 332, 333 

- . —. ethylation of amines. 346 

- —. ethylene oxide-hvdrogen sulphide reaction. 
564 

—. —. hydration of ethvlene. 288-291 
—.—. hydrogenation of acetylene, 171 

- —,— propene oxide. 586 

- —. ketone-alcohol reaction, 443 
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Alumina, catalyst, methauc-:>tcam reaction, 273- 
276. 278 

—. polymeriration of ethylene oxide, 562 
—olefins, 643. 1042 
—• —, preparation of allyl alcohol. 586 
. —, — unsaturated ketones. 444 

- .—.pyrolysis of alcohols, 155, 173 

— . —, — cyclobutane, 89 
—, —, — cyclopropane, 89 

- . —. — methane, 169, 223 

—• —— oxygenated hydrocarbons, 340 
—. —. reaction of benzal chloride and dimethyl 
ether, 794 

,—chloroform and dimethyl ether, 729 
—. —. — m-cresol and ammonia, 788 
—• —, — ethers and alkyl halides, 345 

— .promoter, activated fuller's earth, 114 

—. in reforming, 280 

—. —, methane-carbon dioxide reaction. 274 
, —, reduction of carbon monoxide, 1228, 1234, 
1236, 1239, 1240 

Alumina gel, catalyst, isomerization of propene 
oxide, 586 

—, —esterification of propene, 307 
Alumina-phosphoric aci»L, catalyst, dehydrogena¬ 
tion of cyclohexane, 9.^ 

Alumina-zinc chloride, catalyst, dehydrogenation 
of cyclohexane, 93 

Aluminum, activated by mercuric chloride, 813 
—. aluminum chloride from, 204 
—, amalgamation of, 197 

. catalyst, acetone-ethanol reaction, 443 
cyclization of paraffins. 189 

- . - - . decomposition of methane, 257 
—, —, desulphurization of gasoline, 490 

—. —. diphenylcne oxide-chlorinated paraffin re¬ 
action, 758 

—. —. of halogenation, 490 
—,—.in cracking, 114, 813 

—. oxidation of kerosene. 965 
—. —, — methane, 869 
—,.—, — naphthalene. 946 

- —, — paraffins, 874 

—, —. polymerization of olefins. (>65 
—.—.pyrolysis of acetals. 715 
—. —, — ethylene, 172 
—, —— methane, 180 
—, e.stimation of sulphur with. 1162 
—, inhibitor, deterioration of ethylene oxide, 554 
—. promoter, oxidation of methyl alcohol, 878 
—, —, reaction of aldehydes and cracked distil¬ 
lates, 625 

-.—. — nitrosyl chloride and hydrocarbons, 112 
—, —. reduction of carbon monoxide, 1229, 1230, 
1231, 1240. 1242. 1248 
—, reaction with alcohols, 342. 343 
-—, refining gasoline with. 668 

refining isopropyl alcohol with. 365 
Aluminum alkoxide, preparation of, 342, 372 
-'.action on aldehydes. 372 
Aluminum amalgam, reducing agent. 547 
Aluminum antimonides, catalysts, dehydrogena¬ 
tion of alcohols. 419 

Aluminum arsenides, catalysts, dehydrogenation 
of alcohols. 419 

Aluminum liehenate, in mineral oil. 543 
Aluminum bismuthates, catalysts, dehydrogenation 
of alcohols. 419 

Aluminum bromide, action on benzene. 207 
—,— ^lentanc, 201 

—, catalyst, bromination of cyclohexane, 769 
— toluene, 795 

-, esterification of ethylene, 304 
-, — propene. 308, 316 
-.halogenation of naphthenes. 760 
polymerization of olefins. 665 
-. ph«>sgene-ii-pentane reaction. 446 
Aluminum carlKuiate, catalyst, o\i<lation of meth¬ 
ane, 881 

Aluminum chloride, action oti alkylbenzrnes, 208 

- — aromatics. 206-208 
-chlorinated Kogasin, 814, 1253, 1254 

— cvcioolefins. 204, 645 
—. — cracked gasoline. 209. 212. 216, 263. 927, 
929 


Aluminum chloride, action on cracked mineral oil, 
216 

■ 4^c-butylphenyl ether, 403 
— Kogasin, 1253, 1254 
, — naphthenes, 196, 204-206. 211 
— olefins, 202-204, 209, 210, 255. 635. 643. 
665, 671, 674, 675 
paraffins, 198-201 
petroleum stocks, 215 
, — pyrene, 215 

catalyst, acetylene-dichloroniethylarsine reac¬ 
tion, 721 

alkylation of acid halides. 609, 611, 612 

— aromatics, 382, 383, 401-403, 411. 412, 
418, 592, 595. 596, 815 

, — alcohols, 606 
, — naphthenes, 601 
, — paraffins, 599, 602 

— phenols, 416, 605, 606 

— phenyl ethers, 606 
benzene-ethylene chloride reaction, 815 
benzine-acetyl chloride reaction. 1099 

.benzoyl chloride-benzene reaction. 815 
bromination of benzene, 790. 791 
chlorination of ethylene. 494 
condensation of alkyl halides. 811 

chloroform and p-dichlorobenzcne. 729 
fluorotrichloromethane, 737 
- fcr-alkyl hypohalites and phenols. 418 
co-polymerization of olefin and diolcfin, 


16 


310 


564 


dichlorocthane-vinyl chloride reaction 811 
oterification of olefins, 300-303, 306, 308, 

ether from ethyl alcohol. 331 
ether-hydrogen chloride reaction, 345 
ethyl alcohol from ether, 333 
ethylene oxide-benzene reaction. 563 
ethylene oxide-hydrogen sulphide reaction, 

hydrogenation of stilbene, 207 
isomerization of cyclohexane, 1302 
naphthalene-chlorinated wax reaction, 817 
paraffin-carbon monoxide reaction, 1099 
pataffin-cthylene oxide reaction. 1101 
paraffin-phthalic anhydride reaction, 1101 
phosgene-paraffin reaction, 1101 
l>oIymerization uf slack wax. 212 

— sweater oil distillate, 212 
production of lubricants, 211, 213, 214, 

reaction of acetyl chloride and naphthalene, 

— acetyl chloride and paraffins. 444, 1099 

— amyl chloride and gas oil, 812 
--l)enzene and acetylene, 718 

— l)enzene and carbon monoxide, 949, 937 

— benzene and ketenc, 439 

— benzene and .ulphur, 468 
benzene and n-tridccane. 1254 

— chlorinated Kogasin and aromatics. 1253, 
254 

chlorobenzene and acetic anhydride. 789 
chloro-«-tetradecane and xylen#* 1254 
hydrogen chloride and butac.iene com¬ 
pounds, 686 

— olefins and acid chlorides. 613 

— olefins and chloroesters. 614 
—■ i>etrolatum and carlxm tetrachloride. 

732 

— phthalide and chlorolienzene. 789 

— toluene and acetic anhydride, 448 
voltolization, 262 

cracking with, 112, 195, 197. 198 
decolorization of asphalts with, 1192 
desulphurizing agent. 434. 488 
double compounds with olefins. 215 
effect on exchange reaction between hydrogen 
and deuterium, 206, 207 
hydrogenation action of, 198 
promoter, hydration of propene. 291 
. purification of phthalic anh>dride. 901 
-. reaction with alcohols. 383 
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Aluniiiiuni chloride, reactivation by nitrosyl chlo¬ 
ride. 198 

—, —, trichloromethane-dichloroethylcne reaction, 
811 

—, —, vinyl chloride-hydrogen chloride reaction, 
716 

Aluminum chloride sludge, unsaturated oil from, 
201 

Aluminum coating, for steels, 134 
Aluminum compounds, catalysts, chlorination of 
benzene, 778 

—, —, reaction of olefins and alkali hydroxides, 
629 

Aluminum ethoxide, preparation of, 342, 343 
Aluminum fluoride, catalyst, preparation of propyl 
fluoride, 307 

Aluminum halides, catalyst, halogenation of cyclo¬ 
propane, 761 

Aluminum hydrosilicate, catalyst, dimerization of 
ethylene oxide, 579 
—, use in cracking, 115 

Aluminum hydroxide, in decomposition of meth¬ 
ane, 227 

—, in methane-steam reaction, 278 
—, reaction with ethylene oxide, 560 
Aluminum iodide, in phosgene-n-pentane reaction, 
446 . 

Aluminum isopropoxide, preparation of, 372 
—, in reduction of aldehydes, 889 
Aluminum naphthenates, antioxidants for lubri¬ 
cants, 937 

—, in insecticides, 1115 
—, in lubricants, 1116 

Aluminum nitrate, effect on ignition temperature, 
986, 987 

—, in methane-steam reaction, 278 
—, reaction with 2,7-dimcthyloctanc, 1090 
Aluminum oleate, in asphalt emulsion preparation, 
1216 

Aluminum oxide, catalyst, chlorination of toluene, 
793 

—, —, decarboxylation of phthalic anhydride, 950, 
951 

—, —, dechlorination of propyl chloride, 805 
—>, —, decomposition of ether, 334 
—, —, dehydrogenation of alcohol, 337 
—, —, dehydrogenation of dimcthylcyclohexane, 
185 

—, —, ethyl alcohol from ether, 334 
—,—, hydrogen-carbon monoxide reaction, 661 
—, —, hydrolysis'-of chlorobenzene, 782, 783 
—, —. hydrolysis of methyl chloride, 796 
—, aluminum sulphate from, 364 
—, catalyst, chlorination of acetylene, 743 
—, —, — propane, 750 
—,—, condensation of acetone, 431 
—, —, dehydration of glycols, 548 
—,—.dehydrogenation of isopropanol, 421 
—. —, esterification of isobutene, 752 
—, —, hydration of acetylene, 712 
—. —, — mesityl oxide, 423 
—, —, methane-steam reaction, 278, 270 
—.—, nitric oxide-paraffin reaction, 1091 
—, —, oxidation of aromatics, 942, 946 
—, —, — furfuraldehyde, 945 
—.—, — hydrocarbons, 850, 851 
—, —, — methane, 881 
—, —, polymerization of ethylene, 637 
—, —, — 2-pentene, 643 
—. —. pyrolysis of benzene, 192 
—.—. — butene dichloride, 510 
—. —, — isobutyl bromide, 806 
—. —, — thiophene, 483 
—,—, reaction of amines and alcohols, 614 
—. —, — fiiran and hydrogen sulphide, 403 
—,—, — methanol and carbon monoxide, 1050 
—, —, reduction of carbon monoxide, 1048 
—,—.reforming of gasoline, 189 
—, effect on ignition temperature, 1000 
Aluminum palmitate, catalyst, oxidation of pe¬ 
troleum, 964 

—, use in mineral oil, 543 


Aluminum phosphate, catalyst, alkylation of phe¬ 
nols, 605 

—, —, esterification of propene, 308 
—, —, hydration of ethylene, 287, 290 
—, —, oxidation of ethane, 872 
—, —, — methane. 869 
—, —, pyrolysis of olefins, 190 
—, —, reaction of ethers and alkyl halides, 345 
Aluminum phosphides, catalysts, dehydrogenation 
of alcohols, 419 

Aluminum salts, catalyst, acids from alcohols, 
1051 

Aluminum selenides, catalysts, dehydrogenation 
of alcohols, 419 

Aluminum silicate, catalyst, alkylation of phenols, 
605 

—, —, hydration of ethylene, 288 
—,—, in cracking operations, 128, 137 
—. —. pyrolysis of benzene, 192 
Aluminum soaps, as driers, 1055 
—, catalysts, oxidation of paraffin wax, 972 
Aluminum stearate, as Mur point depressant, 577 
—. catalyst, oxidation of petroleum, 964 
—, in anti-rust compositions, 577 
—, in mineral oil, 543 
Aluminum sulphate, as antioxidant. 914 
—, by-product, hydrolysis of isopropyl sulphates, 
364 

—, catalyst, esterification of propene, 308 
—,—.ether from ethyl alcohol, 331 
—, —, hydration of ethylene, 283, 289, 290 
—, in insecticides, 1112 

Aluminum sulphide, desulphurizing agent, 489 
Aluminum sulpnonate, properties of, 1067 
Aluminum tellurides, catalysts, dehydrogenation 
of alcohols, 419 

Aluminum vanadate, catalyst, decarboxylation of 
esters, 952 

—,—, phthalic .anhydride-carbon monoxide reac¬ 
tion, 950 

.Alundum, use in pyrolysis, 167 
Amine-olefin method, for structure of naphthenic 
acids, 1104, 1111 

Amines, addition to cracked distillates, 135 
—, as antioxidants, 915, 927 

—catalysts, condensation of sulphonic acids and 
aldehydes, 1081 

—, —, polymerization of aldehydes, 889 
—, —, — olefins, 672 
—, color stabilizers, 926 
—.cracking of, 158 
—, critical oxidation potential of, 920 
—, emulsifying agents from, 891 
extraction agents, 44, 976 
for hydrogen sulphide removal, 458 
—, for refining alcohols, 408 
~, from acetone, 428 
—. from ammonia and olefins, 281 
—, from chlorohydrins, 524 
—, from nitrocycloparafFins, 1095 

inhibitors, polymerization of chloroprene, 081 
—, —, tetralin autoxidation, 906 
—, reaction with acetone, 428 
—, — alkyl halides, 808 
—. — cyclohexanol, 614 
—, — diolefins. 698 
—, — ethyl alcohol, 346, 347 
—, — ethylene chlorohydrin, 527 
— olefins, 614, 615 
Amino acids, from nitriles, 886 
—.inhibitors, gum formation, 915 
Aminoazobenzenes, antioxidants, 917 
/>'Aminol)enzoates, local anesthetic, 1256 
/>-Aminobiphenyl, preparation of, 787 
Aminochrysenes, antioxidants, 918 
Amino-diaryl ethers, antioxidants. 938 
N-Aminodiethylethanol. reaction with S-.-imino-O- 
methoxyquinoline. 569 
—, •— a-aminopyridine, 569 
—, — aniline, 569 

—, — 6-chloro-8 amino-quinolinc, 569 
N-Aminodiethylpropanol, reaction with 8-amino- 
6-methoxyquinoline, 569 
Amino groups, gum inhibitors, 914 
Amino-hydroxy-^enones, antioxidants, 916 
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5-Amino-2-hydroxytoluene, antioxidant, 910 
8-Amino-6-methoxyquinoline, reaction with N- 
amino-diethylethanol, 569 
Aminophenanthrenes, antioxidants, 918 
Aminophenols, antioxidants, 916 
Amino-phenones, antioxidants, 916 
^•/••Anunophenylaminoethyl alcohol, preparation of, 
560 

Aminopicenes, antioxidants, 918 
a-Aniinopyridine, reaction with N-aminodiethyl- 
ethanol, 569 

8-Amino-l,4,5-trihydroxy naphthalene, antioxidant, 
916 

Ammonia, affinity for olefins, 162 

- . catalyst, condensation of phenols and alde¬ 
hydes, 890 

—. —, polymerization of dichlorobutenes, 685 

- -, color stabilizer for fuels, 926 
—, desulphurizing agent, 489 

—, effect on Kogasin synthesis, 1236 
—.estimation in gases, 1127 
—, for fractionation of olefins, 162 
—, for hydrogen sulphide removal, 459 
—. for hydrolysis of alkyl sulphates, 394, 396 
—, for separation of acids, 976, 977 
—, from decomposition of ethanolamines, 570 
—, from nitric oxide-paraffin reaction, 1091 
—, ignition temperature of, 987 
—, in asphalt manufacture, 1206 
—, in preparation of resins, 216 
—, in refining of sulphonates, 1072, 1073 
—, inflammability limits of, 980 
—, liquefied, for absorption of acetylene. 169 
—.pressure-volume-temperature relations, 1321. 

1322 

—, reaction with acetone, 428 

—, — acetylene, 719 

—, — aldehydes, 885 

—, — alkyl halides, 804, 808 

—, — chlorobenzene, 786, 787 

.—, — «J cresol, 788 

—, — dichloroethane, 808, 809 

—, — /3,/9'dihalogenodiethyl ethers, 583 

—, — di-iodofluoromethane, 737 

—, — ethylene dichloride, 497 

—, — methane, 280, 281 

—, — olefins, 281, 614, 615 

—, — olefin oxides. 567, 585, 587 

—, — pentanes, 810 

—, — trichloroacetyl glycol, 541 

—, — wax acids, 979 

—, use in aquolysis, 132 

—, — cracking, 614 

—, — estimation of sulphur, 1162 

Ammoniacal silver, reaction with aldehydes, 885 

—. silver from, 885 

Ammonia-methane mixture, oxidation of, 871 
Ammonium chloride, catalyst, hydration of ethy¬ 
lene, 288 

—, —, olefin-carbon monoxide reaction, 446 
—. —, reaction of monovinylacetylene and hydro¬ 
chloric acid, 680 
—, desulphurizing agent, 490 

, use in estimation of sulphur, 1162 
—, — fermentation of sucrose, 547 
Ammonium cyanide, nitriles from, 886 
—, reaction with aldehydes, 886 
Ammonium halides, catalysts, reaction of carbon 
monoxide and olefins, 626 
Ammonium hydroxide, dechlorinating agent, 805 
—, reaction with o-dichlorobenzene, 787 
—, — nitromethane, 1096 

Ammonium naphthenate, as coagulating agent, 1116 
—, as demulsitying agent. 1116 
Ammonium n’trate, catalyst, ammonia-chloroben¬ 
zene reaction, 787 
—, for estimation of sulphur, 1161 
Ammonium phosphotungstate, catalyst, hydration 
of ethylene, 288 

Ammonium phthalate, phthalimide from, 958 
Ammonium salts, emulsifying agents for asphalts, 
1218 

Ammonium sulphate, from sulphuric acid, 320 
—, in cleaning agents, 1112 
—, in tanning agents, 1078 


1-Amylene 

Ammonium sulphide, as reducing agent, 1094 
—, sulphur extraction with, 461 
Ammonium sulphite, reaction with ethyl iodide, 
819 

—, removal of hydrogen .sulphide by, 459 
Ammonium sulphonate, as soap. 1069 
Ammonium thiocyanate, in synthetic resins. 890 
Ammonium thiosulphate, reaction with n-dodecyl 
iodide, 829 

Ammonium tungstate, catalyst, hydration of acety¬ 
lene, 712 

Ammonolysis, of ethyl chloride, 808 
Amyl acetate, in motor fuels, 1039 
—, in rubber cement, 374 
jrr-Amyl acetate, ketene from, 437 
/rr-Amyl acetate, from isoamylene, 312 
Amylacetylene, formation of, 722 
/rr-Amyl acid sulphate, hydrolysis of, 394 
Amyl alcohol, as extraction agent, 1108, 1188. 
1200 

—, for absorption of olefins, 163 
—, from amyl chloride, 755, 801-803 
—, from petroleum ether, 853 
—, in motor fuel, 1039 
—.precipitation of resins with, 1188 
—.reaction with benzene, 411 
—, see also Pentanol 
—, test for. 371 

.crr-Amyl alcohol, esterification of, 1081 
—, from cracked gasoline, 388 
from pentane, 859 
—, reaction with naphthalene, 409 
—, — naphthalene sulphonic acid, 409 
—. refining ozocerite with, 409 
/rr-Amyl alcohol, action of sulphuric acid on. 417 
—, from pentane, 859 
—, from trimethylethylene, 387, 391 

— ,in refining crude oil, 415 
—. pyrolysis of. 410 
Amylamine, color stabilizer, 926 
—. desulphurizing agent, 488 

— . inhibitor of gum formation, 915 
.^mylbenzene, from phenylcyclopentane, 92 
>i-Amylbenzcnc, in gasoline. 144 
/rr-Amylbenzenc, formation of, 411 

Amyl bromide, reaction with calcium acetylide, 
722 

tcr-Amyl bromide, hydrolysis of, 803 
Amyl chloride, amyl alcohol from. 755 
—. amylphenyl methyl ketone from, 448 

- from amylene, 511 

—, from cracking gas, 302 
—, hydrolysis of, 801-803 
-^-.reaction with amyl oleate, 755 
—. — calcium acetylide, 722 
—, —oil. 812 
-— sodium cyanide, 822 
trr-Amyl chloride, formation of, 310 
—, pyrolysis of, 807 

- -. reaction with methyl pyroraucate, 818 
/rr-Amyl chloroacetates, formation of, 313 
frr-Amyl nitrate, from trimethylethylene, 623 
—, saponification of, 623 
Amylcyclohexanc, cracking of, 137 
Amylene, absorption in sulphuric acid, 310 

—, amylene chlorohydrin from, 626 
—, amyl ether from, 630 
—, as anesthetic, 1263 
—, benzoates from, 630 
—, combustion of, 1004, 1005 
—, from alcohols, 173 
—, isopropyl ethylene glycol from, 548 
—, pentane from, 630 
—, reaction with benzoyl peroxide, 630 
Amylene-1, reaction with chlorine, 511 
—, — phosphorus pentachloride, 511 
Amylenc-2, reaction with chlorine, 512 
Amylene chlorohydrin, from amylene, 626 
Amylene dibromtde, bromination of, 513 
Amylene dibromide, preparation of. 513 
1-Amylene dichloride, in synthesis of oils, 513 
—, in dewaxing lubricants, 513 
—, in insecticides, 513 
—.preparation of, 511 
—, see also Dichloropentane 
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/t'r-Amylenes, #tfr*amyl chloride from, 310 
Amyl ether, from amylene, 630 
fcr-Amyl ethyl sulphide, preparation of. 472 
Amyl formate, formation of, 312 
Amyl mercaptan, in petroleum, 454 
ij-Amyl mercaptan, effect on color stability. 454 
/rr-Amyl nitrate, from trimethylethylene, o23 
Amyl nitrite, action on methyl ethyl ketone, 452 
—, reaction with trimethylethylene and nitric 
acid, 621 

Amyl oleate, reaction with pentyl chloride, 755 
/er-Amylphenol, as plasticizer, 604 
—, preparation of, 412, 604 

Amylpnenyl methyl ketone, preparation of, **48 
—, in paint removers, 448 
.^cf-Amyl sulphate, hydrolysis of, 395 
i/-Amylsulphonic acid, valeric acid from, 1067 
/er-Amyltoluene, formation of, 411 
Anaerobic bacteria, action on fatty oils, 19 
—, — proteins, 19 
—, — waxes, 19 

Anaerobic fermentation, in petroleum formation. 


19, 20 

Anesthetic, acetylene as, 1264 
alkanes as. 1256 
amylene as, 1263 
chloroform as, 728 
cyclohexane as, 1266, 1207 
cyclopropane as, 1265, 1266, 1267, 1268 
ethylene as, 1256*1261 
propene as, 1263 
Anethole, methylene ether from. 625 
—, reaction with methyl hypobromite, 5.11 
Aniline, as antioxidant, 917 
as extraction agent. 30, 1205 
as heat-transfer medium, 194 
catalyst, co-polymerization of chloroprene, 
681, 682 

—, vinylacetylcne-hydrogen sulphide reartirm. 
709 


.critical solution temperatures with, 1179 
.effect on octane number, 1032, 1033 
, from l)enzenc, 260 
. from phenyl halides. 787, 810 
, in dewaxing oils, 379, 380 
, in motor fuels, 1039 
, in purification of alcohols, 408 
, inhibitor, paraffin oil oxidation. 907 
, reaction with acetylene, 719 
.— N-aminodiethylethanol. 569 

- /5,/3'-dibromodiethyl ether. 583 
. — ^.^'-dichloroethyl ether, 528, 583 
. •— diketene, 442 

- ethyl alcohol, 346 

- ethyl chloride, 808 
. — 3-cthylpentenc-2, 615 

- fluorochloromethancs, 737 

- 2-mcthylbutcnc-2, 615 
, — 3-methylpentenc-2, 615 
, — monobromocyclohcxane, 772 
, — monochlorocyclohexane. 768 

-naphthenic acids, 1109 
, — nitrolic aci<ls, 1094 

- octene, 615 

—, — pseudonitroles, 1094 
—, — sulphonic acids, 1068 
—. .separation of sulphonatcs, 1072 
—, stabilizing carbon tetrachloride, 733 
Aniline black printing, use of triethanolamine in, 
577 


Aniline equivalent, definition of, 1024 

—, knock rating by. 1024, 1025 

Aniline hydrochloride, reaction with styrene, 614 

Aniline point, characterization factor from. 1309 

—, determ*nation of, 30, 1150 

Anisole, extraction of alcohols with, 360 

—, reaction with isopropyl alcohol. 403 

Anisotropic substance, definition of. 755 

Anisyl alcohol, preparation of. 958 

Anthracene, alkylated, from tars, 40 

—, alkylation of, 595, 596 

—, anthraquinone from, 952-954 

—.antioxidant for gasoline, 916, 918, 927 

-—, by polymerization of cracking gas, 646 

—, by pyrolysis of natural gas, 183 


Anthracene, from benzene. 957 
—. from 2,6-dimethylantbracene. 96 
—, from ethylene, 77, 186 
--.from isobutene, 85 
—. from methane, 179, 180 
—, from propane, 61 
-. from sulphur-acetylene reacti«)n. 720 
—from tars, 40 
—, in acetylene black, 244 
—•, in petroleum coke, 145 
—, oxidation of. 952-954 
—, reaction with isoamyl chloride, 827 
-.synthesis of coloring matter from, 2l5 
. synthetic oils from. 212 
Anthracite, hydrogen from, 223 
Anthranilic acid, color stabilizer, 926 
Anthraquinone, cataylst, oxidation of tohiene, 949 
. —. chlorination of benzene, 778 
--.from anthracene. 952-954 
. reduction to anthranol, 570 
Antiknock compounds, effect on ignition temper.-i- 
tures, 996 

. for gasoline. 1013. 1016-1022 
Antiknock rating, relationship to structure of 
h\drocarbon, 141 

.\ntiknock value, effect of jieroxides, 924 
Antimony, alloys of, in cracking, 112 

, cataly.st. hromination of benzene. 790. 791 
-.--.chlorination of acetylene. 743 
. -.dehydrogenation of paraffins, 158 
—,—.oxidation of ethylene, 552 

- inhibitor, ethylene from methane, 54 
, - , formation of carbon, 191 

Antimony chloride, catalyst, alkylation of phenols, 
605 

.—.chlorination of ethylene. 495 
. - , - projiene. 506 

. - . in cracking. 112 
-.reaction with paraffins, 1102 
Antimony chlorides, catalysts, hromination of 
toluene, 795 

-\ntimony <lichlorotrifluoride. catalsst. ffuorination 
of carbon tetrachloride, 733, 734 
Antimony fluorochlorides, catalysts, in fluorina- 
tion, 735, 736 

Antimonyl tartrate, corrosion inhibitor. 375 
Antimony oxide, catalyst, oxidation of aromatics. 
942 

.—olefins, 553 

-. for hyilrogen sulphide removal. 458 
.\ntimony iicntachlnnde. ealalvst. chlorination of 
hexane, 757 

- . — methane, 72(i 

—. ffuorination of benzene. 792 
, — carbon disulphide. 737 

- . - - , — carbon tetrachlorifle, 733-73() 

- ", - . — paraffin w'ax. 759 

" — trichloroethane, 747 

- . - . polymerization of isobutene. 204 

- . — styrene. 647 

, for identification of paraffins. 31. 32 
—. reaction with gasoline, 32. 1243 
Antimony salts, catalyst, ffuorination of carbon 
tetrachloride, 736. 737 

.\ntimony trichloride, catalyst, chlorination of 
benzene, 778 

. - -, comlensation of cyclohexane. 205 
—, esterification of olefins, 302 

- —, in ffuorination, 73.S 

—, reaction with hexachloroethaiu*. 748 
Antimony triffnoride, catalyst, ffuorination of paraf¬ 
fin wax. 759 

-. reaction with carlKin tetrachloride. 733. 734. 
736 

—. - - methylene chlorhle, 734 

, trichlorofluoromethanc from, 734 
Antioxidants, effect on allyl Inomiile-hyilrogcn bro¬ 
mide reaction. 315 
.evaluation of, 919. 920 
for cyclohexene, 907 
—, for fats, 914 

for gasoline. 912, 914-919. 927 
for hydrogenated oils, 914 
for paraffin oils, 907 
—, for rubber, 855 
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Asphalt 


Antioxidants, for transformer oil. 941 
' . for white oils. 937, 940 
—. from alkylated phenols, 604 
—. natural, in* gasoline, 927 
”, preparation from lead tetra-alkyls, 823 
. — sulphur, 48() 

- reactions with sulphuric acid. 919 

- -. solvents for. 919 

Aqueous content, of crude oil. 10 
Aquolization. process of, 131 
. use of ammonia in. 132 
—, --magnesium chloride in. 133 
.of emulsions, 133 
.\ralkyl halides, fluoride^ from. 735 

- reaction with alcoholates, 825 

Aralkyl thiocarbonates. preparation of. 487 
Argon, depressant, deconqKjsition of ethylene oxide. 
554 

- effect on acetylene polymerization. 2o7 

- — ignition temperature, 997, 998 
—. - inflammability limits. 984, 985 

. knocking, 1011. 1012 
. - polymerization of butadiene, 050 
—.estimation of. 1147, 1148 
Argon-nitrogen ratio, in natural gas. 22 
Aromatic acids, hydroxy, reaction with olefins. 607 
.\romatic alctihuls, stabilized by triethanolamine. 
577 

Aromatic aldehydes, reaction with ketene. 438 
Aromatic amines, from chlorobenzenes, 782 
Aromatic compounds, extraction of, 30 

- in kerosene, 36 

Aromatic hydrocarbons, bromination of, 31 
-.separation from gasolines, 30 

- separation from naphthenes. 31 
. sepaiation from paraffins, 31 

. solvents for, 30 

Aromaticity, of lubricating oiN. 44 
Aromatics, action of corona discharge on. 2(»() 
.--silent discharge on, 210, 259, 260 
. aniline equivalents of. 1024 
.antiknock qualities of. 141. 1016 
—.by hydrogenation of paraffin wax. 179-181 
.by pyrolysis of gas oil. 178 

- . tiatural gas. 182. 183 

.— petroleum distillates. 177. 178 
-'.characterization factor of, 1307 

- . comf)ustion of, 999 
—, dealkylation of, 208 

-.effect of lead tetraethyl on, 1019 
-.effect on knock rating. 1024. 1025 
.entropy of formation. 1284-128(» 

.estimation, by nitraticni. 1154 
. -. by oxidation. 1155 
-. . Iiy sulphonation, 1154 

-. . with trinitrophenol, 1154. 1155 

. factors influencing yield of, 188 
formation of coke from, 109 
free energy of formation, 1284-1286 
-from acetylene. 89 

—, from aliphatic hydrocarbons. 73, 188. 189 
—. from asphalt-base spindle oil, 36 
from butane, 181, 190 

. from carbon monoxiile and hyilrogen. 1213 
. from cychihexauc hydrocarlmns. 178 
-.from cycloparaftins. 185, 189, 19f» 

. from ethyl alcohol, 342 
'. from ethylene, 77, 185, 636-6,19 
—. from (Jasol. 1255 

. from hydroaromatics, 33 
. from Kogasin, 1252 
from methane, 179. 180. 181 

- . from naphtha oxnlation, 876 
—. from naphthalene. 3() 

. from naphthenes, 843 
from olefins. 184, 185. 190. 646 
, from paraflin.s, 141, 186. 187 
, from phenanthrene, 37 

- -, from pinene, 88 

-. from propane, 60, 181. 182 
• -. from propene, 639 

, heat of formation, 1284-1286 
-.improvement of gasolines by, 135 


Aromatics, in gasoline, 28. 32. 143 
—,—.estimation of. 1149, 1150 
—.in petroleum, 13, 17, 31, 32, 1149 
—. molal entropy of, 1284-1286 

—.effect ot .structure on, 1289. 1290 

- .nitration of, 1096. 1154 
—. octane numbers of, 1028 
-“.olefins from, 148 
—.oxidation of, 942-961, 1 155 
—, peroxides from, 922 

pyrolysis of. 95, 96. 148 

- -, reaction with cat bon monoxide. 1099 
—. — chlorinated Kogasin, 1253, 1254 

—. — chlorosulphonic acid and naphthenic acids. 
1118 

—. — ethylene oxide, 563 

- halogenated olefins. 592, 593 

- ”, — Kattwinkel’s reagent. 1150 
™,—^ olefins, 591-598 

sefiaration. by sulphuric acid. 1081 
■—.with silica gel, !155 
-, stability, effect of structure on. 1285 
-.sulphonation of. 1154 
—, 7-sulphonic acids from. 1065 
—-.thermal stability of, 95, 101, 108 
—, voltolization of, 261 

Arsenic, acid salts, catalysts, reaction of olehus 
and carbon monoxide, 626 
—.catalyst, dehydrogenation of hydrocarbons. 158 
. - preparation of ethylene oxide, 552 
Arsenic acid, catalyst, oxidation of ethylene. 894 
. --. carlnin monoxide-methvl alcohol reaction. 
1050 

Arsenic chloride, catalyst, polymerization of isobu¬ 
tene. 204 

Arsenic oxide, catalyst, olefin oxidation. 553 
. for hydrogen sulphide removal, 458 
Arsenic trichloride, catalyst, condensation of cncIo 
hexane. 205 

--.reaction with cxclohexane, 1102 
• ,dioxane, 580 

Arsenic trifluoride, catalyst, polynieri/atiuu of 
isobutene, 642 

Arsenic trioxide, antioxidant, cyclohexenc. 907 
Arsenious acid, in oxidation of paraffin wax. 973 
, reaction with ethylene dibromide, 505 
—.-—polyglycols. 545 

Aryl amines, condensation with conjugated tliole 
fins, 691 

Aryl-amino-naphthalencs, as antioxidants, 918 
.\ryl arsine oxides, as antioxidants, 918 
Aryl cyanamides. for stabilizing carbon tetra¬ 
chloride, 730 

/3-Arylethyl alcohols, formation of, 563 
Aryl halides, condensation wdtii conjugated diole¬ 
fins. 691, 693. 694 

Aryl stibine oxides, as antioxidants. 918 
.Aryl sulphonic acids, for refining gasoline. 930 
Asbestos, in production of carbon black. 240 
Asliestos, platinized, dehydrogenation ratal vst, 
1150 

Ascaridole. definition of. 316 

.effect on hydrogen bromide-isobutene reaction, 
317 

. — pentcne-2-hydiogen bromide reaction. 31.S 
-—, — propene-hydrogen bromide reactif*n. 31fi 
Ascoloy. catalyst, pyrolysis of olefins, 76 
Ash. from petroleum, 46 
. —. composition. 48 

AspcrriillHs niger, action on glycols, 549 
Asphalt, acetone solvent for, 434 
.adhesion energy of. 1213 
-.adsorption by bleaching earths. 1155 
as colloidal system, 1 195, 1 196. 1197, 1198 
. asphaltogenic acids from, 1194 
.benzine precipitant for. 1196 
■ -.by cracking oils, 1139 
—, by oxidation of oils, 1043 
—.classification of. 1210 

.components of, 1186. 1192-1194 
. decolorizing agents for. 1192 
.ductility determination of, 1207. 1208 
-.emulsifying agents for. 1216. 1217. 1218 
—. estimation of, 1155, 1 156, 1 191 
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Asphalt, estimation of paraffin in, 1199 

—.extractants for, 1202 

—. extraction of oils from, 1200 

—.extraction with acetone, 1193 

—, flocculating agents for, 1196 

—, fluidity index of, 1210 

—, formation of, 21 

—, from cracked distillates, 675 

—, from crude oils, 1202 

—, from petroleum, 1205 

—, from petroleum acids, 1112 

—, from pyroschists, 145 

—, hard, from oils, 1188 

—,—, precipitation with benzine, 1188 

—, in petroleum, 13, 1186 

—, in road construction^ 1211 

—, isolation of oily portion from, 1187 

—, methods of applying coatings of, 1214 

—^ oxidation of, 1202-1205 

—.oxidized, olefin content of, 1206 

—, —, treatment with benzine, 1205 

—, —, — propane, 1205 

—, oxygen absorption rate of, 1203 

—, penetration, determination of, 1208 

—.penetration-temperature relation of. 1211 

—, physical properties of, 1206 

—.precipitation from oils, 935, 1201 

—.precipitation of carbencs from, 1193 

—, precipitation with ethane, 1201 

—.—propane, 1200, 1201 

—.refining of, 1192 

—, softening point-penetration index of, 1208, 
1209 

—, solubility in carbon disulphide, 1200 
—, spreading coefficient of, 1213 
—, susceptibility factor of, 1210 
—.uses for, 1192, 1213, 1214 
—, viscosity determination of, 1206, 1207 
—.viscosity reduction by phenols, 1218 
Asphalt compositions, altering flowing qualities of, 
1213, 1214 

hardness of, 1213, 1214 

Asphalt emulsions, breaking tests for, 1220, 1221 
—.classification of, 1219, 1220 
—.effect of alkali on, 1215 
—, — calcium chloride on, 1215 
—, — sodium chloride on, 1216 
—, — trisodium phosphate on, 1219 
—.estimation of water in, 1221 
—, measuring particle size of, 1221 
—.preparation oi, 1216, 1217 
—, stability of, 1215 
—, stabilization of, 1218 
—.test for demulsibility of, 1220, 1221 
—, use of clay in, 1219 
—, uses for, 1220 
—. viscosity of, 1216 
Asphaltenes, asphaltogenic acids in, 1186 
—.by oxidation of resins, 1189 
—.composition of, 1190 
—.effect of heat on, 1202 
—, — sulphur compounds on formation, 1190 
—, — water vapor on formation, 935 
—.estimation of, 1192, 1193 
—, formation in lubricants, 930, 932 
—. from lubricating oil, 855 
—, from naphthenes, 195 
—, hydrogenation of, 1192 
—, in alkali sludge, 1105 
—, in asphalt colloidal systems, 1197, 1198 
—, in i>etrolcum, 1189, 1190 
—, lyophilic properties of, 1190 
—, lyophobic properties of, 1190 
—, oxidatijn of, 1191, 1203 
—.precipitation of, 1191, 1192 
—.reaction with chlorosulphonic acid, 1191 
—, — halogens, 1191 
—, — nitric acid, 1191 
—, — perbenzoic acid, 1191 
—, — sulphuric acid, 1191 
—.solvents for, 1190 

Asphalt formation, in paraffin-base oils. 1199 
Asphaltic hydrocarbons, from paraffin hydrocarbons, 
18 


Asphaltic oils, estimation, by ultraviolent light, 
1150 

—.treatment with propane, 1200, 1201 
Asphaltic resins, from petrolenes. 1202 
Asphaltic substances, precipitated by propane, 46 
Asphaltite. vanadium in, 46 

Asphaltogenic acids, formation in petroleum, 1194, 
1195 

—.from mineral oils, 1195 
—.from transformer oils, 1195 
—, in asphalts, 1186, 1194 
—. properties of, 1195 
—.separation from asphalts. 1194 
—.toxic effect on plants, 1195 
Asphalt oil, reaction with sulphur, 467 
Asphalt paper, use of asphalts in, 1192 
mc.ro-Atioporphyrin, in oil shale, 20 
Atomic hydrogen, action on metallic mirrors, 51 
—.formation during pyrolysis, 51, 53 
Atropic acid, see a-Phenylacrylic acid 
Auto-destructive alkylation reaction, 200 
Auto-ignition, of cyclohexadiene, 1017 
—, of cyclohexene, 1017 
—, of hexane, 1017 
Autopolymerization, of butadiene, 692 
Autoxidation, definition of, 905 
—, effect on gum deposition, 855 
—, — storage of gasoline, 855 
—. mechanism of, 856 
—, of cyclohexene, 907 
—, of decalin, 907 
—, of 1,4-dimethylcyclohexane, 907 
—. of gasoline, 907 
—, of lubricating oil, 855, 930 
—, of naphthenic alcohols, 1118 
—, of oxygen-containing compounds, 922 
of phenvlcyclopentane, 907 
—, of tetralin, 905 

Aviation lubricants, from kerosene distillates, 211 
Aviation fuel, knock rating of, 1027 
Azeotropes, associated with aromatics, 30 
—, in gasoline, 30 

Azeotropic distillation, of ethyl alcohol. 328, 329 
Azeotropic mixture, of acetylene and ethane, 30 
—, resolution of, 30 
—. use in fractionation, 1140, 1141 
Azobenzene, reduction to aniline, 570 
Azomethane, decomposition of, 51 
—, effect on ethylene polymerization, 636 
Azoxybenzene, as antioxidant, 917 

B 

Bacteria, effect on petroleum origin, 19 
Bactericides, from ethylene glycol esters. 540 
Bacteriostatic agents, from ethylene glycol esters. 
540 

Baffles, use in pyrolysis, 150, 151 
Barium boro-phosphate, catalyst, hydration of 
ethylene, 285 

—, —, hydration of propene, 292 
Barium carbonate, catalyst, hydrolysis of acet¬ 
aldehyde, 422 

—, —, — ethylene dichloride, 533 
—, —, pyrolysis of ethyl acetate, 423 
—,—. — ethyl alcohol, 422 

Barium chloride, catalyst, chlorination of pro- 
pene dichloride, 507 

—, —, dechlorination of propyl chloride, 806 
—, —, esterification of ethylene, 302 
—, —, ethylene oxidation, 894 
—,—.pyrolysis of butene dichloride 510 
—, inhibitor, dechlorination, 805 
—. removal of gum-forming compounds with, 216 
Barium compounds, catalysts, hydration of acety¬ 
lene, 714 

Barium hydroxide, catalyst, condensation of 
acetone, 427 

—,—.hydrolysis of tertiary bromides, 413 
—, reaction with isopropyl hydroperoxide, 382 
—, — polyethylene sulphone, 617 
—, — propene sulphone, 617 
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Barium naphthenate, catalyst, oxidation of par* 
affin wax, 971 
—, in inks, 1117 

Barium nitrate, extraction with isopropyl al¬ 
cohol, 375 

Barium oxide, catalyst, hydration of acetylene, 
714 

—, —, pyrolysis of alcohols, 340 
—,—, reduction of carbon monoxide, 1228, 1240 
Barium peroxide, catalyst, oxidation of crude 
oil, 1047 

Barium phosphate, catalyst, hydration of pro 
pene, 292 

Barium sulphinates, from polyethylene sulphune. 
617 


Barium sulphocyanide, catalyst, reaction of cel¬ 
lulose and alkene oxides, 58K 
Bauxite, catalyst, decomposition of ether, 3^4. 
335 

■—t - , pyrolysis of still gas, 223 
■—, desulphurizing agent, 398, 478, 488 

—, in cracking of oils, 112 
—, in hydrolysis of acid liquors, 327, 364 
in refining kerosene, 925 
—, in reforming gasoline, 189 
Beeswax, in candle wax, 543 
Beeswax substitutes, from wax acids, 970 
Beet pulp, in cracking. 111 

Bentonite, catalyst, hydrolysis of chlorobenzene, 
782 

—, catalyst, polymerization of olefins, 666 
-, in asphalt emulsions, 1219, 1220 
Benzal chloride, benzaldehyde from, 794 
—, benzene from, 794 
—, from toluene, 794 
—, reaction with dimethyl ether, 794 
—, — sodium sulphite, 794 
Benzaldehvde, as antiknock, 1017 
—, autoxidation of, 90S 
—, benzyl alcohol from, 958 

—. by oxidation of bcnzyl-2-chlorophcnyl ketone, 
452 

—, extraction agent, 44 
—. —, stilbene, 895 
—, — toluene, 947, 948, 954 
—, from benzene, 949, 957 
—, from benzal chloride, 794 

- from benzyl chloride, 957 
—. from diethyl phthalate, 952 
—, from dimethyl phthalate, 952 
—, from nickel phthalate, 952 
—, from phthalic anhydride. 950 

- from zinc phthalate, 952 
--.oxidation of, 899, 957 
Henzamide, acetylation of, 438 
Benzanthrone-2-aldehydc, from 2-methylbenzan- 

throne, 957 

Benzene, acetylation of, 439 
—. acetylene from, 95. 259 
—, action of aluminum chloride on, 207 
—, — brush discharge on, 260 
—, — silent discharge on, 259, 260 

- — Telsa discharge on. 260 

—, and sulphur dioxide, extraction agent, 41 
—, aniline from, 260 

- . anthracene from, 957 

—, as antiknock, 1016, 1017 
—, as blending agent, 1035 

—, as dehydrating agent for alcohols, 327, 328, 
364, 408 

—, as extraction agent for acetone peroxide, 432 
—,—carbon black, 251 
—, — lecithin and fat, 728 
—, — mazout, 1188 
—, — naphthenic acids, 1108 
—, — resins, 216 

—.as solvent, 372, 435, 446, 447, 742, 919, 1060 
—, azeotropic mixture with isopropyl alcohol, 369 
—, benzaldehyde from, 949, 957 

- .lienzene hcxachloride from, 781 
—, lienzoic acid from, 957 

—, benzoquinone from, 944, 953 
—, biphenyl from, 206, 207, 259, 260 
—. bromination of, 790, 791 
—, hromobenzene from, 791 


Benzene, by cracking of cylinder oil, 137 
-. — gasoline, 136 
—, — kerosene, 137, 144 
—, — paraffin wax, 138 
—, — M-tetradecane, 1297 
—, by oxidation of acenaphthalene, 946 
—,—cyclohexane, 1041 
—, — naphthalene, 946 

—■, by polymerization of acetylene, 266, 703 
—. — cracking gas, 646 
—.by pyrolysis of alcohol. 177 
-. — 2,6-dimethylanthraceoe, 96 
—, — ethylbenzene, 96 
—, — ethylcyclohexane, 93 

- — ethylene, 77, 186 

- — gas oil, 178 

—, -- jt-hexane. 71, 73 

- — isobutene, 85 
—, — methane, 179 

- -, — 2-pentene, 87 

— propane, 60, 182 
—, — p-xylene, 96 

—, catalyst, cracking processes, 214 
—, —, esterification of proi>enc, 306 
—, chlorination of, 777-781 
—, chlorol)enzenc from, 778, 780, 950 
—, combustion of, 1003-1005 

- “, —, effect of temperature on, 1005 
—.cyclohexane from, 1298 

—.decomposition of, 191, 192, 199 
—, —, photochemical, 207 
—, iletection in alcohol, 354 
—, deuterium in, 206 
—, dibromobenzene from, 791 
—, />-dichlorol)cnzene from, 781 
—, dihydrobiphenyl from, 259 
—, diphenylamine from, 260 
—, dij)henylcyclohexane from, 207 
—.effect of tetraethyl lead on, 1021, 1022 
—, effect on decomposition of acetone. 450 
—, enthalpy-pressure-temperaturc relations, 1333 
—.estimation by colorimetry, 1148 
—, — in blended fuels, 1185 
—,—of wax in asphalt, 1155 
—, ethylbenzene from, 206, 207 
—.explosive characteristics of, 1011 
—, ffuorination of, 791, 792 
--.free energy of formation, 1225, 1226 
—,—.effect of temperature on, 1295 
—, from carbon monoxide and hydrogen, 1243 
—. from benzal chloride, 794 
—. from w-butylbenzene, 208 
—. from cyclohexane, 92 
—, from ethylbenzene, 208 
—. from isopropylljcnzene, 208 
—. from toluene, 208 
—, from xylene, 208 
—, hexabromohenzene from, 790, 791 
•“.hydrogen from, 259 
—, hydrogenation of, destructive, 207 
—, —, free energy change, 1298 
—,—,—.effect of temperature on, 1298, 1299 
“ hydroquinonc from, 942 
—, ignition temperature of, 987, 988, 1000 
, in acetylene black, 244 

- -, in crude oil, 31 

—, in gasoline, 34, 144, 196 
—, in insecticides, 733 
—, in lubricating oil, 215 
—, in motor fuels, 1039 
—. in paint remover, 790 
—, in wet gas, 22 

—, inflammability limits of, 980-982, 985 
—, maleic acid from, 944 
—. maleic anhydride from, 944, 945 
—, l-methyl-3-phenylcyclopentane from, 207 
—, molal entropy of, 1289, 1290 
—, nitration of, 1091 

—.oxidation of, 850, 855, 931, 942, 944, 945, 953 
•—, pentabromobenzene from, 790, 791 
—, phenol from, 260, 942 
—, phenylcyclohexane from, 207 
—, pyrolysis of, 95 
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lynzeiit*. re;iction with acetylene, 718 

■ , — amyl alcohols, 411 

—, — amyl chloride and acetyl chloride, 448 
. — benzoyl chloride, 815, 81b 
—butene-1. 591 

— zcr-butyl alcohol, 402 

- -, — /cr-butyl alcohols, 411 
—, — carbon dioxide, 260 

- . — carbon monoxide, 949, 957 

—chlorinated decane, 758 
—. — chlorinated Kogasin, 1253, 1254 

— chlorinated paraffin wax, 758 
. — chlorine monoxide, 781 

— cracking gas, 593, 594 

- cyclohexene, 592, 595 

— cyclopropane, 596 

. — deuterium oxide, 260. 273 

• dichloropentamethylenetetramine. 779 
, - - diisobutylene, 592 

— diisopropyl sulphate, 597. 598 
. - - dotlecene, 591 

.- ethylenef, 594, 595, 597 

- . — ethylene dichloride. 815 
—, — ethylene oxide, 563 

—. - - n-hexane, 602, 603 
—, — hexene, 591, 598 

- hydrogen chloride, 950 
isobutene, 591, 594. 596 

■ isopropyl alcohol, 382, 383. 401, 402 

— methyl hypobromite. 5.11 

— nonene, 591 
—. — octene, 591 

. - <»leic acid, 815 
l)entene. 591 

- . proj)ene. 591-593, 595-597 

, — propyl chloride, kinetics of. 815 
. — steam, 273 
stillwne, 207 
-. -- sulphur, 468 

—. — trichlorobenzyl chloride, 816 
. -- n-tridecane. 1254 
. - tri-isobutylene. 592 

— 2,2.4-trimenthyl|)entane, 602, 60.1 
. separation from coke-oven gas, 165 

. separation of acids with, 967, 968 
-. sulphonation of, 669 
. tetrabromobenzene from, 790, 791 
. toluene from, 206 
. tribromobenzene from, 791 
, use in dehydrogenation of borneol, 444 
-. — dehydrc^enaiion of isopropyl alcohol, 420 
Henzene-gasoline blends, octane number of, 1251 
. stabilization of, 915 
Benzene hexachloride, from benzene, 781 
. from petroleum-coal distillate, 781 
Benzene homologues, as antiknocks, 1018 
, viscosity of, 38 

Benzenlsulphonic acid, as dehydrating agent, 406 
—, as wetting agent, 1076 
-.catalyst, isomerization of 1-butene, 82 
—, esterihcation of pro^ne. 308 
—, polymerization of formaldehyde, 579 
. reaction with olefins, 314 
Benzidine, as antioxidant. 917 
Benzine, action of silent discharge on. 261 
. dehydration agent for ethyl alcohol. 329 
. - i.sopropyl alcohol, 364 
—.extraction agent for oils, 1200 

- -- oxidized asphalt. 1205 
—. — oxidized wax. 975 

polymerized hydrocarbons. 397 
. flash point of. 988 

--.flocculating agent for asphalt. 1196 
-, from hydrogen and carbon monoxide, 155 
-. precipitant for asphalt. 935 
. — for asphaltenes. 1191, 1192 
—, - in asphalt analysis. 1196 

- -. pyrolysis of. 155 

—, reaction with acetyl chloride. 445. 1090 
refining with aluminum chloride, 263 

■ -. — ferric chloride, 263, 929 

- sulphuric acid, 263 
reparation of acids with, 967. 968 


Benzine solvent for methane. 234 
—, synthesis of, 168 
Benzoates, from amylene, 630 

Benzoic acid, adsorption by carbon black. 252 
—by oxidation of acetophenone, 450 
—, — benzene, 957 

— benzyl alcohol, 851 
-— benzyl chloride. 957 
—. — naphthalene, 950-952 
—, — nickel phthalate, 952 
—, — phenylacetylene, 904 
—, — phthalic anhydride, 950-952 
—, — toluene, 948-950 
—, — zinc phthalate, 952 
—. effect on hydrogenation of olefins. 9(M) 

'.from benzoyl pei^oxide, 630 
', hydroxy, reaction with propane. 609 
. reaction with a-chloroethyllienzene. 80.S 
-,—isopropyl alcohol, 376 

- , — naphthalene, 448 

- - propene, 308 
—. solubility of, 959 

Benzoic jieroxide, catalyst, reaction of propene and 
sulphur dioxide, 617 
Benzoin, oxidation of, 953 

Benzol-alcohol-gasoline blends, as motor fuels, 1038 
Benzol, as blending agent, 1035 

- as dewaxing agent, 433 

—t by pyrolysis of methane, 180 
—, — natural gas, 171, 183 

- .peptizing agent for asphalts, 1196 

-, reaction with maleic anhydride. 690 
—, refining with sulphuric acid. 184 

separation of conjugated diolefins from, 679 
—, — with carbon, 182 

Benzol-gasoline blends, as motor fuels, 1038 
Benzonitrile, from ketene-benzamide reaction. 438 
Benzophenone, by oxidation of diphenylmethane, 
943. 957 

. — triphenylmethane. 943 
—, reaction with sulphur, 468 
Benzophenone, use in polyprene, 681 
Benzoquinone, by oxidation of benzene. 944. 953 

- , — naphthalene. 951 

, hydroquinone from, 953 
—, reaction with butadiene, 699 
—, — diolefins, 1775 
—, reduction of, 953 
Benzotrichloride, from toluene, 794 
—. reaction with phthalic anhydride, 794 
■— sulphonic acids, 794 
Benzotrifluoride, from lienzotrichloridc, 735 
Benzoylation. of hexamethylenetetramine, 888 
Benzoylbcnzoic acid, alkoxyalkyl ester, as plasticiz¬ 
ing agent, 544 

Benzoyl chloride, from phthalic anhydride, 952 
-.reaction with benzene, 815, 816 
Benzoyl peroxide, benzoic acid from. 630 
—. catalyst, oxidation of naphtha, 876 
-. —. polymerization of styrene, 647 
—, effect on hydrogenation of olefins, 900 
—,— propenc'hydrogen bromide reaction, 316 
—. — propene-hydrogen chloride reaction, 306 
— styrene-hydrogen bromide reaction, 318 
—. reaction with amylene. 630 
Benzoyl persulphide, preparation q/, 480 
Benzyl acetate, from benzyl chloride, 794 
Benzylacetylene, from phenylallene, 807 
Benzyl alcohol, as antiknock. 1017 
—.benzoic acid from, 851 

- ~, from henzaldehyde, 958 
---.oxidation of, 851 

- . solvent properties of, 1179 
5-Benzylamino-2-cresol, antioxidant for gasoline, 

916 

Benzylaminophenol, as antioxidant, 913, 916 
Benzyl bromide, from toluene, 795 
Benzyl chloride, henzaldehyde from, 957 
—, benzoic acid from, 957 

- . benzyl acetate from, 794 

corrosion inhibitor, 794 
from toluene. 793, 794 
.oxidation of, 957 
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Benzyl chloride, reaction with acetic anhydride, 794 
—, — ethylene tflycol, 543 
—, — sodium acetate, 794 

Bcnzyl-2*chloroi)henyl ketone, benzaldehydc from, 
452 

Benzyl disulphide, antioxidant for transformer oil, 
941 

Benzylidene-amino-phenol, antioxidant for gaso¬ 
line, 916 

Benzyl mercaptan, reaction with carbon disulphide, 
487 

Benzylmethylaminophenol, antioxidant for gasoline, 
916 

Bcnzylnyridinium chloride, catalyst, preparation of 
cellulose derivatives, 588 
Benzyl sulphide, corrosion inhibitor, 486 
Beryllium bromide, catalyst, hromination of ben¬ 
zene, 791 

Beryllium chloride, catalyst, alkylation of aro¬ 
matics, 596 

—, —, polymerization of isobutene, 204, 642 
Beryllium compound^, catalysts, oxidation of al¬ 
cohols, 1051 

Beryllium oxide, catalyst, decarboxylation of 
phthalic anhydride, 950 
—, —, methane-steam reaction, 279 
—, —, oxidation of aromatics, 942 
—,—.reduction of carbon monoxide. 1228 
Beryllium phosphate, catalyst, hydration of ethy¬ 
lene, 287 

—, —. hydration of propene, 293 
Beryllium sulphate, promoter, hydration of ethv- 
lenc, 283 

Biacetyl, flavoring agent. 708 
—, from 2.3-butene glycol, 548 
—, from methyl eth>l ketone, 452 
—. from vinylacetylene, 708 
Bibenzyl, from l)enzene and acetylene. 718 
—.from benzene and eth>lene oxide, 563 
—, from stilbene, 207 
—. molal entro|)y, 1289 

Bichloride of mercury, see Mercuric chloride 
Bicyclic naphthene hydrocarhonN, derivatives of, 
10 

Bicyclohexyl, cracking of. 137 

- preparation of, 205. 767 

Bipheinl. as heat-transfer medium. 28, 191, 193, 
194, '420 

from benzene. 95. 191, 206. 207, 259, 260 
—in lubricants, 194 
—. in motor fuel, 1039 
—, molal entropy, 1289 

—, reaction with chlorinated paraffin wax, 817 
Biphenyl homologues. viscosit> of, 38 
Biphenylene. from benzene, 259 
Bis-(2-chloroethyl) ether, as dewaxing agent. 434 
Bis-(^-metlu)xyetlul) methylene ether, preparation 
of. 582 

Bismuth, catalyst. brominati<jn of benzene. 790, 
791 

—,—.isopropyl alcohol from projiene, 360 
—. —. oxidation of ethylene. 552 
Bismuth bromide. cataKst, esterification of alcohol. 
345 

_ — propene. 308 

Bismuth chloride, catalyst, chlorination of ethylene, 
495 

- —, — propene. 506 

—,—.esterification of alcohol. 345 

—olefins. 301. 302. 30(,, 311. 316 
—.reaction of olefins and chloroethers, 613 
—, —, — propene and iodine, 506 
Bismuth haliiles. catalysts, dehydrogenation of 
hydrocarbons, 158 

- ^ , reaction of carbon monoxide and olefin^. 

625, 626 

Bismuth ions, catalysts, nitration of toluene, 954 
Bismuth oxide, catalyst, decarboxylation of phthalic 
anhydride, 951 

—, —. oxidation of aromatics. 942, 950 

- . reaction of l>enz\l chloride and acetic anhy¬ 
dride. 794 

_, effect on ignition temperature. 1000 


Bismuth phosphate, catalyst, isopropyl acetate from 
propene, 308 

Bismuth salts, promoters, oxidation of toluene, 
950 

Bismuth sulphate, catalyst, isopropyl acetate from 
propene, 308 

Bismuthyl chloride, catalyst, ethyl alcohol-hydro¬ 
gen chloride reaction, 345 
Bisnitrosates, from olefins, 620 
Bisulphates, catalysts, dimerization of ethylene 
oxide, 579 

Bituminous emulsions, coagulation of, 1116 
Bivinyl, see Butadiene 

Black kontakt, as demulsifying agent, 1075 
—.definition of, 1075 

Bleaching agents, sulphuric esters of ethanolamincs 
as, 578 

Bleaching clay, in decolorizing resins, 216 
Bleaching earths, catalysts, polymerization of diole- 
fins, 171 

—, —, oxidation of methane, 882 
—, in asphalt compositions, 1214 
—.separation of asphalts in oil, 1155 
Bleaching powder, use in purification of acetylene, 
170 

Blended motor fuels, 1034-1040 
Blending agents, for gasoline-alcohol-benzol blends, 
1038 

-, for gasoline-alcohol blends, 1035 
Blending octane number, definition of, 1025, 1029 
—.comparison with octane numbers, 1026 
—, knock rating by, 1025-1027 
—, of l-heptene, 1026, 1027 
Blood, effect of ethylene on, 1260, 1261 
Blood pressure, effect of cyclopropane on, 1265 
—.effect of ethylene on, 1261 
Bl(K>d sugar, effect of ethylene on, 1260, 1261 
Blood urea, effect of ethylene on, 1261 
Boiling point, critical pressure from, 1314, 1315, 
1316 

—.heat of valorization from, 1325, 1327 
“, molal average, characterization factor from, 
1307, 1309, 1310 

—,—.critical pressure from, 1318 

—.critical temperature from, 1312, 1313 
——.estimation of, 1308, 1309 
- —.molecular weight from, 1311 

--,50 iHjr cent, critical temperature from. 1311, 
1312 

Bone charcoal, catalyst, cracking of petroleum, 
111 

Bone fat, in asphalt emulsions. 1216 
Bone grease, reaction with ethylene glycol, 540 
Boost pressure, definition of, 1027 
Borax, extractant for butadiene,' 174 
Borates, estimation with isopropyl alcohol, 375 
Borax, catalyst, cracking of petroleum. 111 
Bone acid, catalyst, oxidation of ethylene, 894 
—, —, —• paraffin wax, 973 

iMjlymerization of olefins. 634 
—, pyrolysis of methane, 227 
corrosion inhibitor, 574 

reaction with diethyleue glycol monoethyl ether, 
545 

Boric acid salts, catalv^t, hydration of ethvleue. 
288 


—, —, reaction of olefins and carbon monoxide, 626 
Borneol. as blending agent. 1035 
- dehydrogenation of. 444 

Boron, catalyst, jiyroly-iis of gaseous hydrocarbons, 
189 

Boron carbide, catalyst, oxidation of toluene, 948 
Boron fluoride, as decolorizing agent, 1192 
-—.as refining agent. 719 
—.catalyst, esterification of acids, 314 
—, —, — olefins, 308 
—.—, — acetylene, 717 
—. —, vinylacetylene-alcohol reaction, 706 

, vinylacetylcne-carlxixylic acid reaction. 706 
—, —, voltolization. 262 
—. see also Boron trifluoride 
Boron oxide, catalyst, hydrogen-carbon monoxide 
reaction. 661 

—, —. oxidation of aromatics, 942 
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Boron phosphate, as antiknock, IIS 
—, catalyst, cart^xvlic acids from oleiins, 446 
—, —, hydration of ethylene, 284, 287 
—, —, — propene, 293 
—, —, polymerization of olefins, 288 
—, —, reaction of olefins and carbon monoxide, 
626 

—.preparation of, 115 

Boron trifluoride, catalyst, alkylation of alcohols, 
606 

—, —, — aromatics, 596, 597, 598 
—, —, — hydroxy aromatic acids, 607, 609 
—paraffins. 598, 599. 1301 
—, —, — phenols, 403, 605 
—, —, condensation of dichlorobutenes, 685 
—, —, — isopropyl cresyl ethers, 383 
—, —, — isopropyl phenyl ether, 383 
—,—, cracking processes, 112 
—, —, esterification of isopropyl alcohol, 376 
—, —, — propene, 376 
—. —, polymerization of Kogasin, 1255 
—'.— —olefins, 195. 204, 210, 635, 636, 642, 
649 

—, —, reaction of butylacetylene and mannitol, 
724 

—.—, — ethylene oxide and isopropyl alcohol. 557 
—, —, — methyl alcohol and alkylacetylene, 722 
—, —, — olefins and chlor<^sters, 614 
—. —, — propene and salicylic acid, 308 
—, in refrigerants, 738 
—, see also Boron fluoride 

Brake fluid mixtures, preparation of, 539, 540, 542, 
546, 1114 

Brass, catalyst, cracking of ethylene. 172 
—, —, dehydrogenation of alcohols, 420 
—, —. oxidation of kerosene, 965 
—, for removal of sulphur compounds, 397 
—. use in refining gasoline, 668 
Brass spelter, catalyst, oxidation of 2 mcthyl l* 
I>utcne'3*ol. 444 

Brnmide-bromate method, for estimation of alka¬ 
dienes, 1144, 1152 
—. — cycloalkenes, 1152 
—. — olefins. 1152 

/cr-Bromides, reaction with alkalies, 41.1 
Bromination. estimation of alkadienes, 1152 
—. — cycloalkenes, 1152 
—. — olefins, 1142, 1143, 1150, 1152 
—. of acetone, 4.10 
—. of benzene, 790. 791 
—. of butadiene, 683-685 
—. of butadiene sulphones, 694 
—. of chlorotoluenes, 795 
—. of cyclohexane, 769, 770 
—. of cyclohexanol, 770 
—. of cyclohexene. 770 
—. of cyclopentadiene, 684, 700 
—. of cyclopentene, 764 
—. of cyclopropane, 761 
—. of cyclopropene. 761, 762 
---, of dicyclopcntadiene. 700 
—. of dimethylcyclohexene, 775 
of ethane. 747 
—, of ethylene, 501-503 
—. of hexene. 146 
-.of liquid paraffins, 759 
—. of menthane, 776 
—, of methylcyclohexene, 775 
—, of monofluorocyclohexane, 774 
—, of pentene, 146 
—, of polyethylene sulphone, 617 
—. of toluene, 794, 795 

Bromine, estimation of olefins, 1124, 1142-1144. 

1152 

—. — sulphur, 1161 
—. from sea water, 504 

—. inhibitor, polymerization of chloroprene, 681 
—. separation of amylene with, 174 
—. — piperylene with. 174 
Bromine trifluoride, as fluorinating agent, 736 
O'Bromo acids, from i^roleum acids, 447 
Bromoacetamide, reaction with cyclohexa l,3 dienc. 
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2-Bromoazobenzene, condensation with cycloiicn* 
tad iene, 693 

Bromobenzene, ^-aminobiphenyl from, 787 
—, aniline from, 787 
—, diphenylamine from, 787 
—, from benzene, 791 
—, phenol from, 827 
—, reaction with potassium amide, 787 
—, — sodium, 827 
—, triphenylamine from, 787 

1- Bromobutadiene, reaction with hydrogen bro¬ 
mide, 686 

2- Bromobutadiene, preparation of, 680, 681 

1- Bromobutane, from 1-butene, 317 

2- Bromobutane, from 1-butene, 317 
—, hydrolysis of, 799, 800 
Bromobutanes, olefins from, 806 

1- Bromo-2-butene, from butadiene, 686 

2- Bromo-2-butene, from butadiene, 686 
Bromocyclohexane, preparation of, 769, 770 
—, reaction with alkalies, 773 

—, — aniline, 772 
—, — mercurous fluoride, 773 
—, — piperidine, 772, 773 
—. — sodium malonate, 773 
—.use in Grignard reaction, 771, 772 
2-Bromocyclohexanol, preparation of, 531 
Bromocyclopentane, preparation of, 764 
—, reduction of, 764 
—. use in Grignard reaction, 764, 765 
l-Bromo‘4,4-dimethylpentane, preparation of, 318 
l-Bromo-4,4-dimethyll-pentene, preparation of, 
318 

^-Bromoethylarsenic dibromide, preparation of, 527 
a-Bromoethylbenzene, formation of, 318 
/9-Bromoethylbenzene, formation of, 318 
Bromoethylethylene, reaction with acetic acid, 313 
Bromoform, from acetone, 430 
—.catalyst, in cracking, 114 
—, structure of, 729 
l-Bromohexanol-2, preparation of, 589 
l Bromo-2-iodopropane, preparation of, 317 
Bromonaphthalenesulphonic acids, dehydration of 
tertiary alcohols with, 411 
l-Bromonaphthalene-4-sulphonic acid, catalyst, py¬ 
rolysis of olefins, 87 

Bromopentanes, preparation of, 318, 763 
Bromopentene, pentyne from, 514 
9-Bromophenanthrene, reaction with magnesium, 
824 

Bromophenol blue, estimation of acetone, 425 
Bromosulphalein test, 1262 
Bromotoluenes, from toluene, 795 
Bromoundecenoic acids, pre^ration of, 318 
Bromovaleric acids, preparation of, 318 
Bromthymol blue, indicator, hydration of propene, 
359 

Brucite, see magnesium hydroxide 
Brush discharge, action on benzene, 260 
Burning oil. from green oil, 242 
Burning point, definition of, 1170 
1. 2-Butadiene, see Methylallene 
1.3-Butadiene, see Butadiene 
Butadiene, action of mercury arc on, 265 
—. autopolymerization of, 692 
bromination of, 683-685 
—. 1 •bromo-2-butene from, 686 
—, 2-bromo-2-butene from. 686 
—, by cracking cylinder oil, 137 
—, — gasoline, 136 
—. — kerosene, 144 
—. — paraffin wax, 138 
—. by dehydration of 1, 3-butene glycol, 174 
—. by dehydrogenation of butene. 186 

. by electrical decomposition of ethylene, 258 
— hydrocarbons, 253, 255 
. by oxidation of 2-btitene. 897 
—. by polymerization of cracking gases, 645, 646 
—, — ethylene, 637 

by pyrolysis of alcohols, 673 
—. — 2'butene, 83, 172 
—. — by-products of Lebedev process, 173 
^ cyclohexane. 92, 93, 136, 185 
- . — cyclohexane bomologues^ 171, 172 
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Butadiene, by pyrdysis of cyclohexene, 93 
—, — decalin, 93 
—, — dichlorobutanes, 678 
—. — ethyl alcohol, 173, 177, 347, 676 
—, — ethylcyclohexane, 93 
—ethylene, 78, 172 
—. — hydrocarbons, 673, 676 
—, — isobutene, 86 
—, — methylallene, 88 
•—, — niethylcyclohexane, 93 
—, — natural gas, 171, 172 
■—. — propane, 61, 172 
—, — propene, 81 

—, by reduction of diacetylene, 677, 678 
—, chlorination of, 685 
—, condensation with aryl amines, 691 
—, — maleic acid, 945 

- — a-naphthoquinone, 175 

, 1,4-dibromobutane from, 684, 685 
—, 1, 2-dichlorobutene from, 685 
—, 1, 4-dithiocyanobutene from, 698 

- estimation of, 173, 698-700, 1147 
—, estimation of acetylene in, 701 
—, from butene-2-dichloride, 510 

—, from n-butyl chloride, 678 
from cracking gases, 389 
—, from dibromocyclobutane, 763 
—, from 1,2,3,4-tetrachiorobutane, 807 
—. halogenated ethers from, 698 

- hydrogenation of, 699 
—, octane number of, 1028 

—, polymerization of, 57, 265, 387, 389, 650-652, 
673, 674, 1116 

—. reaction with alkoxyalkyl halides, 698 

•—, — benzoquinone, 699 

—, — bromine, 683-685 

—, — cyclohexene, 186 

—, — ethylene, 186 

—, — hydrobromic acid, 699 

—,--hydrogen bromide, 686 

—, — hydrogen chloride, 686 

-—, — iodosilver benzoate, 697 

—, — lithium and ethylaniline, 698 

—, — maleic anhydride, 698, 699 

—, — methoxy benzylchloride, 698 

—, — quinones, 699 

—, — thiocyanogen, 698 

—.removal from cracking gases, 651, 652 

—, — hydrocarbon gases, 673 

—, — products of pyrolysis, 174-176 

—, separation from acetaldehyde, 175 

—, solubility in cuprous salt solutions, 175 

<—. stability of, 677 

—.synthetic rubber from, 173, 177, 672-674 
—, tetrachlorobutadiene from, 685 
Butadiene compounds, reaction with hydrogen 
chloride, 686 

Butadiene homologues, reaction with sulphur diox¬ 
ide, 694-696 

Butadiene sulphones, bromination of, 694 
—, hydroxysulphones from, 695, 696 
—, preparation of, 694-696 

- -. structure of, 695, 696 
Butane, acetaldehyde from, 863 

. acetic acid from, 859„ 

—acetone from, 863 
. acetylene from, 168 
—. alcohols from, 859 
^—. aromatics from, 181, 190 
--.as anesthetic, 1256 

- as dielectric, 728 

—, as extraction agent, 972 
—, as motor fuel, 26, 1040 
—. by pyrolysis of hexadecane, 202 
— n-hexane, 71 
—. carbon black from, 219 
—. chlorination of, 751, 752 
—.combustion of, 1003, 1004 
—, commercial, specifications, 25 
—, formic acid from, 859 

- . from gasoline, 24 

--.from methyl ethyl ketone, 449 
.heat of combustion, 15 


Butane, hydrogen from, 275 
—, ignition temperature of, 992 
—, inflammability limits of, 980, 984 
—, methyl alcohol from, 863 
—, olefins from, 63, 160 
—. oxidation of, 852, 859, 863 
—, —, effect of hydrogen and carbon monoxide, 
869 

—.pyrolysis of, 62, 160, 161, 241 
—.reaction with nitrosyl chloride, 1101 
—, — steam, 275, 280 

- utilization of, 25, 26, 27 
n-Butane, acetylene from, 64, 166 

—, action of aluminum chloride on, 200 
—, 1-butene from, 63, 153 
—,—, free energy change, 1284 

- , chlorination of. 752 

—, cracking, effect of ethylene oxide on, 555 
—, —, — hydrogen chloride on, 200, 201 
—, effect on viscosity of crystal oil, 15 
—.ethane from, 62, 64. 201 
—, ethylene from, 62-64 
—, from natural gas, 22 
—, from petroleum gas, 21 
—, hydrogen from, 62 
—, isomerization to isobutane, 201 
—,—.entropy change, 1282 
—, —, free energy change, 1282 
—,—, heat of reaction, 1282 
—, methane from, 62, 201 
—, oxidation of, 874 
—, propane from, 201 
—, propene from, 62, 64 
—.pyrolysis of, 52, 61-64, 150, 152 
—.reaction with carbon monoxide, 1099, 1100 

1. 2-Butanediol. see 1,2-Butene glycol 

2. 3-Butanediol. see 2,3-Butcnc glycol 

Butanes, azeotropic mixtures with, sulphur dioxide, 
1141 

—, nitration of, 1087 
Butanol, see Butyl alcohol 

1- Butanol, see n-Butyl alcohol 

2- Butanol, see ^ec-Butyl alcohol 
Butanolamines, as extraction agents for acids, 590 
—, — for ethylene, 164 

•—, properties of, 588 
2-Butanone, see Methyl ethyl ketone 
Butene, as motor fuel, 1040 

- butadiene f rom, 186 

—, by polymerization of ethylene, 636, 639 

—, — propene, 641 

--.by pyrolysis of n-butane, 153 

- . — nonene, 72 
—. — propene, 75 

—, chlorohydrin from, 518 
—, dibutyl sulphate from, 392 
—.estimation in cracked gases, 1142 
—. in commercial butane, 25 
—, reaction with methyl alcohol, 606, 607 
—, — sulphuric acid, 385-387 
removal with carbon, 165 

- — cuprous chloride, 175 
M-Butene, rec-butyl alcohol from, 387 
—, by cracking gas oil, 140 

—. by pyrolysis of «-butane, 63 
—, effect on polymerization of propene, 642 
polymerization of, 386, 642 
—, — with butadiene, 387 
1-Butene, bromination of, 510 
—, jcc-butyl alcohol from, 386 
—, by dehydration of rec-butyl alcohol, 400 
—. by dehydrogenation of n-butane, free energy 
change, 1284 

—, by polymerization of ethylene, 258 
—. by pyrolysis of neopentane, 69 
—, — n-pentane, 68 
—, — 1-pentene, 86 
•—. — 2-pentene, 86 
—, chlorination of, 508 
—, hydration of, 293 
—, hydrogen from, 83 
—, isobutene from. 83 
—, isomerization of, 81 
—.polymerization of, 81, 642 
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1- Huiene, pyrolysis of, 81, 8»1 

—, reaction with acetyl chloride, 612 
—, — benzene, 591 
—, — hydrogen bromide, 317 
—— sulphuric acid, 308, 309 

2- Butene, butadiene from, 83, 172 

—, butene chlorohydrin from, 519, 520, 547, 548 
—, d/-2-butene glycol from, 547, 548 
—, mero-2*butene glycol from, 547, 548 
—, jer-butyl alcohol from, 293, 386, 389 
—, by dehydration of zec-butyl alcohol. 173, 400 
by pyrolysis of isopentane, 69 
—, — 1-pentone, 86 
—. — 2-pentene, 86 
—.chlorination of, 172, 508 
—. . -chloro-2 butanol ethers from, 627 
desorption from silica gelj 165 

1,2-dimethyl-1,3-propanediol from, <»24 
- -, hydration of, 293 

isomerization of, 81, 82 
—, molal entropy of, 1291 
—, oxidation ot, 588, 897 

, jiolymerization of, 81, 641, 642, 895 
—. pyrolysis of, 83, 172 
—. reaction with acetic acid, 313 
—. — acetyl chloride. 612 
—, — alkyl hypochlorites. 627 
■ -. — carbon monoxide. 626 
", — formaldehyde and acetic acid. 624 
—, — hypochlorous acid, 509, 547, 548 
•—, — nitrogen pentoxide, 621 
—, — sulphuric acid, 308, 309 
—.removal with cuprous chloride, 175 
—, — silica gel, 165 
—, steric modifications of, 82 
—. trimethylacetic acid from, 626 
Butene chlorohydrin. butene oxide from, 548 
—, from butene, 518 
—. from butene-2, 509, 547, 548 
—, reaction with potassium hydroxide, 548 
Butene dibromides, reaction with |>otassium ioilide. 
1146, 1147 

Butene dichloride, from butene. 508, 509 
Butene dinitrite, from 2-methylpropene, 622 
Butene glycols, properties of. 547 
Butene oxide, from butene chlorohydrin. 548 
—, reaction with aromatic amines. 587 
—. — calcium oxide. 590 
—, — cellulose esters, 590 

i Butene dibromide, ethyl propiolic aci<l from. 511 
1-Butene di-iodide,^preparation of. 511 
1-Butene nitrosite, preparation of. 620 

1- Butene oxide, from l-chloro-2-butanol. 589 

1.2- Butene glycol, oxidation of. 549 

1.3- Butene glycol, butadiene from, 174 
—, from acctaldol, 547 

2- Butene chlorohydrin, from 2-butene, 519. 520 
—, ethers from, 520 

2-Butene dichloride, as solvent. 510 

—.butadiene from, 510 

2-Butene oxide, isomerization of. 588 

—, preparation of, 588 

—, reaction with diethylmagnesium. 588 

2. 3-Butene glycol, adlehydes from. 536 

—, biacetyl from, 548 

—, from 2'butene, 547, 548 

—, from sucrose, 547 

—, oxidation of. 536 

Butenes, n-butyl alcohol from. 293 

—, zer-butyl alcohol from, 294 

—, estimation of, 1146, 1147 

—, from cracking gas, 144 

—, hydration of. 293-296 

—, —, heat of. 294 

—, isomerization of. 642 

—. methyl ethyl ketone from, 293 

—.polymerization of. 641. 642. 643 

reaction with sulphuric acid, 389-391 
n-Butenes, cyclohexadiene from, 81 
cyclohexane from, 81 
—. dibutyl sulphate from. 309 
—. methylcyclohexadiene from, 81 
. pyrolysis of, 81-83 


ii-Butenes, reaction with acetic .acid. 312. 314 

—, — .sulphuric acid, 309 

—, removal with cuprous chloride, 359 

Butenyne, by pyrolysis of acetylene, 89 

Butter fat, staoilizer, for ether, 336 

Butter substitute, biacetyl in. 708 

Butyl acetate, from acetaldehyde, 340 

—, from n-butenes. 314 

—, from ethyl alcohol, 338 

—, in rubber cement, 374 

/i-Butyl acetate, as cleaning agent, 408 

—, narcotic properties of, 405 

.r<r-Butyl acetate, as dewaxing agent, 373. 408 

—, as solvent for lacquers, 408 

, as thinning agent for lacquers, 408 
jrr-Butyl acetate, from 2-butene, 313 
—. from butyl alcohol, 408 
-, from olefins, 298 
-, separation of, 408 

/rr-Butyl acetate, from /rr-butyl alcohol, 412, 438 
/cr-Butylacetic acid, by oxidation of diisobutvlene, 
895 

Butylacetylene, oxidation of, 903 
".preparation of, 722 
—, reaction with mannitol, 724 
—. valeric acid from, 903 
/cr-Butyl acid sulphate, hydrolysis of. 394 
Butyl alcohol, as antiknock, 1017 
as dewaxing agent, 728 

- . as extraction agent for oils, 1200 
. - for a-polyprenc, 681 

-. butyraldchyde from, 878. 880 
—. esters from. 339 

- -. from acetaldehyde, 340 

- . from crotonaldehyde, 889 
—, from ethyl alcohol. 173, 339-341 

- from petroleum ether. 85.t 

—. in anti-rust composition-, 577 
. in rubber cement, 374 
--.oxidation of, 880 

- reaction with acetone, 44.^ 

— phthalic anhydride. 501 

ii-Butyl alcohol, as blending agent for fuel, 1035 
from butenes. 293 
. from butyl chloriile, 797 
, from ethyl alcohol, 337^^ 

- in gasoline mixtures. 375 
-.octane number of. 1028 

.tn-Butyl alcohol, as extraction agent for sul- 
phonates, 373 

. as homogenizing agent for nitrocellulose com- 
|K)sition, 406 

azeotropic mixture with water. 407. 408 
,2-butene from. 173 
.dehydration of. 400 
—, esterification of, 1081 
from «-butcne, 387 
from butene-1, 386 
—, from butene-2. 293, 386. 389 
—, from butenes, 294 
• . from olefins. 404 
. propionic acid from. 407 
pyrolysis of. 173 

- -. reaction with aromatics. 402 

.—carbon monoxide, 407 

- -. — lactic acid, 405 
—. — resorcinol, 403 

removal with petroleum ether, 407 
•—, solubility in water, 404 
/rr-Butyl alcohol, acetylation of. 438 
-. as dewaxing agent, 414. 415 
~. as extraction agent for asphalt. 414. 415 
. as fuel, 417 

—.chlorohydrin from. 518 

—.drying with phthalic anhydride. 417 

—, e.stimation, in isopropyl alcohol. 365. 371, 372 

- from /rr-butyl chloride, 798, 799 
--.from cracked gasoline. 389 

—. from isobutene, 386, 390, 391 
—.—.free energy change. 1303 
—. in gasoline mixtures, 375, 417 
—, in molecular weight determination. 415, 416 

- . pyrolysis of, 410 
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trr-Buty] alcohol, reaction with acetic acid, 412 
—, — acetyl chloride, 412 
—,—benzene, 411 

—, — chlorine and cinnamic ?cid, 627 
—, — cresols, 412, 416 
~ — cymene, 412, 416 
—, — hydrochloric acid, 417 
—, — isopropylbenzene, 412 
—, —mercuric sulphate, 365 
— phenol, 412, 416 
—, — sodium, 418 
—, — sulphuric acid, 365, 417 

- , see also 2-Mcthyl-2-propanol 
—, see also Trimethylcarbinol 

—, stability of hydrogen peroxide in, 895 
Butylbenzene, naphthalene from. 74 
n-Butylbcnzenc, action of aluminum chloride on, 
208 

—, benzene from, 208 
—, dibutylbenzene from, 208 
—, in gasoline, 144 
JCi’-Butylbenzene, from benzene, 4U2 
—, in gasoline, 144 

tcr-Butylbenzene, from benzene, 411, 592 
—, from petroleum, 35 
—, molal entropy of, 1289 

Butyl bromide, reaction with calcium acetylide, 
722 

fi-Butyl bromide, see 1-Bromobutane 
Jcc-Butyl bromide, see 2-Bromobutane 
/cr-Butyl bromide, from isobutene, 317 
”, hydrolysis of, 800 
2-#cr-Butylbutadiene, preparation of, 678 
Butylcellulose, preparation of, 753 
Butyl chloride, from cracking gas, 302 

- -, reaction with magnesium, 823 
»i-Butyl chloride, butadiene from, 678 
—, chlorination of, 678 

hydrolysis of, 797 
—, sec also 1-Chlorobutane 
.n’c-Butyl chloride, see 2-Chlorobutane 
/rr-Butyl chloride, chlorination of, 752 
—. dechlorination of, 806 
—, from/er-butylethyl ether, 414 
—, from isobutyl chloride, 752 
trr-Butyl chloride, hydrolysis of, 112. 798, 79v 
reaction with phenol, 418, 818 
see also 2-Chioro-2 mcthylpropane 
Butyl chlorosulphites. preparatior of, 413 
Butylcresol, as extraction agent for isopropyl al¬ 
cohol, 360 

o-frr-Butyl-m-cresol. prenaratiun of, 412, 416 
Butylcyclopentane, pyrolysis of, 91 
Butylcyclopentyl carbinol, preparation of, 765 
/rr-Butylcymene, preparation of, 416 
Butyl ether, peroxides from, 336 
/rr-Butylcthylene, polymerization of, 643, 645 
—, lireparation of, 87, 411, 645 
—, tetramethylcthylene from. 87 
^rr-Butylethyl ether, reaction with hydrogen 
chloride. 414 
--.preparation of, 753 
Butyl formate, as insecticide. 408. 409 
/rr-Butyl hyjMichlorite, absorbent for ethylene, 627 
, preparation, 518 

- . reaction with olefins, 518 

Butyl iodide, reaction with mercurous fiuoride. 
753 

/rr-Butyl isocyanide, effect on propene-hydrogen 
bromide reaction, 316 
Butyl lactate, hydrogenation of. 546 
—. propene glycol from. 546 
.vrr-Butyl lactate, preparation of, 405, 409 
Butyl mercaptan, as stabilizing agent, 730 
—.estimation of sulphur, 1156, 1157 
/rr-Butyl mercaptan, from isobutene. 463 
/rr-Butylmethyl carbinol, see 3.3-Diniethyl 2-bu- 
tanol , . . 

frr-Butylniethylethylene. tnmethylethylethylene 
from. 87 

Butyl oxalate, as antiknock. 1017 
Butyl oxide, as stabilizing agent. 743 
/>-jrr-Butylphenol, from .vrr-butylphenyl ether, 403 
irr-Butylphcnol, preparation of, 403, 412, 818 


^'/er*Butylphenol, preparation of, 418 
/>*^rr-Butyiphenol, preparation of, 403, 418 
/rr-Butylphenols, utilization of, 818 
Butylphenyl ethers, isomerization of, 403 
Butyl phthalate, as antiknock, 1017 
—, preparation of, 501 
N'Butylpiperidines, preparation of, 773 
Butyl propionate, from acetaldehyde, 340 
/rr-Butyl-jrr-propyl ether, preparation of, 414 
ii-Butylsulphonic acid, butyric acid from, 1067 
/er*Butylsulphuric acid, from isobutene, 308 
/er-Butyltoluene, preparation of, 411 
/>-/er-Butyltoluene, reaction with isopropyl chlo¬ 
ride, 816 

1-Butyne, preparation of, 722 
Butyraldehydc, condensation of, 889 
—, from butyl alcohol, 878, 880 
—, from crotonaldehyde, 889 

- , iso-octenyl aldehyde from, 878 
—, octyl alcohol from. 889 

—, ozonization of, 887 

Butyric acid, dipropyl ketone from. 443 

—, from n-butylsulphonic acid, 1067 

—, from carbohydrates, 443 

—, from carbon monoxide and hydrogen, 1244 

—, from cracked gasoline, 854 

—, from paraffin wax, 971 

—, solvent for ketene. 437 

Butyrolactone, as extraction agent for acetylene, 
169 

C 

Cadmium, catalyst, polymerization of olefins, 665 
—,—.pyrolysis of methane, 55 

- —, — olefins, 78 

—, —, — paraffins, 159 

—,—.reaction of acetylene and amines. 719 
—.reaction with trichloroethylene. 711 

- -, stabilizing agent for ethylene oxide. 554 
Cadmium acetate, catal>st, acetylene-acetic acid 

reaction, 717 

('admium antimonide. catalyst, dehydrogenation 
of alcohols, 419 

Cadmium arsenide, catalyst, dehydrogenation of 
alcohols, 419 

Cadmium bismuthate, catalyst, dehydrogenation of 
alcohols, 419 

Cadmium bromide, catalyst, propene-acetic acid 
reaction, 308 

Cadmium chloride, catalyst, propene-acetic acid 
reaction. 308 

—. in preparation of 2.3-dialkyldioxanes, 581 
Cadmium chromite, catalyst, dehydrogenation of 
alcohols, 420 

('admium discresyl, antioxidant for lubricants, 938 
Cadmium halides, catalysts, dehydrogenation of 
hydrocarbons, 158 

—,—, fluorination of dichloroethane, 747 
—,—.hydration of acetylene, 712 
—, •—, reaction of olefins and carbon monoxiilc, 
625, 626 

Cadmium oxide, catalyst, ethanol-steam reaction, 
422 

- ,—.decarboxylation of phthalic anhydride. 951 
—.--.hydration of ethylene. 291 

, —, oxidation of acenaphthene, 946 
—. — aromatics. 942 

—.— naphthalene, 946 
--.effect on ignition temperatures. lUOO 
Cadmium phosphate, catalyst, hvdration of ethyl¬ 
ene, 287, 288, 290 

- , —, hydration of propene. 293 

- . —. polymerization of olefins, 634 

—. reaction of ethers and alkyl halides, 345 

- ,—. — propene and acetic acid. 308 
Cadmium phosphide, catalyst, dehydrogenation of 

secondary alcohols. 419 

Cadmium salts, catalysts, hydration of vinylacet- 
ylene, 705 

—. —, polymerization of olefiiiN. 929 

- —.reaction of acetylene and phenol, 715 
.—— ethvlacetylene and acetic acid. 718 

Cadmium seienide, catalyst, dehydrogenation of 
alcohols. 419 
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Cadmium sulphate, cataly&t, propene-acetic acid re¬ 
action, 308 

—, —, hydration of ethylene, 283 
—, reaction with triethanolamine, 571 
Cadmium sulphide, catalyst, pyrolysis of mercap- 
tans, 472, 479 

Cadmium telluride, catalyst, dehydrogenation of 
alcohols, 419 

Caesium carbonate, catalyst, condensation of al¬ 
cohols, 340 

Caffeine, extraction with dichloroethane. 745 
—, stabilizing agent for tetrachloroethane, 743 
Calcium, catalyst, ethers from acetals, 715 
—, —, oxidation of paraffins, 874 
—, desulphurizing agent, 489 
Calcium acetylide, preparation of, 722 
—, reaction with diethyl sulphate, 722 
Calcium alkylsulphonates, surface tension of, 
1066, 1067 

Calcium antimonide, catalyst, dehydrogenation of 
alcohols, 419 

Calcium arsenide, catalyst, dehydrogenation of al¬ 
cohols, 419 

Calcium bismuthate, catalyst, dehydrogenation of 
alcohols, 419 

Calcium bisulphide, reaction with vinyl sulphone, 
618 

Calcium borate, catalyst, ethanol-steam reaction, 
422 

Calcium boro-phosphate, catalyst, hydration of bu¬ 
tenes, 294 

—, —, — ethylene, 285 
—,—, — propene, 292 

Calcium bromide, reaction with diethanolamine, 
572 

—, — triethanolamine, 572 
Calcium butyrate, prefiaration of. 443 
Calcium carbide, reaction with deuterium oxide, 
743 

Calcium carbonate, catalyst, acetone from ethyl 
alcohol, 423 

—,—.chlorination of trimethylethylene, 513 
—, —, cracking of wax acids. 979 
—, —, ethanol-steam reaction, 422 
—t—.hydration of ethylene, 291 
—, —, oxidation of ethyl alcohol, 423 
—, —, polymerization of ethylene oxide. 502 
—,—.pyrolysis of methane. 218, 227 
—, reaction with ethylene dichloride, 533 
Calcium caseinate, in insecticides. 1112 
Calcium chloride, catalyst, acctylenehydrugen 
chloride reaction, 716 

—, —, chlorination of propene dkhloride, 507 
—,—.dechlorination ot propyl chloride, 800 
—,—, propene-hydrogen chloride reaction. 306 
—, dehydration agent for jec-butyl alcohol. 404 
—, — isopropyl alcohol, 364 
—, demulsifying agent, 1105 
—.extraction agent for amylcne, 173 
—, — niperylene, 173 
—, in fermentation of sucrose, 547 
—, in gas analysis, 1123 
—, in purification of napthenic acids. 1100 
—.promoter, reduction of carbon monoxide, 122V 
—, reaction with isopropyl alcohol, 370 
—, — methane. 1102 
—, — triethanolamine. 572 
—.removal of acetylene with, 170 
—.stabilizing agent for asphalt emulsions, 1215. 
1218 

Calcium compounds, catalysts, acetylene-steam re¬ 
action, 714 

Calcium dihydrogen phosphate, catalyst, oxidation 
of ethylene, 894 

Calcium fluoride, reaction with carbon tetrachlo¬ 
ride, 736, 737 

—, — chloroform and silver fluoride. 737 
Calcium halides, catalysts, hydration of acety¬ 
lene, 712 

Calcium hydride, catalyst, in cracking. 115 
Calcium hydroxide, catalyst, acetone from acetic 
acid, 423 

—, —, chlorination of propene dichloride. 507 
—, —, decarboxylation of phthalic anhydride, 950 
—» hydrolysis of methyl chloride, 796 
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Calcium hydroxide, dehydration agent for isopropyl 
alcohol, 365 

—, extraction agent for naphthenic acids, 1107 
—, — wax acids, 976 

Calcium hypochlorite, reaction with diethyl ke¬ 
tone, 453 

—, separation of acids with, 968 
Calcium iodide, reaction with triethanolamine. 572 
Calcium monophosphate, catalyst, reaction of ole¬ 
fins and carbon monoxide, 626 
Calcium naphthenate, antioxidant for lubricants, 
937 

—.catalyst, oxidation of paraffin wax, 971 
—. —, — petroleum, 963, 972 
—. in inks, 1117 

Calcium nitrate, solubility in isopropyl alcohol, 
370, 375 

Calcium oxide, catalyst, acetone from acetic acid, 
423 

—, —, chlorination of propene dichloride, 507 
—, —. condensation of acetone. 429 
—. —, decarboxylation of phthalic anhydride, 950, 
951 

—. —, dipropyl ketone from n-butyl alcohol. 443 
—. —, ethylene oxide from ethyl hypochlorite, 551 
—.—, in cracking, 128, 137 
—, —, oxidation of ethyl alcohol, 423 
—. —, polymerization of ethylene oxide. 562 
—. —, pyrolysis of oxygenated hydrocarbons. 340 
—.wax acid-pentaerythritol reaction, 1055 
—. dehydration agent for isopropyl alcohol, 364 
—.extraction agent for naphthenic acids, 1105 
-—. in preparation of morpholine, 583 
—. promoter, dechlorination of butyl chloride, 806 
—, in cracking, 112 
—. —. methane-steam reaction, 272 
~.—.reduction of carbon monoxide, 1240 
—. reaction with butene oxide. 590 
—. — trichloroacetaldehyde and deuterium oxide. 
729 

—, refining agent for gasoline. 669 
—. solubility in isopropvl alcohol. 375 
C'alcium phosphate, catalyst, dechlorination of pro¬ 
pyl chloride, 805 
-, —, ethanol-steam reaction. 422 
—. —, hydration of ethylene. 287 
-. —. - - propene. 292 

Calcium phosphides, catalysts, dehydrogenation of 
alcohols, 419 

Calcium rosinate, stabilization of asphalt emul¬ 
sions. 1217 

(alcium selenide, catalyst, dehydrogenation of 
alcohols. 419 

('alcium silicate, catalyst, ethanol steam reaction, 
422 

-. —, oxidation of ethanol. 423 
Calcium soaps. catalyst.s, oxidation of paraffin 
wax, 972 
—. in grease. 1079 
—. in lubricants. 1079 

Calcium snerate. antio\i<lant for gasoline. 917 
Calcium .sulphate. catal\st. ethylene-sulphuric acid 
reaction. 323 

—.--.hydration of propene. 292 
-. . sulphafion of prruiene. 15,8 

Calcium stdphide, reaction with ethylene dieldo 
rule. 499 

('.'ilcium sulphocyanide. c.'italyst. esterification of 
cellulose. 588 

Calcium snlphonates. as emulsifying agent'-, 1074 
—.extraction of. 1065 
—.in insecticides, 1077. 1078 
Calcium telluride, catalyst, dehydrogenation of al¬ 
cohols, 419 

Camphor, antioxidant for gasoline, 918 
—.as antiknock, 1017 
—, from horneol. 444 
—. in motor fuel, 1039 
—. in polyprene, 681 
—. preparation of. 688 
- -.reaction with nitric acid, 851, 852 
Camphoric acid, antioxidant for gasoline. 9IH 
Camphorone, antioxidant for gasoline. 91H 
Candle wax, preparation of, 543 
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Candles, Kogasin in, 1255 

—, paraffin wax in, 1255 

Caproic acid, formation of, 904 

Capryl alcohol, see 2'Octanol 

Carbazole, alkylation of, 595 

Carbencs, action of carbon tetrachloride on, 1196 

—, by polymerization of acetylene, 704 

—. by j)y roly sis of naphthenes, 196 

—, definition of, 1193 

—.estimation of, 1193 

—, from lubricatin(( oil, 855, 932 

—, in asphalts, 1193 

—.reaction with sulphuric acid, 1193 

Carbides, catalysts, oxidation of paraffin wax, 971 

Carbitol, in brake fluid mixtures, 578 

Carboids, by hydrogenation of shale tar, 1194 

—, by oxidation of asphaltenes, 1203 

—.estimation of, 1193 

—.reaction with sulphuric acid, 1193, 1194 
Carbon, adsorption ot alcohols, 1075 
—, ■— butadiene, 174 
—, — ethylene, 324 
—, — naphthenes, 1149, 1150 
—, — olefins, 328 

— paraffins, 1149, 1150 
—, — saponifiable acids, 732 
—, — saponifiable oils, 732 
Carbon, by cracking kerosene, 137 
—, — sapropelites, 143 
—, — n-tetradecane, 1297 

■—, by electrical decomposition of methane. 253 

—, by pyrolysis of benzene, 191 

—, — n-butane, 64 

—,—ethane, 56, 151 

- — n-hexane, 71 

—, — isobutene, 85 

—, — methane, 54, 218-220 

—, — natural gas. 220, 228 

—.—paraffins, 159, 188 

—, ■— 2-pentene, 87 

—, — propane, 61 

—, carnon tetrachloride from, 730 

—, catalyst, acetic acid from ethyl chloride. 83(J 

—,—.acetylene-hydrogen chloride reaction, 716 

—, —, carboxylic acids from olefins, 446 

—, —, chlorination of methane, 726 

—, —, chlorination of toluene, 793 

—,—.condensation of carbon tetrachloride, 731 

—, —, dechlorination of letrachloroethane, 805 

—,—.ethanol-steam reaction, 422 

—,—.for fluorination, 735, 736 

—.—.in cracking. 111, 137 

—. —. ketenc-hydrogen chloride reaction, 439 

—, —, methane-steam reaction, 278 

—, —, oxidation of ethylene, 894 

■—, —, oxidation of petroleum, 964 

—, —. polymerization of olefins, 636 

—, —, pyrolysis of acetylene, 89 

——,—benzene, 192 

—,—, — hydrocarbons, 158 

—,—, — olefins, 158 

—,—,—^propane, 189 

—. coagulation, by sulphonic acids, 1081 

—.desulphurizing agent. 1043 

—, eflFect on pyrolysis of 2-butene, 172 

—, from petroleum coke, 231 

—, in lubricants, 930, 931 

—, in purification of phthalic anhydride, 961 

—, methane from, 1278 

—, promoter, oxidation of toluene, 950 

—, —, reaction of benzene and chlorine. 778 

—,—.reduction of carbon monoxide, 1228 

—, reaction with hydrogen, 168, 1278 

—, — methane, 168 

—, — sulphur dichloride, 730 

Carbonating muds, as emulsifying agents, 1217 

Carbon black, absorption of oil, 246 

_, adsorptive power, determination, 249, 252 

—. effect on rubber on, 252 
—, ash in, 251 
—, color index of, 248 
—. color intensity, 246 

_, —, effect of compression. 246 

_’ —, effect of vibration, 246 

—.color measurement of, 252 


Carbon black, combustion of, 245 
—.dispersion of, 248, 1117 
—, effect of channel height on, 239 
—, — flame structure on, 239 
—, effect on curing of rubber, 249 
—, electrostatic precipitation of, 222 
—.extraction with acetone, 251 
—.extraction with benzene, 251 
—, from acetylene, 223, 235, 242 
—, from butane, 219, 237 
—.from carbon monoxide, 229 
—, from ethane, 240 

—, from gaseous hydrocarbons, 224, 235, 237 
—, from gilsonite, 244 
—, from methane, 219, 236, 240, 255 
—, from natural gas. 23, 220, 222, 236 
—, frem olefins, 237 
—, from petroleum oils, 226, 255 
—, from propane, 219, 237, 240 
—, from resin, 244 
—, from still residues, 244 
-—, ignition temperature of, 245 
—, in clarifying wine, 232 
—, in nitrocellulose lacquer, 247 
—-, in printing ink, 250 
—, in rubber, 240. 245, 246, 249, 250 
—, oil-absorption index, 248 
—, particle size. 249 
—. utilization of, 249, 250, 251 
—, wetting of, 246 
—. X-ray diffraction patterns, 245 
Carbon dioxide, carbon monoxide from, 1247 
. deasphalting agent, 45 

—. effect on absorptive power of carbon black, 
249 

~ acetylene polymerization, 267 
—. — combustion, 1004 
-. — decomposition of ethylene oxide, 554 
. — gasoline, 924 
—. — ignition temperature, 998 
- — inflammability limits, 983, 984, 985 

—,— Kogasin synthesis, 1235, 1241, 1242 
—. — methane oxidation, 264 

^ osmotic resistance of erythrocytes, 1261 
-. — stability of methyl nitrate, 1093 
stimation in ethylene, 1259, 1260 
-, — natural gas, 1123 
—.ethylene from, 1241 

—. extr.action of ethvlenediamine w ith, 497 
—-. from benzene. 273 
—, from carbon monoxide, 277, 278 
—. from carbon tetrachloride, 731 
—, from cyclohexane. 273 
—, from cyclohexenc. 273 
—, from ethyl acetate, 421 
—, from ethyl alcohol, 348. 351. 353 
—, from ethylene, 551, 552, 897 
—, from hexane. 273 
—, from hydrocarbon oils. 131 
—. from hydrocarbons, 269 
—, from isopropyl alcohol, 371 
—, from methane and steam. 270-273 
—, from 2-methyl-propene. 622 
—, from natural gas. 22, 1121 
—. from phenylacetylene, 9ff4 
—•, from m-xylene. 273 
in crude oil, 10 
—, in fumigants, 556 

methane from, 1241. 1242 
—, pressure-volume-tcmpcrature relations. 1321, 
1322 

—. reaction with benzene. 260 
—coke, 1247 
—, — ethylene bromohydrin, 532 
—ethylene chlorohydrin, 532 
—, — ethylene dibromide. 532 
—,—ethylene dichloride, 532 
—. — dihydronaphthalene, 958 
—.— hydrogen, 661 

—methane, 273-275, 870, 1246 
—, — natural gas, 278 

— phthalic anhydride, 950 
reduction of, 1247 
—, removal with ethanolamincs, 574 
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Carbon disulphide, carbon tetrachloride from, 730 
—, catalyst, in cracking, 112 
—, —, reaction of ethylene dichloride and sodium 
tx)lysulphide, 499 
—, combustion of, 1003, 1004 
—, effect on Kogasin synthesis, 1236 
—, from acetylene, 467, 720 
—, from carbon tetrachloride, 469 
—•, from mineral oil, 468 
—, ignition temperature of. 987 
—, inflammability limits of. 980 
—, inhibitor, deposition of carlwn, 192 
—, oxidation of, 851 
—.peptizing agent for asphalts. 1196 
-—. promoter, reaction of propyl lienzenc and pro- 
pionyl chloride, 447 
—. reaction with chlorine. 730 

- —hydrogen fluoride and chlorine, 737 
—, — nitroparafhns, 1096 

—.solvent, asphalt components, 1190, 1193, 1200 
Carbonic acid, reaction with hydroxyalkylamines. 
569 

(’arbonit earth, use in refining lignite spirits. 928 
Carbon monoxide, acids from, 1223, 1244. 1245 
—.alcohols from. 1049, 1223. 1244. 1251. 1252 
—,—.free energy change. 1303-1305 
—.aldehydes from, 1223, 1244 
—.aromatics from, 1243 
—, carbon black from, 229 

- catalyst, polymerization of olchns, 63(> 

—, combustion of, 1010 

--.Diesel fuel from, 1250 
—. effect on chlorination of olehfis. 493 
-.--decomposition of acetaldehyde, 884 
—,—decomposition of ethylene oxide. 554 
—, esters from, 1223 
--.estimation in ethylene. 1259. 1260 

- -.estimation in gaseous hydrocarf)ons, 1124, 1127, 

1128, 1133 

--.free energy of formation, temperature effect. 
1304 

—.from butane, 275 
-. from carbon dioxide. 274, 1247 
. from coal. 1246 
-.from coke, 1247 
. from coke-oven gas. 1246-1248 
. from ethyl alcohol. 347-349. 352, 353 

- . from ethylene, 622 

-. from ethylene oxide. 554 
. from generator gas, 1246 
-. from hydrocarbons. 269 
—. from kerosencT 272 
. from ketene. 437 

. from methane, 224. 226. 270 274. 1246 
-. from methyl ethyl ketone. 449. 450 

- . from petroleum, 17 

-—. from petroleum ga.ses, 21. 1048 
—from propane, 275 
—. from still gases and steam. 229 

- , from water, 256 

- -. from water gas, 1246 
—, Ciasol from, 1250 

-. ga.soline from. 1229. 1231. 1235. 1243. 1245. 
1247. 1250-1252 
. ignition, 1001 

- .—.effect of nitrogen on. 1001. lOOi 

. ignition temperature of. 987. 988. 997 
. inflammability limits «)f. 985 
.ketones from, 1223, 1244 
. Kogasin from. 1223 
“.lamp oil from. 1250 
--.olefins from. 1223, 1235. 1241-1243 
-, oxidation of, effect of temperattire on, 850 
--.paraffins from. 1223. 1226, 1235, 1236. 1240 
1243, 1245, 1250 
—• 7*pyronc from. 1244 
--.reaction with alcohols. 407. 1041. lo5o 
--.--aromatics, 949, 957, 1099 
. -hydrogen, 660, 661 

“—.effect of catal>.stH. 1228-1210 
-.--.mechanism, 1224, 1225 
.-—, thermcxlynamics of. 12’ ' 1227 
-— methyl chloride, 727 
-. — olefins, 446. 625, 626. 893 
—, — paraffins, 1099 
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Carbon monoxide, reactiem with phthalic anhydride, 
950 

—•, — sodium phenolate, 957 

steam. 269, 270, 277, 446, 871 
—, reduction of, fret energy change. 1303-1305 
—, removal with cuprous formate solutions, 234 
■—, — cuprous lactate solutions, 234 
-Synthin from, 1223 
—, Synthol from, 1223 

- , teriKrnes from. 1244 
—.use in cracking, 115 

--.--oxidation of ga.seous hydrocarbons, 851, 
893 

— pyrolysis of hytlrocarbons, 156 
Carbon remover, preparation of, 486 

Carlton silicide, use in pyrolysis of methane, 892 
Carbon tetrachloride, action on carbenes, 1196 
adsorption by carbon, 252 
—, as heat transfer medium, 510, 949 
—. as parasiticide, 733 
—, as solvent, 307, 505, 742 
, Carlton dioxide from. 731 
—.catalyst, in cracking. 114 
—. ■—-, oxidation of ethylene. 894 
—.—. itolymerization of unsaturates, 214 
.chloral from, 731 

. chloro-fluoromethanes from, 736, 737 

- -, crystalline forms of, 730 
-.decarbonizing with. 731 

. decomposition of. 730 
—. dehydration agent for alcohols. 467 

- -.dewaxing agent for oils. 731 

—, dichlorodifluoromethane from. 733, 734 
—-, effect on tiecom posit ion of acetone. 450 

- , — esterification of isopropyl alcohol, 37(» 
.--inflammability limits, 985. 986 

-. - pcntene-1-hydrogen bromide, reaction. 317 

-. electrolysis of, 807 
.estimation of. 729. 731 
-.extraction agent for asphaltene**. 1190 
.-—naphthenic acids. 1108 
-. — • polymerized hydrocarbons, 397 
. -trinitrotoluene. 496 
-.from carbon disulphide, 730 
-. from chlorinated coal. 730 

- , from chloromethane, 727 
-—. from methane, 726 

—from monofluorotrichloromethane. 737 
. from sulphur dichloride and carbon. 730 
, hexachloroethane from. 731 
-. inflammability limits of. 980 
phosgene from. 732. 733 
. |>hthalyl chloride from. 731. 732 
• precipitant for carbenes. 1193 
-. t»ro|>erties of. 730 

-. reaction with antimony trifluoride. 733. 734. 
736 

- -. — calcium fluoride. 736. 737 

- . - - ethers. 345 

- -. —- formaldehyde. 731 

. - - petrolatum. 732 
-.--phthalic anhydride. 731. 732 

- - sulphur. 469 

-. refining agent for oils. 731 
. lesin tror-, 217. 732 
staliilizatiou of. 733 
-. tetrachloroethanc from. 731 
-.toxicity of, 733 
. trichlorofluoromcthane from. 734 
.uses of, 545. 731, 732. 733. 746. 796 
(’arbonyl compounds, from polyhydric alcolioLs, 
548 

Carbonyl fluoride from fluoroform, 737 
Carbonyls, as antioxidants for gasoline. 914 
-, catalysts, oxidation of paraffin wax, 971 
('arlioxidc, definition of. 5.56 
Carboxylic acids, as extraction agents, 1066 
-.catalyst, esterification of olefins, 314. 315 
.extraction with ethers. 418 
from aldehydes. 885 
-. from crude oil, 10 
—, from kerosene, 860 
-, from ketones, 4,12, 450 

- from naphthenes. 10 

—. from nitrolic acids. 1094 
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( arlK)xyfic acids, from olefins, 446 
—, from paraffin wax, 856 
—, from sapropels, 975 
—, reaction with vinylacetylene, 706 
—, as antioxidant for gasoline, 914 
/9-o-Carboxyphenyl'propionic acid, preparation of, 
905 

Carburol process, for cracking, 130 
Carbyl sulphate, acetic acid from, 1081 
from ethylene, 321, 1081, 1082 
—, isethionic acid from, 1081 
Carnauba wax, in polishing compositions. 1079 
('aro’s acid, hydroxylation of olefins, 532 
Casein, in asphalt emulsion, 1219 
—, in coating compounds, 1079 
—, in insecticides, 1077 
—, in synthetic plastics, 890 
—, reaction with olefin oxides, 561, 562 
Castor oil, as solvent, 1113 
—, effect on ignition temperature, 998 
“, extraction agent for resins, 1188 
—, in brake fluid mixtures, 539, 54'*, 546 
—, in insecticides, 1077 
—, oxidized, in demulsifying agents. 1075 
—.reaction with naphthenic acids, 1113 
—, — resins, 217 

—, solubility in di-n*propyl ketone, 443 
—, •—mineral oil, 759 

—, sulphonated, in emulsifying agents. 1074 
Catalysis, mechanism of, 633, 634 
Catalysts, effect, on free energy change. 1296 
('atechol, antioxidant for gasoline, 913, 917 
—. effect on color stability, 926 
('athode rays, action on gaseous hydrocarbons. 267 
('elite earth, catalyst, oxidation of tohiene, 949 
Celluloid, solvent for, 896 
Cellulose, acetylation of. 496 
—, etherification of, 559 
—. petroleum from. 19 
—. reaction with chlorohydrins, 559 
— ethylene oxide, 558, 559 
--.- 'Olenns. 629 

Cellulose acetate, plasticizer for. 498 

. solvents for, 415, 434. 443. 453, 582 
Cellulose esters, in paints. 1115 

-.plasticizers for. 582, 1120 
—. reaction with butene oxide. 589 
('ellulo.se ethers, plasticizers for. 1120 

('ellulose films, preparation of, 728 
Cellulose hydroxypropyl phthalate, preparation of. 
588 

Cellulose phthalate, reaction with propeiie oxide, 

588 

Cellulosic materials, oils from, 21 
Cements, formaldehyde in, 890, 891 
Ceramics, preparation of, 1057 
Ceresin, acids from, 975 
—, composition of, 16, 39 
--.cracking of. 195 
—. definition of. 1245 
—.extraction agents for, 1245 
—, from crude oils, 13 
—, in dielectrics, 1255 
—, oxidation of, 975 
—, properties of, 39 
—, sulphonation of, 39 
—, voltolization of, 262 

Ceria, catalyst, esterification of alcohols, 338 
—,—.pyrolysis of ethylbenzene, 159 
('eric ions, catalysts, nitration of toluene, 954 
('erium, catalyst, chlorination of benzene, 778 
—, —, oxidation of ethylene, 553 
—. promoter, oxidation of methyl alcohol, 878, 
879 

—,—.reduction of carbon monoxide, 1229, 1232, 
1236, 1240 

Cerium acetylacetonates, catalysts, phenylcyclopen- 
tane autoxidation, 907 

Cerium chloride, promoter, chlorination of meth¬ 
ane, 726 

Cerium nitrate, catalyst, methane-steam reaction, 
278 


Cerium oxide, catalyst, hydration of acetylene, 
714 

—, —, ketones from acids, 446 
—, —, oxidation of aromatics, 942 
—■,—, — hydrocarbons, 850, 851, 871 
—, —, reaction of methane and steam. 279 
—,—, — nitric oxide and paraffins, 1091 
—, promoter, dehydrogenation of isopropyl alco¬ 
hol, 420 

—, —, ethanol-steam reaction, 422 
Cerium phosphate, catalyst, dehydration of 1.3- 
butene glycol, 174 

—, —, reaction of ethers and alkylhalides, 345 
Cerium sulphate, catalyst, oxidation of anthra¬ 
cene, 954 

—, —, — hydrocarbons. 854 
Cetane number, definition of. 1034 
Cetene, reference standard, in Diesel fuel, 1033. 
1034 

Cetene number, definition of, 1034 
Cetyl acetate, from cetyl alcohol, 438 
Cetyl alcohol, acetylation of, 438 
—, reaction with olefin oxides, 587, 588 
Cetyl halides, glycol ethers from, 543 
Chain reactions, in pyrolysis of hydrocarbons, 189 
Chamotte, effect on pyrolysis of hydrocarbons, 189 
Chancel degrees, definition of, 245 
Channel process, for carbon black, 237 
Characterization factor, critical temperature from, 
1313 

—, definition of. 1307 
—.determination from aniline point, 1309 
—-, — hydrogen content. 1309 
—.molal average boiling point. 1307. 1309. 
1310 

—. — specific gravity, 1307, 1309. 1310 
—. — viscosity index, 1309, 1310 
--.heat of vaporization from. 1327 
--.molecular weight from, 1311 
-, of aromatics, 1307 
—, of cracked gasoline, 1308 
—. of crudes, 1308 
—, of paraffins, 1307 
—.of residuums, 1308 

■—, pseudocritical pressure from. 1318, 1319 
—pseudocritical temperature from, 1318, 1319 
—.specific heat from. 1323. 1325 
('harcoal, adsorption of gaseous hydrocarbons, 164, 
1139 

—.adsorption of helium, 1125, 1126 
adsorption of hydrogen sulphide. 461 
—, adsorption of liquid hydrocarbons, 23 
—.adsorption of mazout, 1188 
—.adsorption of resins, 1188 
—. catalyst, chlorination of toluene. 793 
—, —, dehydrogenation of thiophane, 484 
—, —, isomerization of propene oxide, 586 
—, —, oxidation of petroleum, 966 
—, —, — sodium sulphide, 465 
—, —, polymerization of diolefins. 667 
—, —, — olefins, 666 

—■,—.reaction of methane and ammonia, 281 
—,—, — methane and carbon oxides, 1049 
—’, desorption of olefins from, 164 
—, in refining isopropyl alcohol, 365 
Charging stock, effect on cracking, 107. 108 
China wood oil, cracking of. 136 
Chloral, from carbon tetrachloride, 731 
Oiloral deuterate, deuterio-chloroform from, 729 
—, reaction with sodium deutroxide. 729 
Chlorene, from acetylene, 89, 703 
Chlorex, composition of, 43 
Chlorcx process, refining of oils, 43. 529, 530 
Chloric acid, oxidizing agent for mercaptans. 480 
/rr-Chlorides, hydrolysis of, 413 
Chlorinated biphenyls, from monochlorobenzene, 
780, 781 

Chlorinated hydrocarbons, effect of zinc on, 782 
Chlorinated Kogasin, action of aluminum chloride 
on, 1253, 1254 

—, reaction with aromatics, 1253, 1254 
Chlorinated naphtha, resins from, 217 
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Chlorinated paraffins, effect on castor oil solubility. 

759 

—, in coating compositions, 759 
—, in emulsifying agents. 822 
—.lubricating oil from, 813 
—. olefins from, 807 

Chlorinated paraffin wax, lubricants from, 758, 817 

—, reaction with benzene, 758 

Chlorinated pentane, utilization of, 755 

Chlorinated propane, resins from, 217 

Chlorinated rubber, in coating compositions, 543 

Chlorination, acetone, 430 

—, acetylene, 709 

—, benzene, 777*781 

—, butadiene, 685 

—.butane, 751, 752 

—, butenes, 172, 508 

—, ter-butyl alcohol, 627 

— n-butyl chloride, 678 

—, carbon disulphide, 730 

—, carbon tetrachloride, 734 

—, chloromethane, 727 

—, cinnamic acid, 627 

—, coal, products from, 730 

—, cyclohexane, 765-767 

—, cyclohexene, 767 

—, cyclopropane, 760, 761 

—, of deuterioacetylene, 742, 743 

—, dichlorobenzenes, 781 

—, difluoromethane, 734, 735 

—, dimethyl ether, 529 

—, 1,4-dithiocyanobutene, 698 

—, divinylacetylene, 709 

—ethane, 741 

—ethyl alcohol, 626, 627 

—, ethylene, 492 

—.ethylene dichloride, 501, 742 

—, formaldehyde, 887 

—, gasoline, 755 

—, hexane, 756 

—, isobutane, 752 

—, isobutene, 508 

—, isopentadecane, 1253 

—, isoprene, 686 

—, Kogasin, 1253 

—, Kogasin II, 815 

—, menthane, 776 

—, methane, 726-730 

—, methyl alcohol, 626 

—, monochlorobenzene, 780, 781 

—, naphthenic alpohols, 1120 

—, neopenUne, 754 

—.octane, 756 

—, paraffins, rules for, 740 

—, paraffin wax, 757 

—, pentane, 753, 754 

—, pentenes, 511, 512 

—, petroleum-coal distillate, 781 

—, petroleum distillates, 814 

—, polychlorobenzene, 780, 781 

—, polyprene, 682 

—, propane, 749, 750 

—, pyrene, 956 

—, still gases, 741 

—, tar. 756 

—, toluene, 793, 794 

—, trimethylcyclohexane, 775, 776 

—, trimethylethylene, 513 

—, of vinyl chloride, 716 

Chlorine, action on hydrogen sulphide, 460 

—, catalyst, oxidation of asphalts, 1205 

—,—.pyrolysis of paraffins, 158, 168 

Chlorine monoxide, chlorination of benzene, 781 

Chloroacetaldeh^de, from methylene chloride, 728 

Chloroacetic acid, catalyst, ethylene oxidation, 894 

—, from tetrachloroethane, 746 

—, reaction with isopropyl alcohol, 376 

—, — propene. 308 

4-ChloroacetopDenone, from chlorobenzene, 789 
^Chloroocid chlorides, reaction with alcohols, 611 

l-Chloro-2-alkoxy*2*phenylpropionic acid, from 
cinnamic acid, 627 

Chloroamine, reaction with ketene, 440 
d-CMoro-S-amino-quinoline, reaction with N-amino- 
diethylethanol, 569 


Chlorouniline, as refininpr agent, 46 
Chlorobenzene, p*aminobiphenyl from, 787 
—, aniline from, 786, 787 
—, chlorinated biphenyl from, 780, 781 
—, chlorination of, 780, 781 
—, 4-chloroacetophenone from, 789 
—, /»-chlorobcnzylbcnzoic acid from, 789 
—, dewaxing agent. 434 
—, diphenylamine from, 787 
—, diphenyl ether from, 788, 789 
—, extraction of ethyl alcohol with, 327 
—, from benzene 778, 780, 950 
—, hydrolysis of, 782-784 
—, in dyes, 782 
—, oxidation of, 944 
—, phenol from, 782-784 
—, phenylphenol from, 785 
—, reaction with acetic anhydride, 789 
—, — ammonia, 786, 787 
—, — benzoic acid, 805 
—, — phthalide, 789 
—. — potassium amide, 787, 810 
—, — sodium sulphide, 785 
—, triphenylamine from, 787 
Chlorc^enzenes, utilization of, 782 
<?-Chlorobcnzoic acid, preparation of, 452 
p-Chlorobenzylbenzoic acid, from chlorobenzene, 
789 

o-Chlorobenzylidene aminophenol. as antioxidant, 
916 

1- Chlorobutadiene, from l,4-dichloro-2-butene, 685 
—, properties of, 685 

2- Chlorobutadiene, preparation of, 680 
—, from chlorocyclohcxenc, 172 

—, see also Chloroprcne 
1-Chlorobutane, see n-Butyl chloride 
Chlorobutanes, dechlorination of, 806 
—.from butane, 752, 1101 
—, reaction with cellulose, 753 
—, utilization of, 753 

Chlorobutenes, from 2,2-dichlorobutane, 452 

1- Chloro-2-butanol, 1-butene oxide from, 589 

3- Chloro-2-butanol, ether, from 2-butene, 627 
Chlorocarbonic esters, reaction with hydroxyalkyla* 

mines, 569 

/5-Chloro-/3''Chloroisopropyl ether, preparation of, 
529 

Chlorocosane, definition of, 757 
Chlorocresols, from cblorotoluenes, 794 

2- Chlorocycloheptanol, from cycloheptcne, 521 
Chlorocyclohexane, from cyclohexcnc, 204 
—, reaction with alkali, 767 

—, — amines, 768 
—, — cycloparaffins, 767 
—, — s^ium salts, 768 
—, use in Grignard reaction, 767 
—, utilization of, 758 

Chlorocyclohexanol, preparation of, 767. 768 
2-Chlorocyclohexanol, cyclohexane-1,2-diol from, 
521 

—, from cyclohcxene, 520, 521 
Chlorocyclohexene, chlorobutadiene from, 172 
—.ethylene from, 172 
2'Chlorocyclooctanol, preparation of, 521 
Chlorocyclopentane, chlorination of, 763 
—, preparation of, 763 



520 

—, from cyclopentene, 520 

Chlorodifluoromethane, from dichlorofluoromethane. 


737 

2'Chloro-l,2*dimethylcyclohexane, preparation of, 
775 

4-Chloro-l,3-dimethylcyclohexane, preparation of, 
775 

Chlorodimethyl ether, ethylene oxide from, 551 
Chloroethanes, reaction with sulphuric acid, 829 
Chloroethers, reaction with cyclohexadiene, 693, 
694 

—, — olefins, 613 
—, — vinylacetylene, 707 

i9'Chloroethyl acetate, ethylene oxide from, 550 
Chloroethylamines, preparation of, 570 
a-Chlorocthylbenzene, from styrene, 311 
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/f-ChlorocthyljS'chloroisopropyl ether, preparation 
of. 529 

^-Chlorocthyl chlorosulphinate, preparation of, 525 
Chloroethyl methyl ketone, formation of, 611 
—.lactic acid from, 451 
2-Chloro-2-cthylpropanc, preparation of, 513 
jS-Chloroethyl sulphite, preparation of, 525 
Chlorofluoromethanes. from carbon tetrachloride, 
736, 737 

—, utilization of, 737-739 
Chloroform, as dielectric, 728 
—, as extraction agent, 728, 729, 1188, 1190, 

1245 

—, as solvent, 728 
—.catalyst, in cracking, 114 
—, chloropicrin from, 729 
—, difluoromonochloromethane from, 737 
—, estimation of, 729 
—, from acetone, 430 
—, from carbon tetrachloride, 807 
—, from chloromcthane, 727 
—, in anesthetics, 728 
—, in cleaning agents, 545 
—, methyl cMIoride from, 729 
—, monofluorodichlororaethane from, 737 
—, nitration of, 729 
—, physiological effects, 1261, 1262 
—reaction with calcium fluoride and silver 
fluoride, 737 

—, — p-dichlorobenzene, 729 
—, — dichloroethylcne, 811 
—,—ethers, 345, 729 
—.structure of, 728, 729 

—, tri-(2,5-dichlorophenyl) methane from, 729 
—, use in alcohol distillation, 327 
2-Chlorohcxolactonc, from hcx-3-enoic acid, 627 
Chlorohydrin, from cycloheptene, 521 
—.from glycerol, 516 
Chlorohydrins, from olefinic acids, 627 
—, olefln oxides from, 550 
Chlorohydroquinone, as antioxidant. 916 
Chloroisoamylenc, reaction with hypochlorous acid, 

Chloroisobutene, reaction with hypochlorous acid, 
522 

Chloroisoprene, preparation of, 721 
Chloroketones, preparation of, 612, 613 
Chloromcthane, see Methyl chloride 
lChloro-2-mcthoxy-2phcnylpropionic acid, from 
cinnamic acid, 627 . . .. i 

Chloromethyl acetate, reaction with ethylene, 613 
3.Chloro-2-mcthylallyl alcohol, preparation of, 797, 
798 

2-Chloro-2 mcthylbutane, see f^r-Amyl chloride 
2-Chloro l-mcthylcyclohcxanol, preparation of, 521 
2-Chloro-l-mcthylcyclopcntanol, preparation of, 521 
o-Chloromethyl ether, reaction with olefins, 613 

2 - Chloro- 2 -methylpropanc, see f^r-Butyl chloride 
l.Chloro-2-mcthyl-l-propene, preparation of, 509 
l-Chloro-2-mcthyl-2-propcnc, preparation of, 509 
Chloronaphthalcnes, as solvents, 727 
l.Chloro-4-naphthalencsulphonic acid, dehydration 

agent for di-f^r-butylcarbinol, 401 
l Chloro-2-pcntanol, l-pentenc oxide from, 589 

3- Chloro-2-pcntcnc, preparation of, 511, 513 
/i-Chlorophenol, from p-dichlorobenzcnc, 783, 784 
—, phend from, 784 

Chlorophyll porphyrins, in petroleum, 12, 17 

Chloropicrin, from chloroform, 729 

—.from nitromethane, 1096 

Chloroprenc, co-polymerization of, 681, 682 

—. formation of, 706 

—, in synthetic rubber, 706 

—, properties of, 681 

Chloroprene, see also 2-Chlorobutadiene 

Chloropropanes, chlorination of, 750 

1- Chloro-l-propcne, from propene dichloride, 508 
Chloropropionic acid, lactic acid from, 451 

—, preparation of, 451 

2- Chloropropionyl chloride, preparation of, 609 
Chlorostyrene, from methyl (chlorophenyl) chloro- 

methane, 828 
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Chlorosulphonic acid, in wetting agents, 417, 1076 

—.reaction with asphaltenes, 1191 

—, — ceresins, 39 

—, — lauryl diethylene glycol, 545 

—, — naphthenic acids and aromatics, 1118 

—, — olefins, 609 

—, — paraffins, 32, 1102 

Chloro-n-tetradecane, reaction with xylene, 1254 

Chlorotoluene, bromination of, 795 

—, from toluene, 793 

—, hydrolysis of, 794 

N-Chlorourea, reaction with cycloheptene, 521 
— ethylene, 515, 516 

Chromates, estimation with isopropyl alcohol, 375 
Chrome alum, catalyst, ether from ethyl alcohol, 
331 

Chromel, catalyst, oxidation of paraffins, 874 
■—. —. pyrolysis of olefins, 77 
Chromic acid, effect on gum formation, 924 
—, catalyst, reaction of ethyl alcohol and carbon 
monoxide, 1041 

—, —. — methyl alcohol and carbon monoxide, 
1050 

—, reaction with crudes, 1047 
— , — isopropyl alcohol. 370 

Chromic chloride, catalyst, pyrolysis of ethyl al¬ 
cohol, 348 

Chromic ions, catalysts, nitration of toluene, 954 
Chromic oxide, catalyst, higher alcohols from 
ethanol, 339 

—, —, oxidation of butyl alcohol, 880 
—,—.pyrolysis of 2-butene, 172 
—ethyl alcohol, 351, 421 
paraffins, 54, 73, 149, 1298 
—,—.reduction of carbon monoxide, 1251, 1252 
Chromite ore, sweetening ap^ent, 479 
Chromium, catalyst, oxidation of ethane, 872 
—, —, — ethyl alcohol, 872 
—, —, — methane, 869 
—, —, — paraffin wax, 971 
—, —, polymerization of olefins, 665 
—.pyrolysis of alcohol, 348, 350 
—,—, — hydrocarbons, 160, 185, 189 
—, —, reaction of carbon disulphide and chlorine, 
730 

—, in cracking, J14 

—, inhibitor, decomposition of ethylene oxide, 554 
—, promoter, chlorination of benzene, 779 
—, —, dehydrogenation of ethyl alcohol. 878 
—, —, higher alcohols from ethanol, 340 
—, —, oxidation of methyl alcohol, 878, 879 
—, —, reduction of carbon monoxide, 1228 
Chromium alloys, in cracking, 112, 134 
—, in pyrolysis of hydrocarbons, 189 
Chromium borate, in pyrolysis of paraffins, 160 
Chromium carbonate, catalyst, oxidation of 
methane, 881 

Chrcmiium chloride, catalyst, decarboxylation of 
phthalic anhydride, 952 

Chromium compounds, catalysts, hydrogenation of 
acetylene, 171 

Chromium halides catalysts, hydration of acetylene, 
712 

Chromium hydroxide, catalyst, reaction of methane 
and steam, 278 

—, —, — sulphur and hydrocarbons, 467 
Chromium-lead ore, sweetening agent, 479 
Chromium-nickel alloy, catalyst, polymerization of 
ketene, 441 

—, in pyrolysis of hydrocarbons, 189 
Chromium oxide, catalyst, dehydration of alcohols, 
331, 420 

—,—.hydration of acetylene, 714 
—, —, oxidation of aromatics, 942, 945 
—,—, — ethyl alcohol, 423 
—, —, — hydrogen sulphide, 460 
—,—,—methane, 871, 881 
—, —, — d-a-pinene, 905 

—»—.pyrolysis of hydrocarbons, 92, 159, 189. 
227, 228 

—, —, reaction of ethyl alcohol and steam, 422 
—,—, — methane and steam, 278, 279 
—, —, — sulphur and hydrocarbons, 467 
—,—.reduction of carbon monoxide, 661, 1228 
—.effect on ignition temperature, 1000 
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Chroniium phosphate, catalyst, hydration of 
ethylene, 287 

('hromium salts, catalysts, acids from alcohols, 
lO.Sl 

—, —■, reaction of olefins and carlK)n monoxide. 
626 

Chromium-silicon alloy, catalyst, acetylene pyrol¬ 
ysis, 89 

Chromium sulpnate, catalyst, ether from ethyl 
alcohol. 331 

—, promoter, hydration of ethylene. 28,1 
Chromous salts, cataly.sts, hydrogenation of acety¬ 
lene, 719 

Chrysene, from cracking g^ts, 646 
—, from hydrindene, 95 

- from indene, 95 

—, from natural gas, 183 
-—, from petroleum coke, 145 
('innamaldehyde, cinnamyl alcohol from, ,172 
—, reaction with ketene, 439 
— nitric acid, 851, 852 

Cinnamates, catalysts, oxidation of ]iara<fin wax. 
971 

Cinnamic acid, l-chloro-2-methoxy-2-phen> Ipro 
pionic acid from, 627 
—, phenylglyceric acid from, 547, 895 
—, reaction with fer-butyl alcohol and chlorine, 
627 

—, — ethyl alcohol and chlorine, 627 
Cinnamyl alcohol, from cinnamaldehyde. 372 
Cinnamylideneaminophenol, antioxidant. 916 
Citric acid, antigelating agent. 330 
—, decolorizing agent, 958 
—, effect on paints, 576 
—, reaction with phosphorus trisulphide. 484 
Citronellal, see Citronell aldehyde 
Citronell alcohol, blending agent for motor fuel. 
1035 

from citronell aldehyde, 372 
Citronell aldehyde, citronell alcohol from. 372 
Citroncllol, see Citronell alcohol 
('lark process, for cracking, 125 
Clay, catalyst, alkylation of phenols, 603 
•—,—, chlorination of lienzene, 778 
—.—.hydrolysis of chlorobenzene, 782 
—,—, in cracking, 112, 128 

- -,—. ozonization of gasoline. 1045 

- -, —, polymerization of olefins, 636, 66() 

---,—.pyrolysis of ethyl alcohol. 155 

—. —. reaction of ethylene oxide and hydrugen 
sulphide, 564 

- . decolorizing agent, 976, 977 
—, desulphurizing agent, 1044 

- -.stabilizing agent for as|)halt emul.sions, 1219 
' , use in refining gasoline, 134, 135, 6(*9, 927, 

928 

Cleaning agents, acetic acid in, 1084 
—.alcohols in, 1084 

- .alkali salts in, 1112 

.carbon tetrachloride in. 731. 732. 74(» 

, o-dichlorolienzene in. 790 

- , ethylene dichloride in, 745 
—. ethylene glycol ethers in, 543 
—. gasoline in, 746 

- glycerol in. 1112 
hydroxyethyl ethers in. 558 

* , kerosene in. 790 

' -. mahogany sodium sulphunate in. 746 
-, methylene chloride in, 728 
, naphtha in, 746 
-.naphthenic acids in, 1112 
. oleic acid in, 746 
—. phosphoric acid in, 543 
—.potassium sulphate in, 1112 
—, red oil in, 790 
—, saponin in. 543 
—, sulpho detergents in. 1084 
—, sulphonaphthenic acids in, 1118 
—, tetrachloroethane in, 746 
—, trichloropropane in, 751 
Cloud point, definition of. 1176 
Coagulating agent, ammonium naphthenate as, 
1116 


(’oal, carbon from. 227 
—.carbon monoxide from. 1246 
—, catalyst, in cracking, 111 
—, chlorination of, 227, 730 
—.gasification of, 1246 
—, hydrogenation of, 9 
—, hydrogen from, 1246 
—, lubricating oil from, 213 
.spraying with petrolatum, 41 
('oal gas, as motor fuel, 27 
-.ethylene from, 327, 328 
—, ignition of. 1002 
Coal tar, antioxidant for gasoline, 914 
-.cracking of. 135 
—.ethylation of, 210 

Coal-tar distillates, reaction with ethylene, 593 
Coal-tar oils, reaction with ethylene, 209 
Coal-tar pitch, coking of. 230 
('oating compositions, chlorinated paraffins in, 759 
—, ethylene glycol ethers in. 543 
—.formaldehyde in. 890, 891 
—, from abietates, 543 
—, from asphalt oil. 467 
—, from casein, 1079 
—, from chlorinated ru!)l>er. 543 
—. from mahogany sulphonates. 1079 
Cobalt, catalyst, hydration of ethylene, 291 
—, oxidation of aromatics. 942 
-.—, — ethylene, 553 
-.—, — paraffin wax, 971 

polymerization of pinene. 645 
—. —, pyrolysis of olefins. 76 
—.—, — paraffins. 158, 189 
, — pinene, 88 

-. —. reaction of allyl bromide and hydrogen 
bromide. 316 

— carlxin and hydrogen. 1278 
—, — methane and steam. 270. 279 
-. - .reduction of carlnm monoxide. 1223-1225, 
1228-123). 1232. 1233. 1236. 1237. 1240, 1242. 
1244. 1249. 1250 

- .effect on pyrolysis of benzene. 191 
-, electrodeposition of. 571 
-.promoter, chloiillation of benzene, 779 

• '.—.in cracking. 114. 128. 129 
—.—.reduction of carbon dioxide. 1242 
('obalt acetate. catal>st. oxidation of acetone. 4.?2 
-. in drying agents. 1055 
-, promoter, oxidation of acetaldehyde. 885 
Cobalt acetylacetonate, catalyst, phenylcyclopentaiic 
autoxidation. 907 

('ol>alt amines, as antiknocks. 1018 
Cobalt antimonide, catalyst. <lehydrogenatioii <if 
alcohols. 419 

Cobalt ar.senide, catalyst, dehydrogenation of .d 
cohols. 419 

('olialt bismuthate. catalyst, dehydrogenation of 
alcohols. 419 

('ol>alt l>oro-t)hosph;ite, catalv.st, hydration of prt» 
pene. 292 

('obalt bromide, detection, moisture in oil, 28 
Cobalt carbonate, catalyst, methane-steam reaction. 
278 

- .oxiflation of methane. 881 

Cobalt chloride, reaction with ethanolaniine.s, 570 
- - tripropanolamine. 587 

('obalt compounds, cataly.sts, oxidation of i/-a- 
pinene, 905 

- -. —, sulphation of ethylene. 323 

('obalt cyanide, catalyst, sulph.ation of olefin^, 
358, .391 

('olialt fluoride, catalyst, reaction of i>ropene and 
hydrogen fluoride. 307 

('obalt halides, cataly.sts. pyrolysis of paraffin.s. 158 
—. —, reaction of ilichloroethane and hydrogen 
fluoride, 747 

-—,—olefins and carlMiii monoxide. 625 
('olialt hydroxide, catalyst, reaction of methane 
and steam, 278 

—, —, — sulphur and hydrocarlions, 467 
('obalt iodide, reaction with triethanolamine. 571 
( obalt naphthenate, antioxidant for lubricants. 937 
—.as drying agent, 1115 
—, in purification of naphthenic acids. P05 
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Cobalt nitrate, catalyst, methane-steam reaction, 
278 

—, in cracking, 112 

Cobalt nitrosocarbonyl, as antiknock, 1018 
Cobalt oleate, catalysts, oxidation of d-c-pinene, 
905 

Cobalt oxide, catalyst, oxidation of aromatics, 942 
—, —, — methane, 866, 881 
—. —» pyrolysis of benzene, 192 
—. —f pyrolysis of thiophene, 483 
—,—, reaction of steam and acetylene, 714 
—, —, — steam and ethanol, 422 
—. —, — steam and methane, 278 
—f —, — sulphur and hydrocarbons. 467 
—, effect on imition temperature, 1000 
—, for removal of sulphur compounds, 397 
—.promoter, in cracking, 114, 129 
('ol>alt phosphate, catalyst, hydration of ethylene. 
284 

—, —, — propene, 292 

('obalt phosphide, catalyst, dehydrogenation of 
alcohols, 419 

(!ol)aIt salts, catalysts, acids from alcohols, 1051 
—, —, sulphation of isoolehns, 308 
—,—.sulphation of propene, 358 
—, reaction with triethanolamine, 572 
Cobalt selenide, catalyst, dehydrogenation of al- 
^ cohols, 419 

Cobalt soap, catalyst, oxidation of oils, 1044 
('obalt sulphate, promoter, hydration of ethylene. 
283 

Cobalt sulphide, catalyst, hydration of acetylene. 
712 

—, —, pyrolysis of benzene. 191 
Cobalt telluride, catalyst, dehydrogenation of al¬ 
cohols, 419 

Coconut oils, sulphates from, 1084 
Coffee, decaffeination of, 710 
('oke, analysis of, 145 
—.as fuel, 231, 232 

- -. carbon from, 230-232 
—. carbon black from, 222 
-'.carbon monoxide from, 1247 
—.catalyst, in cracking. 111 

—. —. pyrolysis of acetylene, 89 

- .—, — paraffins, 71, 158 

—.—.reaction of steam and coke-oven gas, 1247. 
1248 

—. —, — steam and hydrocarbons. 272, 2/6 
—.—.reduction of carlwn dioxide, 1241 

- .—.reduction of carbon monoxide, 1241 
—, from aromatics, 109 

- . from coal tars, 135, 2.10 

- . from crudes, 140 

—, from gas oil, 102, 110 
from lubricants, 930, 931 

- . from petroleum distillates. 197 

. from petroleum residues, 229-232 

- from resins, 1189 

- . hydrocarbons in, 145 
---, hydrogen from, 1247 

- reaction with carbon dioxide, 1247 

- , — steam, 1247 

('oke-oven gas, acetylene from. 170 

- - . adsorption with copper oxide, 552 

benzene from, 165 

- butene from, 165 

-.carbon monoxide from, 1246-1248 
' -, cyclopentadicne from, 679 
—. ethylene oxide from, 552 
—. extraction with butanolamine, 590 
—. hydrogen from, 1246-1248 
—, hydrogen sulphide from, 165 
—, propene from, 165 
—, reaction with steam, 1247, 1248 
Colloidal systems, of asphalts, 1195-1198 
Color stability, effect of sulphur compounds on. 
454-456 

—, tests for. 925 

C'olor stabilizers, for gasoline, 926, 927 
('oiumbium oxide, catalyst, oxidation of aromatics. 
942 

Columbium pentachloride, catalyst, alkylation of 
aromatics, 596 


INDEX Copper 

Combustion, effect of carbon dioxide, 1004 
—, — nitr(^en, 1004 

—, estimation of hydrocarbons, 1128-1132 

- —sulphur, 1127, 1162, 1163 
—, Aame propagation in, 1005, 1006 

—, increase of pressure during, 1002-1005 

—, mechanism of, 1012-1016 

—, of acetylene, 1001, 1003, 1004 

—, of alcohols, 999, 1004, 1005 

—, of aromatics, 999, 1003-1005 

—, of carbon black, 245 

—, of carbon disulphide, 1003, 1004 

—, of carbon monoxide, 1010 

—, of fuels, mechanism, 1012, 1013 

—, of hydrogen, 1003, 1004 

~, of olefins, 1001, 1003-1005, 1010 

- of paraffins, 999, 1000, 1003-1005, 1011. 1012. 
1014, 1015 

—, of phenols, 999 
submerged, 1061 

(^ompression, use in ignition, 1000, 1001 
('oncatenation, definition of, 632 
Condensation, fractional, estimation of gaseous 
hydrocarbons, 1132, 1133 
•—, aldehydes, 886, 889 
Coniferous wood, resins from, 46 
—, terpenes from, 46 

Contact time, effect on pyrolysis of paraffins. 56. 
57, 150-152, 166, 188 

Co-polymerization, of 1-chlorobutadiene, 685 
—, of chloroprene, 681, 682 
of monovinylacetylene, 685 
(ropi^er, catalyst, acetone from acetaldehyde, 423 
—.—.chlorination of benzene. 778, 779 
—,—.cyclic ethers from dialkyl haloethers, 551 

- —, decomposition of carlx)n tetrachloride, 730 

- —.dehydrogenation of alcohols. 337. 340. 419. 
420, 443, 878. 1051 

—, —, — monoethanolamine. 568 

- ,—, esterification of alcohol. 339 

' —.ethers from acetals, 715 

-—. fluorination of benzene, 791 
—, —, halogenation of olefins, 493 
—, —, hydrogenation of acetone, 432 

- —, — acetylene. 704 

—. —, — crotonaldehyde, 889 

- —, hydrolysis of chlorobenzene, 782, 783 
—. —, — o-dichlorobenzcne, 785 

—,—.oxidation of alcohols, 548. 844. 879. 880 

- *, —, — aromatics, 942 

'—. — ethylene, 552. 553 
. ^ — hydrogen, 661 

—. —. — ketones. 450 
.--. — oils, 907. 932 
■ -, —, •— olefins, 893 

- -. —, — propene, 586 

- , —, iwlymerization of acetylene. 704 
-,—. — ketene, 441 

-—, — pinene, 645 

- —. pyrolysis of alcohol, 348. 350 
—,—, — 2butene, 172 

' “. —, • chlorocycloparaffins, 768 

—. — ethylene, 172 
—.—, — kerosene, 155 
—,—, — methane. 158, 180, 257 
—, —, — olefins, 76, 78 
—,—, — paraffins, 149, 189 
—, —. — pinene. 88 

—,—.reaction of bromocyclohexane and amines. 
772 

—, —, — chlorobenzene and ammonia. 786. 787 

—.— chlorobenzene and. phenol, 788, 789 
—. —, — o-dichlorobenzene and ammonia. 787 
—.—, — ethyl alcohol and hydrogen bromide, 345 
—, —. — ketones and alcohols, 443 
—. —, — methyl chloride and carbon monoxide. 
727 

—, —. — methylene iodide and sodium sulphite. 
819 

—, —, — phthalic anhydride and carlwn monoxide. 
950 

—. —, sulphation of polymerized hydrocarlwns, 
365 

—, —, — projiene, 358 
—, effect on color stability, 925 
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C(H>pcr, effect on oxidation of transformer oil, 938, 
939 

—, — polymerization of butadiene, 651 
—, in agin^ test for lubricants, 932 
—, in refining gasoline^ 668 

—, inhibitor, decomposition of ethylene oxide, 554 
—, —, oxidation of ether, 336, 337 
—, promoter, hydration of ethylene, 283 
—,—, in cracking, 114. 128 
—,—.methane-carbon dioxide reaction, 274 
—, —, oxidation of cracking gas, 881 
—,—.reduction of carbon dioxide, 1242, 1247 
—,—, — carl^n monoxide, 1228-1232, 1236, 1237, 
1240, 1241, 1249 

Copper acetate, promoter, oxidation of acetalde¬ 
hyde, 885 , t. , . 

Copper acetylacctonate, catalyst, phenylcyclopen- 
taiie autoxidation, 907 

Copper alloys, catalysts, dehydration of alcohols, 
419, 42U 

— in cracking, 134 

('opper aluminum silicate, catalyst, reaction ot 
phthalic anhydride and carbon monoxide, 950 
Copper borate, catalyst, pyrolysis of paraffins, 160 
Copiicr boro-phosphate, catalyst, hydration ot 
ethylene, 285 
—, —, — propene, 292 

Copper bromide, catalyst, esterification of propene, 
308 ... r 

(opper carbonate, catalyst, decarboxylation ot 
phthalic anhydride, 950 
—.oxidation of petroleum, 966 
—.promoter, reduction of carbon monoxide, 1231 
Copper chloride, catalyst, alkylation of amines, 347 
—,—.chlorination of propane, 750 
—, —, esterification of propene, 308 
—, desulphurizing agent, 488 
—, refining agent for gasoline, 928 
Copper chromate, catalyst, hydration 

acetylene, 705 i 

Copper chromite, catalyst, butanol from ethanol, 
341 

—, —, dehydrogenation of alcohols, 420 
—, —, hydrogenation of butyl lactate, 546 
Copper compounds, catalyst, ethylene-sulphuric acid 
reaction, 323 

—, effect on color sUbility, 938 , . , 

Copper cyanide, catalyst, sulphation of isobutene, 
391 

Copper dish, estimation of gum formation, 9^ 
Copper halides,^,catalysts, pyrolysis of paraffins, 
158 

_, —, reaction of dichloroethane and hydrogen 

fluoride, 747 .. 

_,—, — olefins and carbon monoxide, 625 

Copper hydroxide, catalyst, oxidation of gasoline, 
266 

—, —, — petroleum, 966 r . . 

Copper manganates, catalysts, hydration of vinyl- 
acetylene, 705 e Alt 

Copper mercaptides, formation of, 476, 477 
Copper naphthenate, as antioxidant, 937 
—, as preservatives, 1116 

—, as wetting agent, 1117 ^ aci iha 

—.catalyst, polymerization of butadiene, 651, iii6 
—, in paints, 1115 

in wood preservatives, 1115 
Copper /5-naphtholallylamine, as antiknock, 1018 
Copper oleate, cat^yst, oxidation of naphtha, 876 
—^—.polymerization of butadiene, 651 
Copper oxide, as sweetening agent, 667 
—, catalyst, acetone from ethanol, 422, 423 
alkylation of amines, 347 ... 

_._. dioxane from fl'-dichlorodiethyl ether, 579 

—’ —. dipro^l ketone from n-butanol, 443 
—,—.esterification of alcohol, 337 ^ 

ethylene oxide from ethylene chlorohydrin, 
550 

—,—.hydration of acetylene, 712 
—.—.hydrogenation of sulphur compounds, 1248, 
1249 

—. —, hydrolysis of chlorobenzene, 782 
—, —. methane-steam reaction, 278 
—. —, oxidation of alcohols, 844, 879 
—. —• — aromatics, 942 


Copper oxide, catalyst, oxidation of ethane, 872 
—,—, — hydrogen, 165, 190 
—,—, — methane, 867, 869, 871 
—, —, — olefins, 553 
—, —, polymerization of ethylene, 637 
—, —, pyrolysis of methane, 54 
—, —, — natural gas, 227 
—, desulphurizing agent, 489 
—, effect on i^ition temperature, 1000 
—promoter, in cracking, 112 
—, —, oxidation of toluene, 950 
—,—.reduction of carbon monoxide, 1231 
, refining naphthenic acids, 1109 
Copper phosphate, catalyst, alcohol-carlKiii monox¬ 
ide reaction, 339, 407 
—, —, esterification -of propene, 308 
—, —, hydration of ethylene, 284, 291 
—, ■—, — propene, 292 

Copper protocatechualethylamine, as antiknock, 
1018 

C opper salicylalallylamine, as antiknock, 1018 
(popper salicylalmethylamine, as antiknock, 1018 
Copper salts, catalysts, acids from alcohols, 1051 
—,—.ethylene oxide from ethylene chlorohydrin, 
550 

—, , for sweetening, 476-478 

—. —, hydration of vinylacetylene, 705 
—. —, polymerization of olefins, 929 
—, —, sulphation of isoolefins, 308 
—, —, sulphation of projiene, 358 
—, extraction of olefins with, 103 
—, promoters, oxidation of toluene, 950 
—, polymerization of olefins, 034 
Copper silicate, in refining gasoline, 669, 930 
Copper soap, catalyst, oxidation of oils, 1044 
Copper stearate, catalyst, oxidation of mineral oil, 
856, 938, 939 

Copper sulphate, catalyst, ether from ethyl alcohol, 
331 

—, —, esterification of propene, 308 
—, —, ethylation of amines, 347 
—, —, hydration of vinylacetylene, 705 
—, —, lubricants from chlorinated paraffin, 828 
—, —, oxidation of petroleum, 960 
—, dehydration agent, 364 
—, preparation of drying agents, 1055 
—.reaction with triethanolamine, 571 
Copper sulphide, catalyst, pyrolysis of benzene. 
191 

Copper-tin alloy, catalyst, pyrolysis of ethane, 149 
Copper-uranium, catalyst, esterification of alcohol. 
339 

Copper vanadate, catalyst, hydration of vinylacet- 
ylene, 705 

Corn, lecithin from, 728 

Corn gluten, emulsifying agent, 1218 

Corn oil, antioxidant for gasoline, 918 

—, effect on color stability, 926 

Corona discharge, action on aromatics, 260 

Corrosion inhibitor, alkalies, 477 

—, benzyl chloride, 794 

—, copper compounds, 477 

—.cyclohexene, 477 

—, tetrahydronaphthalene, 477 

—, zinc naphthenate, 1116, 1117 

Cottonseed meal, pyrolysis of, 840 

Cottonseed oil, cracking of, 136 

Cracked distillates, cyclopentadiene from, 679 

—, reaction with acetaldehyde, 625 

—, — formaldehyde, 625 

—, — a-naphthoquinone, 679 

—, refining with sulphuric acid, 1075, 1076 

—, sulphonic acids from, 1075, 1076 

Crack^ fuel, production of, 98 

Cracked gasoline, butyric acid from, 854 

—.characterization factor of, 1308 

—, composition of, 1045 

—.from Kogasin, 1252, 1253 

—f glycols from. 854 

—. gums from. 1054 

—.oils from, 214 
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Cracked gasoline, reaction with ethylene, 1252, 
1253 

—, — furfuraldchydc, 625 
—, — phenols, 604 
—, resins from, 625 
Cracked oils, olefins from, 161 
Cracked tar, ethylene from, 155 
—, voltolization of, 262 
Cracking, commercial processes, 115-131 
—, coke from, 109 
—, effect of catalysts, 103 
—I — pressure, 106, 107 
—, — recycling, 109, 130 
—, — temperature, 103, 104 
—, effect on aromatics, 108 
—, — naphthenes, 108 
—, — octane number, 1033 
—, — paraffins, 108 
C'racking, electrical, 131 
—, in distillation, 30 
—, of amines, 158 
—, of amylcyclohexane. 137 
—, of bicyclohexyl, 137 
—, of coal tars, 135 
—, of crude oil, 140 
—, of cyclohexane, 136 
—, of decalin, 137 
—, of ethylbenzene, 159 
—, of gas oil, 139, 140 
—, of gasoline, 136, 139 
—, of kerosene, 137, 139 
—, ofKogasin, 1252, 1253 
—, of methane, 1017 
—, of methylisopropylbicyclononane, 137 
—, of naphtha, 139 
—, of paraffin wax, 138 
—, of propane-steam mixtures, 149 
—, of sapropelite tar, 135 
—, of «-tetradecane, free energy change, 1297 
—, of wax acids, 979 
—, thermodynamics of, 99-103 
Cracking gas, butadiene from, 171 
—, ethane from, 301 
—, ethylene from, 301 
—, methane from, 301 
—, oxidation of, 881 
—, production of, 654 
—, reaction with benzene, 593, 594 
—, — ethylene, 1252, 1253 
—, — sulphuric acid, 359 
—, removal of olefins from, 324 
—, utilization of, 164, 631, 654 
Cracking oil, detergents from, 1083 
Cracking residuum, effect on pyrolysis of paraf¬ 
fins, 158 

Creosote, extraction with isopropyl alcohol, 373 

Creosote, lampblack from, 242 

—, reduction of, 264 

Cresol, antioxidant for gasoline, 914, 915 

—, extraction agent for alcohols, 360, 391 

—, from chlorotoluene, 794 

—, in lubricating oils, 43 

—, reaction with acetylene, 715 

o-Cresol, from ethyl alcohol, 173 

—, reaction with fcr-butyl alcohol, 416 

m-Crcsol, antioxidant for transformer oil, 941 

—, reaction with ammonia, 788 

—, — ^er-butyl alcohol, 412 

—, m-toluidine from, 788 

m-Cresol methyl ether, reaction with fcr-butyl 
alcohol, 416 

P-Cresol, stabilizing agent for methyl chloride, 727 
Cresylic acid, extraction agent for olefins, 163 
Critical compression ratio, definition of, 1024 
—, relation to boiling point, 141 
Critical oxidation potential, definition of, 920 
Critical pressure, determination of, 1313-1318 
Critical solution temperature, determination of, 
1178, 1180 

Critical temperature, determination of, 1311-1313 
—, critical pressure from, 1314, 1315, 1318 
Cross process, for cracking, 118 
Crotonaldehyde, butanol from, 889 
—, butyraldehyde from, 889 
—, crotyl alcohol from, 372 


INDEX Cuprous 

Crotonaldehyde, extraction of lubricating oils with, 
43 

—, from acetaldehyde, 878, 889 
—, hydrogenation of, 889 

Crotonic acid, dihydroxybutyric acid from, 547 
Crotyl alcohol, from crotonaldehyde, 372 
Crotyl bromide, reaction with hypochlorous acid, 
523 

Crude oil, acids in, 10, 21 
—, adamantane in, 35 
—, albuminous substances in, 12 
—, aquolysis of, 132 
—.aromatics in, 13, 31, 32, 35, 1149 
—.asphaltenes in, 13, 1189, 1190 
—, asphaltogenic acids in, 1194, 1195 
—.carbon dioxide in, 10 
—, ceresin in, 13 

—, characterization factors of, 1308 
—.composition of, 10-12, 29, 46 
—.cracking of, 97, 140 
—.emulsifying agents +’rom, 1217 
—, emulsions in, 10 

—.enthalpy-temperature relations, 1334, 1335 

—.entropy-temperature relations, 1340, 1341 

—.fractionation of, 21, 24, 28, 31, 34, 97, 116 

—, inorganic constituents of, 46-48 

—, naphthalene from, 179 

—.naphthenes in. 10, 13. 31-34, 1149 

—.naphthenic acids in, 10, 1103, 1104 

—, nitrogen compounds in, 10, 17 

—, nitrotoluene from, 35 

—.optically active constituents in, 12, 17 

—.origin of, 16-21 

—.oxidation of, 938, 1190 

—.oxygenated compounds in, 17 

—.paraffins in 10, 13, 32, 33, 1149 

—, phenols in, 10 

—, porphyrins in, 12, 17 

—, refining of, 28 

—.resins from, 1189 

—.specific heat determination, 1323 

—, sulphur compounds in, 10-12, 17 

—, water in, 10 

—, vanadium in, 20, 46, 47 

--.world consumption, 10 

—, world production, 7 

Crystal oil, viscosity of, 15 

Cumarone, in gasoline. 144 

Cumene, from benzene, 382, 383, 402 

—. from pinene, 88 

Cuprene, preparation of, 704 

—, utilization of, 704 

Cupric acetate, catalyst, esterification of alcohol, 
338 

Cupric chloride, catalyst, chlorination of benzene. 
778 

—, —, — ethane, 741 
—, —, — methane, 726 
—, —. — perchloroethylrne, 742 
—, —, —propane, 7 50 

—,—.ethylene chlorohydrin from ethylene, 515. 
516 

—,—.pyrolysis of ethyl alcohol, 348, 351 
—■,—.reaction of acetylene and aniline, 719 
—, —, reaction of 2-butcne and chlorourea, 509 
-in preparation of fumigants. 566 
—, reaction with mercaptans, 477 
- refining agent for oils, 1044 
Cupric compounds, catalysts, oxidation of hytlio- 
carbons, 1043 

Cupric oxide, catalyst, oxidation of ethane, 1131 
—, —, — hydrocarbons, 1049 
■—,—,—methane, 1128 
—,—, — paraffin oils. 907, 931 
—, —, reaction of alcohols and ketones, 443 
—. —, — methyl chloride and formaldehyde, 727 
Cupric phosphate, catalyst, hydrolysis of chloro¬ 
benzene, 783 

Cuprous chloride, absorption of acetylene by, 1124 
—. — carbon monoxide by, 1124, 1125 
—. — diolefins by, 165, 175, 359, 391 
—. catalyst, chlorination of vinylacetylcnc, 687 
—, —, hydrolysis of chlorolienzene, 782, 783 
—. —, polymerization of acetylene, 704, 705 
—»—, reaction of acetylene and aniline 
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Cuprous cl\]oride, catalyst, reaction of carbon mon* 
oxide and benzene, 957 

—,—, —ethylene and sulphuric acid, 322, 323 
—, —, — ethylene dichloride and ammonia, 497 
—,—, — hydrogen chloride and acetylene, 716 
—, —, — hydrogen chloride and isopropenylacety- 
lene, 721 

—,—, — hydrogen chloride and vinylacetylene, 
680. 706 

—, reaction with ethylene, 163 
Cuprous cresolate, absorption of ethylene by. 164 
Cuprous cyanide, catalyst, sulphation of ethylene, 323 
—.—, — propene, 358 

Cuprous formate, absorption of carbon monoxide 
by. 234 

Cuprous lactate, absorption of carbon monoxide 
by. 234 

Cuprous nitrate, absorption of ethylene by, 164 
Cuprous oxide, catalyst, hydration of propene, 360 
—, —, hydrolysis of chlorotoluene. 794 
—, —, reaction of chlorobenzene and ammonia. 786 
—, —, — ketones and alcohols, 443 
—,—, — propene and phosphoric acid, 358 
—sulphation of ethylene, 323 
—, inhibitor, decomposition of ethylene oxide, 554 
—, —, peroxides in ether, 335 
—, reaction with />-dichlorobenzcne. 784 
Cuprous phenolate, absorption of ethylene by, 164 
Cuprous salicylate, absorption of ethylene by. 164 
Cuprous salts, catalyst, polymerization of acety¬ 
lene, 704 

Cyanamide, as antiknock. 1018 
Cyanic acid, as antiknock. 1018 
Cyanides, reaction with alkyl halides, 822 
Cyanoanilide, as antiknock. 1018 
Cyanobutadiene, from cyclohexenenitrile. 172 
Cyanogen, ignition temperature of. 987 
Cyanohydrins, from aldehydes, 886 
—, hydrolysis of, 886 

Cyclic acetals, from polyhydric alcohols and acet¬ 
ylene, 715 

—, — and aldehydes, 544 
Cyclic alcohols, esterification of. 1118-1120 
Cyclic sulphones. from diolefins, 176 
Cyclobutane, halogenation of, 762, 763 

1.3- Cyclobutanedione, from ketene, 441 
Cyclobutanol reaction with hydrogen bromide. 7(»2 
Cyclobutanone, preparation of, 762 
Cyclobutene, reaction with halogens, 762 
Cyclobutylmethanol, reaction with hydrogen bro¬ 
mide, 764 

Cycloheptane, dehydrogenation of. 94 
Cycloheptene, reaction with N-chlorourea, 521 
Cyclohexadiene, auto-ignition of, 1017 
—.effect of lead tetraethyl on, 1022 
—, from n-butene, 81 
—, reaction with aryl halides, 693, 694 
—, — bromoacetaraide, 531 
—,—chloroethers, 693. 694 
—, — methyl hypobromite, 531 
—, — triphenylchloromethane, 694 

1.3- Cyclonexadiene, see Cyclohexadiene 
Cyclohexadiene oxide, from cyclohexadiene dd»ru 

mide. 589 

--.reaction with perbenzoic acid. 589 
—, — phosphoric pentabromide. .589 
Cyclohexane, action of aluminum chloride on. 204, 
206, 445 

—.as anesthetic, 1266, 1267 
—, hicyclohexyl from, 205 
—, bromination of, 769, 770 

—, catalyst, reaction of propene and hyilrogen bro¬ 
mide, 306 

—, chlorination of, 765-767 
—, condensation of, 205 
—.cracking of, 101, HI. 136 
—.dehydrogenation of, 92, 101. 185, 204, 1041 
—, effect of lead tetraethyl on, 1022 
—, effect on peroxide formation, 923 
—, — ethylation of. 205 

—.-—photochemical decomiiosition of acetone, 450 
—.explosive characteristics of, 1011, 1017 
—, extraction agent for polymerized hydrocar¬ 
bons, 397 


Cyclohexane, fluorination of, 773. 774 
—, free energy of formation, 1225. 1226 
—,—.effect of temperature on, 1295 
—, from benzene, 1298 
—, from n-butene, 81 
—.from di-n-heptyl mercury, 71 
-—, from n-hexane, r98 
—, from methylcyclohexane, 206 
—, from methylcyclopentane, 89 
—, from n-tetradecane, 1297 
—, in crude oil, 33, 34 
—, inflammability limits of, 980-982 
—, in gasoline, 13, 144 
—, l-methyl-2-acetylcyclopentane from. 205 
—.methylcyclopentane from. 205, 206. 1101 
—,—.free energy change, 1301, 1302 
-molal entropy, 1290 
—, oxidation of, 854. 855, 874, 876 
peroxide from, 854, 855 
—, photochemical decomposition of, 267 
—.pyrolysis of. 92, 93. 136. 172, 185. 205. 208 
--.reaction with acetylchloride, 204, 445, 1101 
-—, — ethylene, 601, 602 
—, — halides, 1102 
“ . - - monochlorocyclohexane. 767 
—, — nitrogen tetroxide, 1091 
—, — steam, 273 
■—, stability of. 1286 
—. use in alcohol distillation. 327 
Cyclohexane carboxylic acid, preparation of, 7o7 
Cyclohexanediol, from cyclohexene. 895 
—, reaction with hydrogen bromide, 770 
1.2-Cyclohexanediol, from 2-chlorocyclohexanol. 521 

1.4-C'yclohexanediol, reaction with thionyl chloride. 
766 

Cyclohexane homologucs, boiling points, 16 
—, effect on knock rating, 1024, 1025 
---, in crude oil, 33 
—, pyrolysis of, 89 
Cyclohexanol, as extraction agent, 42 
—, octane numlier of, 1028 
—. oxidation of, 444 

- . reaction with acetic acid. 405 

- — amines, 614 
-— bromine, 770 

- - formic acid. 406 

- — hydrogen bromide, 769, 770 

. — naphthalencsulphonic acid. 410 
-— phosphorus trioromide, 770 
. — thionyl chloride. 766 
('yclohexanone, adipic acid from, 895 
. as dewaxing agent, 453 
as extraction agent for acetylene, *169 

- catalyst, decomposition of ketones, 450 
—. from nitrocyclohexane, 1095 

, in blended fuels. 915 
—.oxidation of. 450, 451 

C'yclohexene. action of aluminum chloride on, 204 
—.auto-ignition of, 1017 

- autoxidation of, 907 
—. bromination of, 770 
—. butadiene from, 93 
--.chlorination of, 707 

- corrosion inhibitor, 477 
—.cyclohexanediol from, 895 

- , cyclohexenylcarbinol from. 624 
—.dehydrogenation of, 185-187 
--.effect of lead tetraethyl on, 1022 

- entropy of formation, 1284, 1285 

—, free energy of formation. 1284, 1285 

- , from bromocyclohexane, 773 
—, from cyclohexane, 204 

halohydrin from, 520, 521, 626 
—. heat of formation, 1284, 1285 
—, 2-hydroxycyclohexylcarbinol from, 624 
—.inflammability limits of, 980, 981, 982 
—. iodoalkyl nitrate from, 629 
—. molal entropy, 1284, 1285 
—monochlorocyclohexane from, 204 
-. monochloroiiolycyclohexyl from, 204 
•—. octane number of, 1028 
—.oxidation of, 852, 895, 898, 901 
—, polymerization of, 204, 645 
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C'yclohexene, reaction with acetyl chloride. 612 

• . — acetyl iodide, 611 

— l)enzene, 592, 595 
—.--butadiene, 186 
—./rr-l)utyl hypochlorite, 518 
—. — a-chloromethyl ether, 613 
—, — dichloroacetic acid, 313 
—, — hypobroinous acid, 531 
—. — i(^ine, 774. 775 
—, — mercuric acetate, 628 

, — mercuric nitrate and iodine. 620 
—, — phenol, 605 
—, — phenylacetyl chlori<le. 61.^ 

- — .steam, 273 

—, — sulphur dioxide, 616, 617 
—, — sulphuric acid, 392 

- — trichloroacetic acid, 313 

('yclohexene carboxylic ;icid. reaction with acetyl 
chloride. 612 

Cyclohexene chlorohydrin, from cyclohexene. 626 
Cyclohexencnitnle, cyanobutadiene fronj, 172 
C'yclohexene number, definition of. 919 
Cyclohexene oxide, preparation of. 589 
—, reaction with magnesium dimethyl. 589 
—-, — mercui)tans. 472 
('yclohexene peroxide, properties of, 898 
l-Cyclohexen-3-ol. preparation of. 898 
Cyclohexcnylcarbinol. from cyclohexene, 624 
Cyclohexylallene, pyrolysis of. 94 
Cyclohexylaminophenols, antioxitlants. 916 
Cyclohexylaniline, preparation of. 708. 772 
Cyclohexyldimcthylcaroinol. preparation of. 450 
(‘yclohexylformaldehyde, preparation of, 521 
Cyclohexyl methyl ketone, preparation of. 20.5 
Cyclohexylphenol, preparation of. 605 
3-('yclohexyli)ropene, reaction with sulphur diox¬ 
ide. 618 

/4-('yclohexyltridecanoic acid, preparation of, 771 
Cycloolefins, estimation of. 1152 

. reaction with selenium dioxide, 895 

- . — sulphur, 455. 456 
Cyclooctane, p-xylene from, 94 
('ycloparaffins, aromatics from. 185, 186 

-. cracking of. 111 

- , dehydrogenation of. 33, 186 

“ .effect on knock rating, 1024, 1025 

• . from parafKns. 18. 71 

- . in crude oil, 32. 33 
—, molal entropy, 1290 

• -. octane numbers of. 1028 
—.pyrolysis of, 89-95, 148, 185, 186 

- . reaction with sulphuric acid. 1082 

- . stability of, 101 

- -. see also Naphthenes 

Cycolopentadiene, bromination of. (*84. 700 

- . chlorination of. 763 

---. effect of lead tetraethyl on, 1022 
—, from alcohols, 076 

• . from coke-oven gas. 679 

- . from cracked distillates. 679 
—. from cracking gas, 645. 64(t 

. from cyclopentane. 90 

- from kerosene, 144, 171 
-. from propane, 60, 182 

—, in gasoline, 144 

. polymerization of, 652, 654 
reaction with 2-bromoazohenzene. 693 
—.—diazonium chlorides, 700 

- . — hydroxyazo compounds, 692, 693 

- — maleic acid, 945 

- - quinoncazinc, 693 

(‘yclopentadiene derivatives, effect of leatl tetra- 
fthyl on. 1020 

• . from alkylated diethyl malonates, 67(» 

- . uses of. 676 

('ycloj>entadicnc polymers, structure of, <>52 
CycloiHrntane, action of radon on. 267 
—. effect of lead tetraethyl on. 1022 

• effect on knock rating, 1024, 1025 
—, from cyclohexancs, 206 

. halogenation of. 763-765 
—, in crude oil, 10, 33 
-in gasoline, 13. 33 
—, oxidation of, 876, 1043 


(’yclopentane. pyrolysis of, 90 
—, stability of, 1286 

('yclopentane homologues, boiling i)oints, 16 
-.stability of, 91 

C'yclo|>entanol, reaction with hydrochloric acid. 
763 

—, — phosphorus tribromide, 764 
1.2-Cyclopcntanediol, from 2-chlorocyclopentanol. 
520 

('yclopentene, action of radon on, 267 
—, chlorohydrin from, 520 

- , effect of lead tetraethyl on, 1022 
—. effect on knock rating. 1024, 1025 
—. from chlorocyclopcntane, 764 

■—, from cyclopentane, 90 
—, reaction with acetyl chloride, 612. 613 

- —. — bromine. 764 

('yclopcntyl carbinol, preparation of, 763, 764 
('yclopentylformaldehyde, from 2-chlorocyclohex- 
anol, 521 

Cyclopropane, as anesthetic. 750. 1256. 1265-1269 
—.explosive property of. 1268 
hydrogenation of, 761 
—, isomerization of, 90 
—, photochemical decomposition of. 265 
—, reaction with benzene, 596 
-—, — bromine, 761 

- .—chlorine, 760, 761 
—, — i.sobutane, 602 

('yclopropene, from dibromocycloprop.ine. 7f>2 
—, isomerization of, 88 
—.reaction with bpmine, 761, 762 
('ylinder oil, cracking of, 137 
—, in detergents, 1073 

- .oxidation of, 1043 
Cymenc, from pinene, 88 

—, from toluene, 382, 401. 402 
—.reaction with (('r-butyl alcohol. 412. 41(> 

D 

De alkylation, of aromatics. 37 
Decaethylene glycol, preparation of, 544, 545 
Decahydronaphthalcne. decomi>osition of, 206 
—. diluent, acetylene polymerization, 703 
—. in motor fuel, 1039 
Dccalin, autoxidation of, 907 
—, cracking of. 93, 137 
—. reaction with aluminum chloride, 206 
Decane, chlorinated, reaction with l)cnzene, 758 
—, from carbon monoxide and hydrogen, 1245 
—, from petroleum. 32 

Decarbonizing, by carbon tetrachloride, 731 
—, by chlorobenzene. 782 
—. by o-dichlorobenzene. 790 
—. by oleic acid. 790 
—. by triethanolamine. 790 
Decene, in gasoline. 144 
—, from chlorinated paraffins. 807 
Dechlorination, of acetylene tetrachloride. 710 
Decolorizing agents, for asphalts. 1192 
—, preparation of, 486 
Decolorizing, by clay. 976. 977 
3-Decyn l ol. preparation of. 565 
DeFlorez process, of cracking. 120 
Dehalogenation, of chlorinated kerosene, 807 
Dehydration, of ethyl alcohol, 328, 329, 330, 1051 
—. of glycols. 548 
—. of hydroxy-acids. 968 
—. of isopropyl alcohol. 173 
—.of tertiary alcohols. 394. 901 
Dehydroacctic acid, from acetylketene. 442 
Dehydrogenation, of acenaphthene. 955 
of alcohols, 173. 337, 348, 878, 1051 
—, of cyclohexene. 185. 186 
—.•of ethylbenzene, 156 

—.of naphthenes, 31. 33. 89. 91. 92, 94. 141. 1041 
1149, 1150 

—, of paraffins, 94. 99. 101, 107, 148. 149, 158 
—.—. free energy change. 1284, 1298 
—. of thiophane. 484 

.of 1,1,4-trimethylcycloheptene. 94 
l)e-inking agents, sulphates as. 1086 
Demethanation, of dicyclopentadiene. 156 
Demethylation, in pyrolysis, 101 
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Demulsibility 

Demulsibility, of asphalt emulsions, 1221 
Demulsifying agent, ammonium naphthenate as, 
1116 

—, black kontakt as, 1075 
—, calcium chloride as, 1105 
—, ethyl alcohol in, 1075 
—, fatty acids in, 1075 
, gas oil as, 1107 
—, kerosene in, 1075 
—, lubricating oil in, 1115 
—.naphthenic acids as, 1111, 1112, 1114 
—, oxidized castor oil in, 1075 
—, s^ium chloride as, 1108, 1111, 1112 
—, sodium hydroxide as, 1111, 1112 
—, sulphates as, 1085, 1086 
—, sulphonic acids as, 1074, 1075, 1116 
Uenaturants. from acid sludge, 486 
—, by oxidation of distillates, 1053 
Denigis’ reagent, detection of isopropyl alcohol, 
371 

Denoxol, denaturant, 876 
Denoxol-Solve, gum inhibitor, 876 
Density determinations, in gas analysis, 1134, 
1135 

Depolymerization, of olefins, 101 

Derris, in insecticides, 1078 

Dcsoxo-phyllerythrin, in oil shale, 19 

Desoxophyllerythroatioporphyrin, in oil shale, 19 

Destructive distillation, theory of, 16 

Desulphurization, of gases, 1044 

Desulphurization, with ozone, 1044, 1045 

Desulphurizing, with hydrogen, 670 

Detektol O. Special, odorizer, 876 

Detergents, ammonium sulphonate as, 1069 

—, cylinder oil in, 1073 

—, from cracking oil, 1083 

—, from ethylene chlorohydrin, 526 

—, from fatty acids, 1084 

—, from mercaptans, 487 

—,Igepons as, 1082 

—.naphthenic acids in, 1112 

—, oleyl ethylene diamine as. 809 

—, spindle oil in, 1073 

—, sulphate, sulphonates in, 1086 

—, sulphates in, 1073, 1074, 1082*1086 

—, sulphonaphthenic acids in, 1112 

—, sulphonic acids in, 1069, 1073, 1074, 1082*1086 

—, urea in, 1073 

—, wax acids in, 978 

Deurag, composition of, 26 

Deuterioacetaldehyde. formation of, 725 

Deuterioacetylen^*, polymerization of, 266, 725 

—, synthesis of, 724. 725 

Deuteriobenzene, preparation of, 273 

Deuteriochloroform, preparation of, 729 

Deuterium, in benzene, 206 

—, inflammability limits of, 982, 983 

Deuterium chloride, action on benzene, 207 

Deuterium oxide, reaction with benzene, 260, 273 

—, — calcium carbide, 743 

—, — trichloroacetaldehyde, 729 

Dewaxini^, of lubricants, 744, 745, 1044 

—, of residual oils by propane, 46 

—, with butyl alcohol, 728 

—, with carbon tetrachloride, 731 

—, with chlorobenzenes, 782 

—, with chlorofluoromethanes, 738, 739 

—, with ethyl chloride, 738, 739 

—, with methyl chloride, 738, 739 

—, with methylene chloride, 728 

—, with naphtha, 728 

Diacetone alcohol, from acetone, 427, 430 

—, from mesityl oxide, 430 

—, motor fuel from, 1040 

—, use as solvent, 427 

Diacetylene, acetone solvent for, 170 

—, butadiene from, 677, 678 

—, from petroleum hydrocarbons, 255 

2, 3*DiaIkyldioxane8, preparation of, 581 

Dialkyl oxalates, as antiknocks, 1017 

Dialkyl phthalates, as antiknoclu, 1017 

Dtalkyl sulphates, hydrolysis of, 325, 326, 327 

—, preparation of, 392 

Diallyl, pyrolysis of, 88 
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o*Diaminobenzene, from o-dicHlorobenzene, 787 
Diaminodiphenylamine, as antioxidant, 917 
Diaminofluorenes, as antioxidants, 918 
],2>Diamino*2'methylpropane, see Isobutenediamine 
Diaminophenols, as antioxidants, 916 
Diamylamine, reaction with l,10*dichlorodecane, 
810 

Diamyl ether, from ethyl alcohol, 337 
reC'Diamyl sulphate, preparation of, 309 
Diaryl arylenediamines, as antioxidants, 917 
Diaryl ethers, from chlorobenzenes, 782 
Diarylguanidines, as antioxidants, 915 
Diaryl hydrocartxms, refining of, 193 
Diaryl ketones, from chlorobenzenes, 782 
Diaryl dioxanes, preparation of. 581 
Diazines, from cottonseed meal, 840 
Diazoaminobenzene, catalyst, polymerization of but* 
adiene, 651, 673 

Diazomethane, reaction with trichloroacetyl glycol, 
540 

Diazonium chlorides, reaction with olefins, 700 
2,3,10,1 l*Dibenzoperylene, from phenanthrene, 208 
Dil^nzylperylenes, as antioxidants, 918 
Dibenzoyl peroxide, catalyst, esterification of ole* 
fins, 318 

Dibenzylamine, reaction with olefin oxides, 560, 
589 

fl-Dibenzylaminoethyl alcohol, preparation of, 560 
l*Dibenzylamino*2*methyl-2-propanol, preparation 
of. 589 

Dibenzyl-amino-phenol, as antioxidant, 916 
Dibiphenylene ethylene, reaction with amines, 615 
—, — ammonia, 615 

Dibromoallyls, preparation of, 315, 316 
Dibromoamine, reaction with ketene, 440 
Dibromobenzene. from benzene, 791 
1,2-Dibromobutane, reaction with sodium amide, 
829 

l,4*Dibromobutane, from butadiene, 684, 685 

1.4- Dibromobutene, preparation of, 683 
Dibromocyclobutane. hydrolysis of, 762, 763 
—, preparation of. 762 

—, reaction with bromine, 763 
Dibromocyclohexane, preparation of, 770 
—, reaction with phthalimide, 772 
—, — quinoline, 772 
Dibromocyclopentane, preparation of. 764 
Dibromocyclopropane. cyclopropenc from, 762 
—. hydrolysis of. 762 

/5,fl'-Dibromodiethyl ether, reaction with aniline, 
583 

Dibromomethylcyclohexanes. preparation of, 775 
l,2*Dibromopentane, dehalogenation of. 514 

1.4- Dibromopentane. preparation of, 763 
Dibromopropanes. preoaration of, 315 
Dibutadiene, antiknock properties of, 1027, 1028 
Dibutanolamine. preparation of, 588 
Di-fl-butoxyethyl ethyleneglycol diphthalate. prepa¬ 
ration of, 542 

Di*ter*butylcarbinol, see 2,2,4,4-Tetramethylpen* 
tanol-3 

Dibutylamine. catalyst, ethylene dichloride-sodium 
polysulphide reaction, 499 
—, —, vinylacetylene-hydrogen sulphide reaction, 
709 

Dibutylbenzenes, preparation of, 208, 592, 594 
2,3*Di*ter*butyM,3*butadiene, preparation of, 679 
Dibutyl ether, preparation of, 337 
—, pyrolysis of, 87 
Di-trr*butylethylene, formation of, 411 
Di*n-butyl ketone, from n-valeric acid, 446 
Dibutylnaphthalenesulphonamide, reaction with 
ethylene oxide, 562 

Dibutylnitrosoamine, use in fuels, 1098 
2,4*Dibutyl*f#r-butylphenol, preparation of, 418 
Dibutyl phthalate, stabilizer for gasoline, 915 
Dibutyl phthalate, use, as absorbent, 738 
Dibutyl sulphate, from butenes, 309, 392 
Di*frr-butyl sulphate, reaction with hydrogen sul¬ 
phide, 463 

Dibutvl sulphone, extraction agent, 486 
Dicarboxylic acid chlorides, preparation of, 945 
Dicarboxylic acids, from diolefins, 698 
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hichturoacclic acid, from t>etitachluructhatic, 830 
—, reaction with cyclohexcnc, 313 
—, — isopropyl alcohol, 376 
—, — propene, 308 

a^ym-Dichloroacetone, from acetone-chlorine reac¬ 
tion, 430 

(i;,(tf*Dichloroacetophenone, from phenylacetylcne, 
626 

Dichloro-^er-amyl alcohol, preparation of, 523 
o-Dichlorobenzene, as cleansing agent, 790 
—, as paint remover, 790 
—, as solvent, 543, 546, 790 
—, o-diaminobenzene from, 787 
—, dewaxing agent, 433, 495, 507 
—, fluorination of, 792 
—, hydrolysis of, 785 
—, in analysis of graphite grease, 789 
—, in decarbonizing, 790 
—, in lubricants, 790 

—, reaction with ammonium hydroxide, 787 
—, — sulphonyl chloride, 782 
p-Dichlorobenzene, p-chlorophenol from, 783, 784 
—, from benzene, 781 
—, in motor fuel, 1039 
—, reaction with chloroform, 729 
—, — cuprous oxide, 784 
—, tri-(2,5-dichlorophenyl) methane from, 729 
Dichlorobenzenes, chlorination of. 781 
—, in insecticides. 790 

1.2- Dichlorobutadiene, polymerization of, 687 

2.3- Dichlorobutadiene, from 1,2,3,4-tetrachlorobu- 
tane, 686, 687 

2.2- Dichlorobutane, preparation of, 452 

2.3- Dichlorobutane, solvent for fats, 753 
Dichlorobutanes, from butane, 752 

—, pyrolysis of, 678 

1.2- Dichlorobutene, from butadiene, 685 
—, from monovinylacetylene, 687 

—, polymerization of, 685 

1.4- Dichlorobutene, from butadienei 685 
—, polymerization of, 685 

1.4- Dichloro-2-butene, dechlorination of, 685 

3.4- Dichloro-l-butene, reaction with potassium hy¬ 
droxide, 680, 681 

Dichlorobutenes, monovinylacetylene from, 685 
Dichloro-#<T-butyl alcohol, epichlorohydrin from, 
523 

—, from chloroisobutcne, 521 
—, fl-methyl glycerol from, 523 

1.2- Dichlorocyclohexanc, preparation of, 767 
—, pyrolysis of, 767, 768 
Dichlorocyclopropane, formation of. 761 
1,10-Dichlorodecane, reaction with diamylamine, 

810 

Dichlorodiacetylene, from hexachlorobutane, 510 
Dichlorodialkylether, from olefins, 628 
^,/5'-Dichlorodiethyl ether, N-alkyl morpholines 
from, 583 

—, as extraction agent, 30, 31, 515, 529, 530 

—, as solvent, 30, 43, 727 

—, dioxane from, 579 

—, di-^-phenylethyl ether from, 529 

—, divinyl ether from, 528 

—.ethylene oxide from, 551 

—, for absorption of olefins, 163 

—, in dewaxing, 530 

—, preparatiori of, 528 

—, reaction with alkalies, 528 

—, — ammonia. 583 

—, — aniline, 528, 583 

—, — phenols, 528 

—, — phenylhydrazine. 583 

—. — sodium polysulphide. 528 

Dichlorodiethyl sulphide, detection of. 619 

- -, from ethylene. 619 

Dichlorodifluoromethane. as refrigerant, 737, 738 
—, from carbon disulphide. 737 
—, from carbon tetrachbn ide. 733. 734 
—, from difluoromethane, 734, 735 
—, from monofluorotrichloromethane, 737 
—, diluent, fluorination of benzene, 792 
—, in fractional crystallization, 31 
—. in charginsf cream, 739 

Dichlorodiisopropyl ether, preparation of, 530 


2.3- Dichlor<xiioxane, preparation of, 581 

2.3- DichlorQ-l,4-dioxane, reaction with trimethylenc 
glycol, 549 

Dichloroethane, determination of, 744 
—, extractant for sulphur, 745 
—, hydrolysis of, 797 
—, reaction with ammonia, 808, 809 
—, — jym-dichloroethylenc, 811 
—, — hydrogen fluoride, 747 
—, — oleic acid, 815 
—. — trichloroethylene, 811 
—, — vinyl chloride, 811 
—, solvent for naphthalene, 745 
--.use in cracking, 114 
---, uses for, 745 

Dichloroethylene, as extraction agent, 1245 
—.preparation of, 711 

Dichlorufluoromethane, monochlorodifluoromethane 
from, 737 

1.4- Dichlorohexane, preparation of, 766 

1.3- Dichloroisobutane, in de-inking paper, 753 
Dichloromethane, entropy chart, 1337 

—, ffom carbon tetrachloride, 807 
—, see Methylene chloride 

1.3- Dichloro-2-methylbutane, formation of, 513 

2.3- Dichloro-2-mcthylbutane, formation of, 513 

1.2- Dichloro-2-methylpropane, hydrolysis of, 797 

1.3- Dichloro-2-methylpropane, use in dewaxing oils, 
753 

Dichloropentamethylenetetramine, reaction with 
benzene, 779 

Dichloropentane, in varnish remover, 755 
—, see also 1-Amylene dichloride 
Dichlorophenyl methane, reaction with ethers, 345 
Dichloropropane, from cyclopropane, 761 

1.2-Dichloropropane, as fumigant, 751 
—, see also Propene dichloride 
Dicyanodiamide, as antiknock, 1018 
Dicyanoperylenes, as antioxidants, 918 
Dicyclohexene, antiknock properties of, 1027, 1028 
l.r-Dicyclohexene, reaction with ozone, 902 
Dicyclohexyl oxalate, from cyclohexanol, 406 
Dicyclopentadiene, bromination of, 700 
—. decomposition of. 652 
—. demethanation of, 156 
Dielectric constant, definition of, 789 
Dielectrics, ceresin in, 1255 
—, from chlorobenzenes, 782 
—. from chloroform. 728 
—, from ethylene dichloride. 789 
—. from pentachlorobiphenyl. 789 
—. from trichlorobenzene, 789 
Die lubricants, preparation of, 731 
Diesel fuel, cetene as reference standard, 1033. 
1034 

—, from carbon monoxide and hydrogen, 1250 
—. from cracked distillates, 126 
—, Kogasin as, 1253 

—mesitylene as referer-e standard, 1033 
Diethanolamine, for absorption of olefins, 164 
—.gum inhibitor, 915 
—. in washing textiles. 575 
—, morpholine from. 583 
—, preparation of, 567 
—, reaction with calcium bromide, 572 
—. — trinitrotoluene, 570 
Diethers, from ethylene glycol, 889 
Diethinylcyclobutane, preparation of. 705 
Diethylamine, fer-amines from, 809 
—, catalyst, condensation of aldehydes. 889 
—. in preparation of hydroxyalkylcellulose, 559 
—. reaction with ethylene chlorohydrin. 527 
Diethylaminoethanol, preparation of, 568 
Diethylaniline. preparation of, 346 
Diethylbenzene, from ethylbenzene. 208 
o-Diethylljenzene. in gasoline. 144 
Diethyl carbonate, solvent for acetylene. 169 

1.2-Diethylcyclohexenc. naphthalene from. 94 
Diethylenc glycol, dehydration agent, 538 
—, fatty acid esters, toxicity of. 549 
—. from ethylene glycol. 544. 577 
- -. in heat transfer media. 539 
—. in pressure transfer media, 539 
—, in tobacco, 546 
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Diethyicne glycul, in wetting agents. 1076 
—, reaction with ethylene oxide, 558 
—, — nitric and sulphuric acids, 546 
—, sodium salt, reaction with hexaethylene glycol, 
544, 545 

Diethylenc glycol butyl ether, as solvent, 546 
—in brake fluid mixtures, 546 
Diethyicne glycol dinitrate, preparation of, 546 
Diethylene glycol ethers, as solvents, 543 
Diethylene glycol ethyl ethers, in brake fluid mix¬ 
tures, 546 

Diethyicne glycol formal, as solvent, 542, 543 
Diethyicne glycol isobutyrate, plasticizer for cellu¬ 
lose acetate, 540 

Diethyicne glycol monoethyl ether, in condensers, 
545 

Diethylenc glycol monoethyl ether, reaction with 
boric acid, 545 

Diethylenc glycol propionate, in cellulose composi¬ 
tions, 546 

Diethyl ether, as blending agent. 1035, 1038 
—, as extraction agent, 300, 1070, 1245 
■—catalyst, oxidation of hydrocarbons, 862 
—, decomposition of, 334, 335 
—, dehydration of, 538, 578 
—.estimation of paraffin wax, 1155 
—. ethyl alcohol from, 332, 333, 334 
—, ethylene from, 334 
—, from ethyl alcohol, 330, 331, 332 
—, from ethyl chloride, 797 
—, from ethylene oxide, 558 
—, ignition temperature of, 987. 988. 989 
—, in motor fuels, 1039 
—, inflammability limits of, 980, 985 
—. oxidation of, 335 
—, i>eroxides from, 335, 336. 337 
—, reaction with hydrogen chloride. 345 

- . solvent for ketene, 435 

Diethyl ether-gasoline blends, as motor fuels. 1038 
a-piethyl-ethylene chlorohydnn, preiiaration of. 520 
Diethyl fumarate, reaction with monoethanolamine. 
569 

Diethyl ketone, as solvent. 681 

—-, from jiropionic acid. 446 

—. reaction with calcium hypochlorite. 453 

- triethyl carbinol from. 457 

Diethyl magnesium, reaction with olefin oxides. 
586. 588 

Diethyl maleate. antioxidant. 915 
Diethyl malonates, alkylated. c>clopentadiene de¬ 
rivatives from^ 676 

Diethyl oxalate, solvent for acetylene, 169 

3,3-Diethylpcntane. in shale oil. 33 

Diethyl pentasulphide. preparation of, 481, 482 

Diethylpinacone, reaction with alum. 678 

Diethyl phthalate, decarboxylation of. 952 

Diethvl sulphate, ethyl acetate from, 305 

—. ethyl alcohol from. 326, 327 

—, ethylating ar'*’'t, 300 

—. ethyl ethe* froni 326 

---. formation of. 298-300, 321 

—, hydrolysis of, 300 

—, reaction with calcium acetylide. 722 

—. — hydrogen chloride, 327 

—;. — monoethanolamine. 568 

Diethyl sulphide, from eth>lene oxide-pota'-sium 
thiocyanate reaction. 564 
Diethyl thiosulphite. preparation of. 345. 346 
Diethyl o-tolyl ammonium chloride. 808 
Diethyl trisulphide, action on metals, 481 
—, oxidation of. 481 

- preparation of. 481 

Difluoromethane. from meth>lene chloride. 734 
--.reaction with chlorine. 7.14. 735 
Difluoromonochloromethane, from chloroform. 737 
Difuroyl peroxitle. reaction with stKlinin niefhoxi«le. 

1152 

Diglycolic acid, from dioxane, 580 
Dihaliden. reaction with mercaptans, 485 
Dihaloethanes. hydrolysis of. 532 
Dihaloi>eryleiies. as antioxidants. 918 
l)j-«-hcptyl ketone, from caprylic acid. 446 
I)i-M*hept^l mercury, pyrolysis of. 71 
Dihydrobiphenyl. from Innizeiie. 2.^9 


Dihydrol)enzene, from cyciohexanc. 93 
Dihydrochaulmoogric acid, use in leprosy treat¬ 
ment, 771, 772 

Dihydrodianthrone, catalyst, oxidation of iKiiro- 
leum, 964 

Dihydronaphthalene, from disodiumnaphthalenc. 
958 

Dihydronaphthalene, from disodiumnaphthalenc, 958 
—. naphthalene carboxylic acids from, 958 

1.2- Dihydronaphthalene, preparation of, 906 

1.4- Dihydronaphthalene, reaction with ethyl Iiviki- 
chlorite, 626 

Dihydroxyacetonc, antidote for hydrocyanic acid, 
434 

Dihydroxyanthraquinones, as antioxidants, 918 
o-Dihydroxybenzenc, from chlorobenzenes, 782 
—-, see also Pyrocatechol 

Dihydroxybenzenes, stabilizers for gasoline. 917 

3.4- Dihydroxy-fcr-butylbenzenc. as antioxidant. 916 
Dihydroxybutyric acid, from crotonic acid, 547 

1.2- bihydroxy-4-cyclohcxylbenzene, as antioxidaid, 
916 

Dihydroxydimethylpcroxide, from methane. 882 
^./S'-Dihydroxycthyl sulphide, from ethylene oxide. 
463 

Dihydroxyfluorenes. as antioxidants. 918 
Dihydroxynaphthalcnes. as antioxidants. 918 

1.5- pihydroxynaphthalene. reaction with ethanola 
mine, 569 

I)ihydroxyi)e ylcnes, antioxidants, for gasoline. 918 
!>i-^hydroxypropylamine. preparation of. 585 
/3-7 l)ihydr#xypropylaniline. reaction with ethylene 
oxide. 561 

1.2- Dihydroxy-4-propylbenzenc. as antioxidant. 916 
Di-iodofluoromethanc, from iodoform. 737 

—. reaction with ammonia. 737 
Di iodomethane. reaction with ethers. 345 
Diisoamyl ketone, from isopentane. 445 
Diisobutylene, decomposition of. 184 

- from isobutene. 386, 641. 642, 1300 

- . hydrogenati(»n of. free energy change. 1300 
*■—.—.effect of temperature on, 1300 

- -. molal entropy, 1291 
~ . oxidation of, 895 

- pyrolysis of. 87 

—. reaction with benzene. 592 

- —^ phenol, (>04 

I)ijsocrotyl. from diisohutyleiie. 87 
Diisopropylaminc. formation of. 428 
l)iisopropylf)enzenc. preparation of, 208. 382. .*83. 
402. 592 

Diiso|)ropyl ether, formation of. 363. 377. 530 
—. reaction with acetic acid, 377 
2.4r)iisopropylphenylisopropyl ether, prepar.ition, 
403 

Diisopropyl sulphate, diisopropyl ether from, 363 
. preparation of. 305, 358. 361 

- -. reaction with benzene. 597. 598 

.--hydrogen j^eroxide. 381 
Diisoprofiyltoluene. from toluene. 382 
Diketcne. preparation of, 441 
—, reaction with aniline. 442 
Diketones, reaction with nitroparaffin>. 1096 

1.3- Dimethoxyhenzene, reaction with i'.ohuiene. 606 
Dimethyl acetal, formation of. 714 
Dimethylacetylenc. preparation of. 722 
/5.13-Dimethylacrolein, preparation of. 444 
ifii,0'»«-DimethylalIene. polymerization of. 650 
Dimethylamine. reaction with pentene-1.2-nxi(Ie. 589 
-promoter, esterification of /cr butanol, 412 

I DimethyIamiiiopentanol-2. preparation nf. 5.S9 
Dimethylaniline. amine nitrate from. 623 
as antiknock. 1018 
—. in sulphation of alcohoN. I085 
. isuamylene from. 623 
production of. 311 

Dimethylanthracene. from toluene. 208 

2.6- Dimeth^lanthracene. from /* xylenc, 96 

- - . pyrolysis of, 96 

Dimethyl X-anthranilic acid, use in hydrogen sul¬ 
phide removal. 458 

3.6- Dimethyll)enzoquinonc. from mesityiene. 954 
2.2'-Dimethy]biphen>l. from toluene. 260 
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Dimethyl bis (dicthylmethyl) lead, preparation of, 
823 

1.3- Dimethylbutadiene-l,3. preparation of, 173 
Dimethylbutadiene, reaction with nitrogen trioxide, 

697 

2.3- Dimethylbutadiene. co-i>olymcrization with 

chloroprene, 681, 682 

2.2- Dimethylbutane. formation of, 601 

2.3- Dimethylbutane, detonation of, 1017 
—, in petroleum, 32 

2.2- I)imethylbutanol. from 2-methylpentene-l. 388 

3.3- l)imethylbutanol-2. dehydration of. 401 
Dimethylchloramine. reaction with ketene. 440 
llimethylcyclohexane, action of alnmimim chloride 

on, 206 

—, cracking of. 111 
~, from ethylcyclohexane. 205 
—nyroly^is of, 93. 185 

1.2- l)iinethylcyclohexane. from petroleum. 34 

1.3- Dimethylcyclohcxane, from cyclohexane. 2t)5 

1.4- Dimethylcycloliexane, antoxidation of. 907 
—, in gasoline, 144 

Dimethylcyclohexanol, reaction with phosphorus 
pentachloride, 775 , 

1.3- Dimcthylcyclohexene, reaction with bromine. 
775 

Dimethylcyclopentane, in gasoline, 34 
Dimethyldicyclopentyl, from cyclohexane, 205 
- from decalin, 206 

1.4- Dimethyl-2.3-diethyl-l ,3-butadiene, from diethyl- 
pinacone, 678 

l)imethyl-^-dioxane, from acetaldehyde. 579 
Dimethyldioxane, from propene oxide. 579 
Dimethyl ditelluride. formation of, 50. 51 
Dimethyl ether, catalyst, oxidation of hydrocarbons, 
862 

chlorination of. 529 
--.from methyl chloride, 796 
—, methyl chloride from, 794 
—. reaction with benzal chloride, 794 
—, ■— chloroform, 729 

Dimethylethyl acetic acid, preparation of. 819 
KMJvm-llimethylethylene. from di-/rr-l)ntylethylene. 
,87 

Dimethylethylene. from isobntyl bromide. 806 
a-Dimethyl-ethylene chlorohydrin, preparation of. 
520 

Dimethyl glycolic aldehyde, from 2 butene. 897 
Dimethyl glyoxal, from 2-butcne, 897 

3.3- Dimethylheptane, in shale oil, 33 

2.5- Dimethylhexane. pyrolysis of, 72 
-. />-xylene from, 73 

Dimethybw-hexylcarbinol, preparation of. 450 

4.4- Dimethyl-S-i8opropylbutene-2, formation of. 411 
Dimethylketoxime, from propyl pseudonitrole. 1094 
Dimethylmorpholine. preparation of. 585 
Dimethyl mercury, formation of. 50 

- reaction with mercuric bromide, 51 
Dimethylnitrosoamine, in fuels, 1098 

2.7- Dimethyloctane, m-methylisopropylbenzene 

from, 73 

—. nitration of. 1090 

2.7- Dimcthyloctene, preparation of. 807 

2.2- Dimethylpentane. from petroleum. 32 

4.4- l)imethylpentanol-2. dehydration of. 400 

3.4- Dimethylpcntan-2-one, see Methylisopropylace- 
tone 

3.3- Dimethyl-l-pentene. from carbon monoxide and 
hydrogen, 1243 

4.4 l)imethylpentene-l. preparation of. 400 
. reaction with hydrogen bromide, 318 

4.4- Dimethylpentene-2. preparation of. 400 
Dimethylpentenol. reaction with hyjiochlorous acid. 

521. 522 

Dimethyl phthalate. decarboxylation of. 952 
methyl benzoate from, 952 
1.2 I)imethyl-1.3-propane<liol. from 2 butene 624 
1.2*Dimethylpropanol-l. dehydration of. 400 
Dimethylquinoline. from anthracene oil. 839 
—, from petroleum. 834, 838 
Dimethyl sulphide, in petroleum. 454 
1 .]'■ Dinaphthyl, perylene from. 208 
2.2'-DinaphthvT. from naphthalene. 208 
—. ]>erylene ^roni, 209 


Diiiaphthylene oxides, as antioxidants, 918 
Dinaphthyl ethers, formation of, 500 
Dinitrate, from tetramethylethylene, 621, 622 
Dinitrite, from tetramethylethylene, 621 
m-Dinitrobenzene, extraction with butanone, 1148 
1.1.1-Dinitrochlorocthane, formation of. 451 

4.6-DinitrO'3-ethyloltoluidine, preparation of, 570 
Dinitrotetramethylethane, preparation of, 621 
Dinitrotoluene, separation from trinitrotoluene, 496 
Diolefins, absorption by cuprous chloride, 391 
adsorption of, 255 

- . condensation with acid anhydrides. 687-690 

- -. acids. 688. 690. 691 

, — aryl halides. 691 
—, — maleic anhydride. 679 

. — quinones, 175, 679, 688. 689 
—. dic.irboxylic acids from. 698 
•—. effect of pressure on, 666 
—, - lead tetraethyl on. 1019, 1020 
—. effect on gasoline. 909 
—. estimation. 698-700 

- . halogenation. 683, 690, 700 
•—. in gasoline, 913 

. oxidation of, 666 

—.polymerization of, 88, 170, 310, 385, 649-654 
. pyrolysis of, 88 

—. reaction with alkali metals and amines, 698 
—, — diazotized aniline, 700 
—. — formic acid, 698 
—. — halogen ;icids, 699 
—, — mesityl oxide, 175 

- — sulphur chloride and oxygen, 696 

- .--sulphur dioxide. 176 

—, refluctioii to monolefins, 698 
--.removal from gaseous mixtures, 359 
—. sei>aration from amylcnes, 310 
solvent action of dioxane ou, 581 

- -. use in peroxidation. 923 
Diols, dehydration of. 548 
Dioxane, chlorination of, 581 
—. oxidation of, 580 

—. pharmacological properties of. 580 
—. preparation of, 551, 578, 579 
. pyrolysis of, 580 

- reaction with arsenic trichloride. 580 
—solvent power of. 580 

—. utilization of, 581 
1 ..l-Dioxolane, preparation of, 582 
Dioxalanes, from alkylacetylenes, 724 
Dioxalones, from alkylacetylenes. 724 
Dii^entene. reaction with formaldehyde. 624 
—. — selenious acid, 446 
Diphenylamines, as antioxidants. 940 
—.as heat-transfer medium. 194 
. from benzene, 260 
—. from bromobenzene. 787 
. from phenyl chloride. 810 

- . in esterification of olefins. 316. 318 
/»-l)iphenylbenzene, from benzene. 95 
Diphenylbutadiene. formation of, 649 
Diphenylcyclohexane. from benzene. 207 
Diphenyl dinitroethane. from stilbene, 621 
'V.7'-Diphenyldipropyl ether, preparation of. 529 
Diphenylene ditelluride. as antiknock. 1018 
Diphenylene oxide, reaction with chlorinateil par 

affins, 758 

1.2-Diphenylethane. from toluene. 260 
Diphenyl ether, as heat-transfer medium, 861 
—. from phenol. 788. 789 

—. from potassium phenolatc-cthylene chloride re¬ 
action. 500 

- in dehydrogenation of alcohols. 420 
—. in hieh-temperature lubricant. 194 

—, reaction with chlorinated paraffin, 818 
Di-3-phenylethy| ether, preparation of. 529 
Diphenyignanidine, adsorption hv carbon black. 
252 

-.accelerator, pnxlnction of carbon black, 239 
Dipole moment, definition of. 441 
Diphenylmethane, benzophenone from. 943. 957 
—. in dehydrogenation of alcohols, 420 
molal entropy, 1289 

- oxidation <if. 943. 957 

Diphenyl oxide, as heat-transfer aeent. 860 
Diphenyl sulphide, from benzene. 468 
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Dipropenyl 

Dipropenyl, from dtallyl, 88 
Dipropyl ketone» decomposition of, 450 
—, ethyl dipropyl carbinol from, 452 
—, photochemical decomposition, 449 
—, preparation of, 443 
—, solvent, 443 

Dipropyl ether, dewaxing agent, 495 
Disodtum glyc^ate, dehydrating agents, 330 
Disodium naphthalene, dihydronaphthalene from, 
958 

Disodium phosphate, in fermentation of sucrose, 
547 

Disodium thioglycolate, in olefin estimation, 1144 
l)isi>ersing agents, by sulphonation of ethers, 825 
—, — oxygenated hydrocarbons, 1001 
—, ethanolamine salts as, 575 
—, ethylene oxide in preparation of, 5M» 

—, for graphite, 576 
—, from mercaptans, 472 
—, hydroxyethyl ethers as, 558 
—, naphthenic acids in, 1112, 1117 
—, naphthenic alcohols as. 1120 
—.sulphuric acid esters in, 1112 
—, iirethans as, 5o9 

Disulphides, antioxidants, for white oils, 937 
—, effect on color stability, 454, 450 
—, — lead susceptibility, 450, 480, 481, 1031 
—, from alkyl sulphur chlorides, 478 
—, from mercaptans, 470, 471, 480 
—, in insecticides, 1112 
—, in i>etroleum, 454 

—, reaction with ammonia and sulphur, 481 
Disulpho-butyric acid, formation of, Olo 
Disulphonic acids, catalyst, esterification of acet¬ 
ylene, 717 

Disulpho-propionic acid, formation of, 010, 820 

1.3- Dithiane, preparation of, 485 

1.4- Dithiocyanobutenc, chlorination of, 698 
—, from butadiene, 698 

Dithionic acid, catalyst, dehydration of alcohols, 
410 

—,—.hydration of higher olefins, 297, 410 
Ditolyl, from toluene, 208 
Ditolyl disulphide, flotation agent, 480 
Ditolylethane, formation of, 719 
Ditolyl mercury, as antioxidant, 938 
Divinylacctylene, hydration of, 709 
—, hydrogenation of, 709 
—, polymerization of, 708, 709 
—, preparation of, 704, 708 
—, reaction '^ith chlorine, 709 
—, — hydrogen polysulphide, 709 
—, — thio-P*cresol, 709 

Divinyl ether, from ^,/J'-dichloroethyl ether, 528 
—, from acetylene, 715 
—, in anesthesia, 528, 529 
—. reaction with acetyl iodide. 612 
Dixylylethane, preparation of. 719 
Doctor solution, estimation of suli)hur, 1156, 1157 
Doctor sweetening, defined, 474 
Dodecane, from n-tetradecane. 1297 
Dodecene, from 1-hexene, 1299, 1300 
—, from isobutene, 643 
—, from propene, 639 
—, in kerosene, 145 
—.reaction with benzene, 591 
fi-Dodecyl ammonium thiosulphate, preparation of, 
829 

Dodecylbenzene, preparation of, 1254 
Dodecyl chloride, reaction with sodium thiocyanate, 
822 

Dodecyl halides, glycol ethers from, 543 
fi'Dodecyl iodide, reaction with ammonium thiosul¬ 
phate, 829 

Dmecyl mercaptan, reaction with ethylene oxide, 
564 

Dodecyl thiocyanate, use as insecticide, 822 
a-Dodecyl thiol, reaction with ethylene chlorohydrin, 
526 

Driers, fatty acids in. 1115 
—, from lead tetra-alxjrU, 823 
—, from naphthenic acids, 1115 
—, from sujphonates, 1081 
—, from wax acids, 1055 
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Drying oils, acetylene in synthesis of, 701 
—, by oxidation of petroleum, 1054, 1055 
—, from copolymerization of olefins and diolefins, 
203 

—.fromacid sludge, 1055 
Dubbs process, of cracking, 117 
Dubrovai process, of cracking, 123, 124 
Ductility, of asphalts, 1207, 1208 
Duo-Sol process, 43 
Duprene, definition of, 681 
■—, see Neoprene 
Durene, from xylenes, 208 
Dust fixatives, preparation of, 1079 
Dyes, estimation of benzene with, 1185 
from chlorobenzenes, 782 
-.oil-soluble, preparation of. 1079 
phthalic anhydride in, 946 
—, sulphonated naphthenic acids as, 1117, 1118 
. water-soluble, oil-soluble from, 1079 
Dyestuffs, antioxidants for gasoline, 919 
—. inhibitors, gum formation, 913 

E 

Earthenware fragments, catalyst, in Houdry proc¬ 
ess, 129 

Edeleanu extract, for dehydration of isopropyl al¬ 
cohol, 364 

Electric discharge, action on alcohols, 256, 262 
—. •— esters, 262 

.--gaseous hydrocarlKins, 253, 254 
—. — kerosene, 253 

—petroleum hydrocarbons, 255, 256, 262 

- . ■— water. 256 

—. ignition. 1001, 1002 
—, iKilymerization by, 631 
Electrion oils, preparation of, 260-263 
Electrodes, use in cracking methane, 54 
Electrolytic chlorination, of fienzene. 780 
Electromagnetic field, action on acetylene, 267 

- .—gasoline. 267, 268 

Electromotive force, free energy change from, 1276. 
1277 

Emulsifiers, natural, in crude petroleum, 1217 
Emulsifying agents, alkyl thiosulphates as. 828, 
829 

:—. by sulphonation of ethers. 825 
—.calcium sulphonate as, 1074 
—, ethanolamine salts as, 575, 1074 
—, ethylene glycol ethers as, 543, 558 
—.ethylene glycol in, 1114 
—. ethylene oxide in preparation of, 566 
-.for asphalts, 1216, 1217, 1218 
—. formaldehyde in, 891 
—, from chlorinated hydrocarbons. 758, 822 
—. from ethylene chlorohydrin, 526 
from mercaptans, 472, 487 
from petroleum, 1060 
. from tertiary alcohols, 417 
—. humic acids used as, 1099 

- . kaolin in, 1074 

—. mineral oil in, 1079 
—. naphtjienic acids in. 1112 
—.naphthenic acid soaps as. 1114 
—. naphthenic alcohols as, 1120 
—■. polyhydric alcohols in, 1074 
■ -. rosin in, 1114 
—. rosin soaps in, 1079 

- . sulphates as, 1085. 1086 

—. sulphonaphthenic acids as, 1118 
—. sulphonated castor oil in, 1074 

- . sulphonic acids as, 1074, 1075. 1079 
—.sulphuric acid esters in, 1112 

- wax acids as, 978 
Emulsions, aquolysis of, 133 

—.breaking of, 10, 757, 946, 947 
—, in crude oil. 10 

- stabilizers for, 584 
Enamels. f>reparation of. 728 

Endothermic reactions, in cracking nrocess, 103 
Energy, of activation, dehydrogenation of cyclo¬ 
hexane. 92 

—.—, of cracked naphtha, 102 
—,—, of halogen-olenn reactfons, 491 
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Energy, of activation, of mazout, 103 
—, —, of petroleum jfractions, 102 
—, —, of propane, 58 
—, —, pyrolysis of benzene. 95 
Enthalpy, d^nition of, 1306 
—. see also Heat content 
Enthalpy diagrams, determination of. 1332-1335 
Enthalpypressurctemi>erature relations, of ben¬ 
zene, 1333 

—.of crude oil, 1334, 1335 
—,of naphtha, 1333. 1334 
—, of n-pentane, 1333, 1334 
Enthalpy table, for methane, 1337 
Entropy, dehnition of, 1273-1275, 1306 
—, molal. of acetylene, 1282-1284 
“,—, of aromatics, 1289, 1290 
—,—, of isoparaffins, 1281, 1282, 1288, 1289, 1292, 
1293 

—. —, of naphthenes, 1284-1286, 1290 
of olefins, 1282-1284, 1290, 1291 
—. —. of palmitic acid, 1292, 1293 
—.—, of n-paraffins, 1279, 1280, 1281, 1288, 1289 
—, —, of 1,4-i^ntadienc, 1291 
—, of formation, of acetylene, 1282-1284 
—.—, of aromatics, 1284-1286 
—,—, of cyclohexene, 1284, 1285 
—,—, of naphthenes, 1284-1286 
—,,of olefins, 1282-1284 

of n-paraffins, 1279, 1280, 1281 
—, of fusion, definition of, 1288 
—, relation to free energy, 1275 
—, — equilibrium constant, 50 
—, — heat capacity^ 1273, 1306 
—, — heat of reaction, 50 

Entropy change, effect of structure on, 1286, 1288- 
1293 

—, evaluation from heat capacity, 1278, 1279 
—, — from specific heat, 1277 
—, free energy change from, 1276, 1277 
—, isomerization n-butane to isobutane, 1282 
Entropy chart, of dichloromethane, 1337 
Entropy-heat content relations, 1341-1343 
Entropy table, for methane, 1337 
Entropy-temperature relations, 1335-1341 
Entropy units, definition of, 1280 
Eosin, catalyst, cyclohexene-oxygen reaction, 898 
Epichlorohydrin, preparation of, 523 
—, uses of, 524 

Epinephrine, effect on heart, 1269 
Eponit-Ratitx)r, to clarify wines, 232 
1,8-Epoxynaphthalene, as antioxidant, 918 
Equations of state, 1319 

Equilibrium constant, free energy change from, 
1276, 1277 

—, relation to free energy change, 50, 1275, 1276 
—, — entropy, 50 

Esters, action of electric discharges on, 262 
—, by oxidation of petroleum, 962, 963 
—, from aldehydes, 889 

, from carl>on monoxide and hydrogen, 1223 
—, from paraffin wax, 971, 972 
- -. from wax acids, 970 

. halogenated, reaction with olefins, 613. 614 
—. in co-polymerization of chloroprene, 681, 682 
—. pyrolysis of, 341 
—. solvents for asphalts, 1202 
Esterification, of alcohols, 1080, 1081, 1118-1120 
—, of ethylene glycol, 540, 541 
—, of phthalic anhydride, 541 
—, of polyglycols, 545 
—, of polyhydric alcohols. 541 
-, of polymethylene alcohols, 1118, 1119 
—, of wax acids, 975 
Ethane, acetic acid from, 856, 857, 858 
—, acetylene from. 168 
-.acids from. 871. 872 
--.action of glow discharge on. 257 
. — silent discharge on, 257 
--.alcohols from, 857, 858, 871, 872 
.aldehydes from, 856-858, 871, 872 
—.analysis of, 1130, 1131 
--.and propane, extraction agent, 42 
. as motor fuel, 1040 


Ethane, bromination of, 747 
—, carbonization of, 56 
—, chlorinated, properties of, 743 
—, • uses for, 744, 745 

- .chlorination of, 741 
—, combustion of, 52 

’ decomposition of ethylene oxide, 554 

—.effect on viscosity of crystal oil, 15 
—. entropy-temi)crature relations, 1336, 1339 
—. ethyl alcohol from, 856, 857, 858 

- .ethylene from, 151 

—.—, free energy change, 1284 
—. fluorinated, properties of, 748, 749 
—, fluorination of, 747 
—, formaldehyde from, 856, 857 
—. formic acid from, 856, 857, 858 
—, free energy of formation, 1225 
—, —, effect of temperature on, 1294 
—. from butane, 62, 64, 201 

—. from carbon monoxide and hydrogen, 1226, 
1241, 1242 

—, from cracking gas, 301 

from cracking operations, 140 

- from cyclohexane, 93 
—, from cyclopentane, 90 

—. from ethyl alcohol, 331, 350, 357 
—, from ethylene oxide, 554 
—. from free radicals, 53 
—, from gas oil, 140 
—, from n-hexane, 71 
—, from methane, 158, 257 
—, from methyl ethyl ketone, 449 
—, from methyl propyl ketone, 450 
—, from natural gases, 22 
—, from n-nonane, 72 
—, from M-pentane, 68 
—. from pentene, 86 
—, from propene, 80 
—. from toluene, 260 
—, heat of combustion, 15 
—. ignition of, 1001 

—, ignition temperature of, 987, 988, 989, 992, 
993 

—, inflammability limits of, 984 
—, in petroleum gases, 21 
—, methyl alcohol from, 856, 857, 858 
—, Mollier diagram. 1341-1343 
—, nitration of, 1087 

—, oxidation of. 846-848, 850, 856-858, 869, 871- 
873, 1129, 1130 

—.pyrolysis of, 55, 56, 148-150, 151, 158 
—, resins from, 257, 258 
—.separation from ethylene, 1140 
Ethane-acetylene, azeotropic mixture of. 1140 
Ethane bromides, hydrolysis of, 805 
Ethane chlorides, narcotic effect of, 745 
—. as dry cleaning agents, 745 
—, as refrigerants, 745 
—. in insecticides. 745 
—. in refining lubricants, 744, 745 
.r.vm-Ethane disulphonic acid, from nitroethane. 
1096 

Ethanethiol. reaction with ketene, 438 
Ethanol, see Ethyl alcohol 

Ethanolamine. catalyst, reaction of alcohols and 
alkene oxides, 568 

—. —. — ethylene dichloride and sodium poly¬ 
sulphide, 499 
—. condensation of. 568 
—, dehydrogenation of, 568 
—. dispersing agent, 576 
—, from ethylene oxide, 567 
—. reactions of, 568, 569 

Ethanolamines, absorption of carl>on dioxide. 573, 
574 

—, as reducing agents. 570 
—. decomposition of, 570 
—, in soaps. 575 

—.inhibitors, gum formation. 915 
—. reaction with metallic salts, 570 
—. — phthalic anhydride, 958 
— thionyl chloride. 570 
—, removal of sulphur from gases. 573, 574 
—. sulphuric esters of. uses. 578 
Ethanolamine salts, uses, 575 
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Ether, effect on leucocytosis, 1268 
—.flocculating agent for asphalts, 1196 
—.fractional extraction of masout with, 1188 
—, from propene, 358 
—, purification of, 336 
Ether, see also Diethyl ether 
Ether peroxides, catalysts, reaction of ethylene 
and sulphur dioxide, 617 
Ethers, aliphatic, reaction with acetyl iodide. 
611 

—.antioxidants for gasoline, 916 
—.extractants for asphalts, 1187, 1202 
formation during olefin hydration. 28.1 
'. from acetals, 715 
—, from alcoholates, 825 
—. from alcohols, 406, 413, 579 

* -, from alcohol-vinvlacetylene reaction. 70.S 
—. from alkyl halides, 804. 82.5 

—, from chlorohydrins, 524, .52.5 
—, from esters, 406 
—, from olefins. 331, 406 
■ peroxides from. 380, 381 
—.reaction with alcohols, 715 
—, — alkyl halides, 345 
—. rearrangement of. rules for. 825, 826 
—, solubilities of, in sulphuric acid. 379 
Kthionic acid, from ethylene, 321, 1082 
4Ethoxy-2-butyne. reaction with ethyl alcohol. 
705 

2-EthoxyJ,l-dimethylethanol. from isobutene ox¬ 
ide, 548 

2-Ethoxyethanol, reaction with ketene, 435 
2-Ethoxycthyl acetate, preparation of, 43.5 
2-Ethoxycthyl caprylate, as plasticizer. 543, 544 
5-Ethoxymorpholine. preparation of. 561 
Ethyl acetate, estimation of paraffin wax, 1155 
—. from ethyl alcohol, 337, 341, 421 
—. from ethylene, 304. 305 
—. in stabilizing carbon tetrachloride. 730 
—.precipitant for asphaltenes, 1192 
—. pyrolysis of, 341, 421, 423 
Ethyl acetoacetate, reaction with acetylene, 721 
p-Ethylacetophenone. from benzene, 439 
Ethylacetylenc. from methylallene. 88 
—. reaction with acetic acid, 718 
Ethyl aIc(^ol, absorbent for butadiene. 174 
—. acetal from. 339 

—. acetaldehyde from, 337-340, 348. 349, 844, 878, 
879 

—.acetic acid from. 338, 339, 421. 844 
-.acetone from. 340, 421. 422 
acetone in, 327 

—, activity in sulphuric acid. 343. 344 
—. aromatics from. 342 
—.as antiknock. 1016. 1017 
—. as chemical intermediate, 330 
—. azeotropic distillation of. 328, 329 
—. azeotropic mixture with isopropyl alcohol. 369 
—. n-hutanol from. 337 
butyl acetate from. 338 

• .by fermentation, 319 

—. catalyst, reaction of ethylene dichloride and 
ammonia. 497 

—‘.combustion of. 1004. 1005 
—.dehydration of. 328. 329. 330. 1051 
—, dehydrogenation of. 288. 337, 348. 878 
—. diamyl ether from. 337 
—. dibiftyl ether from. 337 
—.diethyl ether from. 330. 331. 332 
electrical decomnosition of 256. 347 
-. estimation of. 353. 354. 355 
—.estimation of paraffin wax. 1155 
—, 2*‘rthoxy'l,l-dimethy1ethanol from. 548 
--.ethyl acetate from, 337-341, 421 
—. ethyl hypochlorite from. 626 
—, ethylsulphuric acid from 343 
—.ethyl xanthate from, 355 
—.explosive characteristics of. 1011 
—.extraction agent for asphalts. 1188. 1200 
-—. — diolefin bromides, 1144 
—. — petroleum sulphonates, 1070. 1071 
—, — yellow zein, 496 
—. flash point of. 988 
—. formaldehyde from, 337, 879 


Ethyl alcohol, from carbon monoxide and hydrogen, 
319, 1305 

—,—.free energy change, 1305 
— from diethyl sulphate, 326, 327 
—. from ethane, 856*858, 872 
—, from ether, 332, 333, 334, 421 
—, from ethyl acetate, 421 
—, from ethylene, 282-291, 319, 322, 323, 552 
—,—.free energy change, 1302, 1303 
—. from ethylsulphuric acid, 326, 327 
—. from hydrocarbons and steam, 269 
—, from pentane, 859 
—. gels with, 330 
—, nexanol from, 341, 347 
—, hydrogenating agent. 347 
—. hydrogen from, 339-341, 347, 348, 352 
—. in anti-freeze mixtures, 374 
—. in coating comiiositions, 353 
in demulsifying agents, 1075 
. inflammability limits of, 980, 981, 982 
—. in fuels, 319, 330 

—, inhibitor, dechlorination of tetrachloroethane, 

. 805 

—. in insecticides, 790 
—. in rubber cement, 374 
—, octane number of, 1028 
—. oxidation of, 844. 872, 879, 880 
—. pentanol from, 347 
—, propionic acid from, 339 
-.pyrolysis of. 155, 173, 331. 339-342, 347- 
353, 551 

<—. reaction with acetone, 443 
—, — alkali hydroxides. 342 
—, — alkali metals. 342 
—. — aluminum, 342, 343 
—. — amines, 346, 347 
—, — carbon monoxide, 339 
—, — chlorine, 626 

—. — chlorine and cinnamic acid. 627 
, — 4-ethoxy-2-butync, 705 
—. — ethylsulphuric acid, 332 
—. — hydrogen chloride. 345. 742 
—, — ketone cyanohydrin, 451 
—. — piperidine. 346 
—, — platinic chloride, 628 

—. — sodium phenolate and carlxm monoxide. 
957 

—, — sulphuric acid, 343 

—, — trichloroacetyl glycols, 541 

—, — vinylacetylene, 706 

—. — zinc sulphate, 878 

—, refining montan wax with, 353 

—, sodium acetate from. 342 

—, solvent properties of, 319, 353, 568, 681 

—, to convert gels into sols, 560 

—.toluene from, 173 

Ethyl alcohol-gasoline, blends, as motor fuel. 
1034-1038 

Ethylamine. reaction with dihiphenylene ethylene. 
615 

Ethylaniline, preparation of, 346 
—. reaction with butadiene and lithium, 698 
Ethyl atropate. preparatioQ of. 451 
Ethylbenzene, action of aluminum chloride on, 
’208 

•—. benzene from, 96, 208 
—, diethylbenzene from, 208 
—. effect of lead tetraethyl on, 1022 
- . from benzene. 206, 207 
—, from n-octane, 73 
—, from toluene. 208 
—. from vinylcyclohexane, 93 
—, hydrogen from, 96 
—, in petroleum. 34 
—. methane from, 96 
—■, molal entropy, 1289 
—. naphthalene from, 96 
—, olefins from. 96 
—, oxidation of, 942. 943 
—, py/olyiis of. 95, 96, 156. 159 
—, reaction with acetylene, 719 
—, styrene from, 96, 159 
—, toluene from, 96 
—. triethylbenzene, from. 208 
Ethyl benzoate, from diethyl phthalate, 952 
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Ethyl blending chart, definition of, 1031 

catalyst, for Grignard reaction, 


—, from ethyl alcohol. 345. 

—, from ethylene, 304 

--.reaction with mercuric fluoride, 748 

Ethyl ft'butyl ketone, preparation of, 589 

Ethyl butyrate, use in dewaxing, 353 

Ethylcellulose, preparation of, 745 

Ethyl chloride, dechlorination of, 805 

—, dehydration agent for isopropyl alcohol, 364 

—.dewaxing agent for lubricating oils. 738, 739 

—, estimation of, 744 

—, from ethyl alcohol, 345, 742 

—, from ethylene, 301, 302, 304, 305, 742 

—, from still gases, 741 

—, hydrolysis of, 796, 797 

—, in insecticides, 745 

—, in refrigerants. 745 

—, purification of, 303 

—, reaction with ammonia, 808 

—, — aniline, 808 

—, — cellulose, 745 

- — a-naphthylamine, 808 

—, — sorbitol. 826 

—. — o-toluidine, 808 

Ethyl chlorosulphinate, preparation of. 346 
Ethyl chlorosulphonate, catalyst, reaction of ethy¬ 
lene and hydrogen chloride, 301 
Ethyl cyanide, in stabilizing carbon tetrachloride, 
730, 731 

Ethylcyclohexane, benzene from, 93 

—, butadiene from, 93 

—, dimethylcyclohexane from, 205, 206 

—. from petroleum, 31, 34 

—.from styrene, 1154 

—, from vinylcyclohexane, 93 

—, hydrogen from, 93 

—, isomerization of, 205, 206 

—, methane from, 93 

—.pyrolysis of, 91, 93 

—, toluene from, 93 

rranz-2-Ethylcyclohexanol, preparation of, 589 

2-Ethylcyclohexene, oxidation of, 900 

Ethylcyclohexyl malonate, preparation of, 773 

Ethyldipropvl carbinol, preparation of, 452 

Ethylene, absorption by ter-butyl hypochlorite, 627 

—. — body, 1267 

—, — cuprous salts, 163, 164 

—, acetic acid from, 629 

—.acetylene from, 79, 160, 166, 167 

—, action of silent discharge on, 258 

—, adsorption by carbon, 324 

—.anthracene from, 77, 186 

—, as anesthetic. 1256-1261 

—, as motor fuel, 1040 

—.benzene from, 77, 186 

—.buUdiene from, 78, 172, 258, 637 

—, butene from, 258, 636, 639 

—. carbon monoxide from, 622 

—, carbyl sulphate from 321, 1081. 1082 

—.combustion of. 52. 241, 1001, 1003-1005, 1010 

—, dichlorodiethyl sulphide from, 619 

—. diethyl sulphate from, 321 

—, esterification of. 304, 305. 359 

—.estimation of, 1141, 1142, 1259 

—, ethionic acid from, 321, 1082 

—, ethyl alcohol from, 322, 323 

—,—.free energy change, 1302, 1303 

—, ethylene glycol from, 627 

—, ethylene glycol dinitrate from, 621 

—. ethylene glycol molybdate from, 628 

—. ethylene glycol nitrate nitrite from. 622 

—, ethyl ether from. 322, 323 

—, ethyisulphuric acid from, 321, 327 

—.explosive properties. 77. 1257, 1258 

—. from acetylene, 719 

—, from allyltoUiene. 96 

—, from benzene, 207 

—. from n-butane, 62-64 

—. from carbon dioxide and hydrogen. 1241 

_. from carbon monoxide and hydrogen, 1223. 

1241 

^from chlorocyclohexene, 172 
—.from cracked tar, 155 


Ethylene 

Ethylene, from cracking gas, 301. 302 

—, from cyclohexane, 92, 93, 185 

—, from cyclopentane, 90 

—, from dibromoethane. 805 

—, from ethane, 56, 57, 151 

—,—.free energy change, 1284 

—, from ether, 334 

—, from ethyl acetate, 421 

—.from ethyl alcohol, 155, 173. 331. 340, 551 

—, from ethylidene bromide, 805 

—, from gas oil, 140 

—, from gasoline, 136 

—, from heptane, 71, 154 

- from isobutane, 67 
—, from isobutene, 85 

—.from kerosene, 154, 155, 253 
—, irr>m ketene, 437 
—, from ketones, 449, 450 

—. from Kogasin II, 155 

—.from methane. 53. 54. 158, 166, 218. 257 

- -, from 1-methylcyclohcxenc, 172 

—, from methylene radicals, 53, 438 
—. from oils, 131 
—.from paraffin wax, 138 
—.from peat tar. 15.'. 

—, from n-pentane, ‘ 68 
—. from pentenes, 86 
—, from petroleum hydrocarbons, 253, 254 
—. from potassium ethylene trichloroplatinate 
monohydrate, 628 

—, from propane, 58-61, 80. 149, 151, 153, 169 
—, from n-propyl alcohol, 173 
—, from tetrahydrobenzene. 93 
—, from toluene. 260 
—, from vinyl radical. 75 
—, hexene-1 from, 258 
—.hydration of, 282-291 

—,—.free energy change, 283, 284, 290, 1302, 
1303 

—.—,—.effect of temperature on, 1302, 1303 

—.—.heat. 287 

—, hydrogen from. 79 

—, ignition temperature of, 987-989 

—. inflammability limits of, 980, 985 

—. in heat transfer media, 539 

—, inhibitor, decomposition of ketene, 437 

—, —, pentanc-chlonne reaction. 493 

—. in pressure-transfer media, 539 

—. iodoalkyl nitrate from, 629 

—, isobutane from, 637 

—, lubricating oil from, 210 

—, naphthalene from, 77, 186 

—, o-nitroethyl nitrate from, 622 

—. oxalic acid from. 622 

- oxidation of, 551, 844. 851. 894, 896, 897 
—, —, effect of temperature on, 849 

—. —, mechanism, 847, 848, 896 
—. pentene from, 639 

—, physiological properties, 1257. 1260-1262, 1268, 
1269 

—. polymerization of, 202. 203, 209, 210, 265, 
283, 288. 290, 321, 634, 636-639, 646, 671 
'—, —, effect of hydrogen, 166 
—.—.effect of pressure. 638, 639. 1041 
—. pressure-volume-temperature relations, 1322 
—. propene from. 636, 639 
—, propionic acid from, 446, 626 
—.pyrolysis of. 77-79. 166, 184 
—.reaction with acetyl chloride, 611. 612 
—. — benzene. 594, 595. 597 
—, — bromine, 501 
—, — butadiene. 186 
—, — frr-butyl hypochlorite. 518 
—. — carbon monoxide. 626, 893 
—, — chlorine. 492-494 
-—.—chloromethyl acetate. 613 
—. — N*chlorourea. 515, 516 
—. — coal-tar distillates. 209. 593 
—, — cracked gas. 1252. 1253 
—, — cracked gasoline. 1252. 1253 
—. — cyclohexane. 601. 602 
—. — ethylene chlorohydrin. 529 
—. — ethyisulphuric acid, 298 
—, — with halogen acids, 300 





Ethylene SUBJECT 

Ethylene, reaction with hydrogen chloride molybdic 
anhydride complex, 628 
—. — hydrogen peroxide, 897 
—, — hyi)ochlorous acid, 515-520 
—, •— i(^ine, 505 
—, -r- isobutane, 599, 601 
—. — isopentane, 599 
—. — mercuric nitrate and iodine, 029 
—, — metal hydroxide, 894 
—, — methylcyclohexane. 599 
—, — methylcyclopentane, 599 
—, — naphthalene, 209, 210, 594 
—, — nitric acid. 622 
—, — nitrogen tetroxide. 620 
—, — oxygen and water, 534 
—. — phenol. 605 
—. — phosgene, 609, 611 
—, — phosphoric acid. 323 
—, —• potassium hydroxide, 629 
—. — propane. 601 
—, — steam. 271 
—, — stearic acid, 588 

—. — sulphur chloride and sodium iiolysulphide. 
618, 619 

—. — sulphur dioxide, 617 
—, — sulphur monochloride, 619 
—. reaction with sulphuric acid. 161. 298. 319- 
325, 343, 344, 391, 1081. 1082. 1141, 1142 
—,—.effect of concentration, 321 
—,—.effect of pressure, 321. 322 
—.effect of temperature. 321 
—, reaction with tetralin, 209 
—, — 2,2,4-trimethylpentane. 599 
—. removal from gas mixtures, 161-164, 327, 328 
—, resins from, 618, 619 
—.separation from ethane. 1140 
—, — propene, 163 
—, sulphinic esters from, 617 
—. sulphones from. 617 
—, tars from. 656 
—. toluene from, 77, 186 
—, xylene from, 186 

Ethylene-aluminum chloride, catalyst, polymerisa¬ 
tion of cracked distillates, 214 
Ethylene bromide, see Ethylene dihromidc 
Ethylene bromohydrin, ethylene glycol from. 532 
—.from ethylene oxide, 565 
—. reaction with carlion dioxide, 532 
Ethylene chloride, see Ethylene dichloride ^ 
Ethylene chlorohydrin, acrylic acid from. 527 
—. as inscctitftde. 519 
—, ^./J'-dichloroethyl ether from, 528 
—, effect on plant growth. 519 
—, ethylene glycol IFrom, 532 
—, ethylene oxide from, 550 
—, extraction agent for butadiene, 174 
—.from ethylene, 515-520 
—, from ethylene dichloridc. 517, 518 
—, from ethylene glycol, 537 
—.from ethylene glycol diacetate, 518 
—. from ethylene oxide, 516. 560 
—. /5-haloethylarsines from, 526 
—.hydrolysis of, 518, 519, 533 

- , iKilysuiphides from, 526 
—. properties of, 519 

- -. reaction with amines. 527 

—, — carbon dioxide and srKliuni hydroxide, 532 
—. - mercantans, 526 

—, — methylol urea. 525. 526 
—— olefins and chlorine. 529 
—— resorcinol, 525 
—. — sodium carbonate, 533, 534 
—. — thionyl chloride, 525 
—, — urea, 525 

—, refining petroleum oils with, 519 
—, — rosin with, 519 
Ethylenediamine, as antiknock, 498 
—, corrosion inhibitor, 809 
—, desulphurizing agent, 458, 488 
—, from ethylene dichloride. 497. 808 
—, plasticizing agent for cellulose acetate. 498 
properties of, 809 
—, reaction with zinc chloride, 497 
—, — zinc oxide, 497 
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Ethylenediamine hydrogen chloride, preparation 
of. 497 

Ethylene diarsonic acid, barium salt, preparation 
of. 505 

Ethylene dibromide, crystalline forms of, 730 
—. ethylene glycol from, 532 
—, from ethjdcne, 501-505 

- in fire extinguishers, 505 

—, promoter, ethylene-bromine reaction. 503 
—, reaction with arsenious oxide. 505 
—. — carbon dioxide, 532 
—, — magnesium, 505. 824 
-. — potassium carbonate, 532 
. — potassium phenolate, 505 
—, — sodium hydroxide, 532 
—. vinyl bromide from, 504, 533 
Ethylene dichloride, acetaldehyde from, 533 
—. acetylene from, 497 
—. azeotropic mixture with water, 500 
—. crystalline form of, 730 
—.dehydration agent for aliphatic acids. 501. 745 
—, — butyl phthalate, 501 
—, — isopropyl alcohol. 364 
—, dewaxing agent for lubricants, 434. 495 
—.ethylene chlorohydrin from. 517, 518 
—, ethylene glycol from. 496, 532 
—. ethylene glycol diacetate from. 496 
—, extraction agent for polymerized hydrocarbons. 
397 

—. — tetryl. 496 

— trinitrotoluene. 49o 
—.—white zein, 496 
—, from ethylene. 492-495 
—. from ethylene glycol. 537 
—. hydrolysis of. 533 
—. in acetyjation of cellulose, 496 
—. in cleaning compositions, 732, 745 
—. in dielectrics, 789 
—. in fumigants, 566 
—, in insecticides. 496 
--.in lubricating greases, 496 
—. in water-proofing compositions. 49(» 

—, motor fuel from. 501 
—. pro|>crtics of, 495 
—pyrolysis of, 497. 716 
—. reaction with acids, 499 
—. — alkalies, 496 
—. — ammonia. 497 
—. — barium carbonate, 533 
. — benzene, 815 
—. — calcium carbonate, 533 
—. — calcium sulphide, 499 

—. — carbon dioxide and sodium hydruxide, 532 
—. — chlorine. 501. 742 
—. — phenylmagnesium chloride. 565 

- ’—potassium hvdrosulphide, 471 
—. — potassium phenolate, 500 

—. — sodium acetate. 499 
—, — sodium acid carbonate, 532 
—. — sodium carbonate. 532. 533 
—. — sodium /9-naphtho1ate, 500 
—. — sodium phenolate. 825 

- , — sodium polysulphide. 499 

, —sodium stearate, 499 , 

- — sodium sulphide. 499 

—-sodium thiosulphate. 829 
—, — sulphur trioxtde, 517. 518 
--, resins from, 499 
—, see also Dichloroethane 
—. solvent properties of, 495 
—, toxicity of, 495 
—. vinyl chloride from, 496 
Ethylene dihalides, ethylene glycol esters from. 
540 

Ethylene di-iodide, from ethylene, SOS, 506 

Ethylene disulphide, from ethylene dichloride, 499 

Ethylene glycol, aldehydes from. 536 

—, dehydration agent for diethyl ether, 538 

—, dietners from, 889 

—, diethylene p^lycol from, 544 

—, electrolyte in batteries. 539 

—, estimation of, 537 

—.ethylene chlorohydrin from. 537 

—.ethylene dichlonde from, 537 

—, ethylene glycol monoacetate from. 540 
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Ethylene glycol, ethylene oxide from, 537 
—, extraction agent for butadiene, 174 
—. — calcium stearate, 789 
•—, from ethylene, 627 
—, from ethylene dibromide, 532 
—. from ethylene dichloride. 496, 499, 532, 797 
—, from ethylene halohydrins, 532 

—, from ethylene oxide, 557 

—, hydroxyaldebyde from, 536 
—, in antifreeze mixtures, 538, 539 
—, in brake fluid mixtures, 539, 11 14 
—, in emulsifying agents, 1114 
—, in heat transfer media, 539 
—. in mineral oils, 538 
in preservatives, 538 
-—.oxidation of, 536 
, pro|>erties of, 535-537 

. reaction with acetic acid, 5*10 

—, acid anhydrides, 54(J 
, — aldehydes, 889 

-, — benzyl chloride and sodium hyflroxide, 541 
-, — bone grease, 540 
, — ethylene oxide. 544 
—, — hydrochloric acid, 537 
-, — isolmtene, 544 
—■, — 2-meth>loutene-2. 544 

- - ter-olefins, 414 

—, — paraformaldehyde, 582 
-- phthalic anhydride, 541 

— potassium dichromate, 537 
, solvent properties. 538 

, toxicity of. 537, 538 

—, viscosity depressant for nitrocellulose, 538 
Kthylene glycol acetate, as extraction agent, 44 
, from ethylene glycol, 540 
. from ethylene oxide, 540 
-, in brake fluid mixtures, 540 
Kthylene glycol butyl ether, plasticizers from, 
542 

-, in cleaning agents, 543 
in mineral oil, 543 

Kthylene glycol carbonate, preparation of, 524 
Kthylene glycol diacetate, acetic anhydride from, 
540 

—, chlorohydrin from, 518 
-, from ethylene glycol, 540 

Ethylene glycol dinitrate, from ethylene, 621, 622 
—. in explosives, 539 

Ethylene glycol distearate, preparation of. 499 
Ethylene glycol esters, acid anhydrides from. 540 
, from epoxides, 540 

- . from ethylene dihalides, 540 
—. toxicity of, 549 

- , utilization of, 540, 541 

Ethylene glycol ethers, in emulsifying agents, 543. 
558 

—, in mineral oil, 543 
—. in penetrating agents, 558 
—, in plasticizers, 558 
—. in wetting agents, 558 
-.preparation of, 500, 505, 543, 544, 557 
—, solvent properties of, 543 

Ethylene glycol ethyl ether, dewaxing agent for 
lubricants, 507 

—. in brake fluid mixtures, 542 
—, in candle wax, 543 
—, in mineral oil, 538 
—, solvent properties of, 543 

- toxicity of, 543 

—. wetting proi>crties of, 542 

Ethylene glycol ethyl ether acetate, in refrigerants, 
543 

Ethylene glycol formal, solvent properties of, 542. 
543 

Ethylene glycol hypochlorite, reaction with olefins. 
628 

Ethylene glycol isobutyratc, plasticizer for cellulose 
acetate, 540 

Ethylene glycol methvl ether, plasticizer from, 542 
Ethylene glycol molybdate, from ethylene, 628 
Ethylene glycol nitrate nitrite, from ethylene, 622 
Ethylene glycol stearate, in shaving preparations, 
540 


Ethylene glycol trichloroacetate, see Trichloroacctyl 
glycol 

Ethylene halohydrins, reaction with sodium car¬ 
bonate. 533 

Ethyleneimine, preparation of, 568 
Ethylene oxide, catalyst, pyrolysis of butanes, 61 
—, —, — propane, 61 
—, —, decomposition of acetaldehyde, 884 
—, dehydration agent for alcohols, 558 
—, dioxane from, 579 
—, emulsifying agents from, 566 
—, esterification of, 540 
—, estimation of, 556, 557 
-ethylene chlorohydrin from, 516 
€ Ktraction agent for nicotine, 566 
—, from jS-chloroethyl acetate, 550 
• from dichlurudiethyl ether, 551 
. from ethylene, 552, 893 
—, from ethylene chlorohydrin, 550 

- , from ethylene glycol, 537 

•—.from ethyl hypochlorite, 551 
—, from monochlorodimethyl ether, 551 

- -, from vinyl acetate, 553 
—, hydration of, 557 

—, in fuels, 506 
-, in fumigants, 566 
—, in insecticides, 565, 566, 569 

in preparation of metallic oxide gels, 560 
-•—sols, 560 

in stabilization of aliphatic nitrates, 566 
—, polyalkene glycol ethers from, 508 

- —, polymerization of, 562 

, properties of, 553, 554 
—, pyrolysis of, 554, 555 

—, reaction with aliphatic secondary amines, 561 
, — aluminum hydroxide, 560 
—, — 2-aminoacetaldehyde, 561 
—. --2 aminopyridine, 561 
—.—ammonia, 567 
' — aromatics, 563 

—, — casein, 561 

- . — cellulose, 558, 559 

- — cetyiamine, 588 

- — dibenzvlamine, 560 

—, — dibutylnaphthalenesulphonamide, 562 
—. — diethylene glycol, 558 
—, — /3-7-dihydroxypropylaniline, 561, 570 
—. — ethylene glycol, 544 
—, — ethyl sodioacetoacetate, 565 
— Grignard reagents, 564, 565 
—. — horn, 561 

. —hydiogen chloride, 516, 560 

- — hydrogen sulphide, 463, 563, 564 

— i9*hydroxy-7-alkoxypropylaminoJicnzene, 570 
—, — isopropyl alcohol, 557 
—, — lignin, 559 
—. — mercaptans, 472, 564 
' — metal chlorides. 560 

—, — olcyl alcohol, 558 
—, — paraffins, 1101 
—, — m-phcnylencdiamine, 560 
—. — phenyl sodium, 563 
—, — potassium thiocyanate, 564 
—. -- sodium bisulphite, 565 
—, — stearic acid, 588 
—. — thiourea, 564 
—. — trichloroacetic acid, 540 
■—. — wool, 561 
—, toxicity of, 556 

Ethylene oxide derivatives, inhibitors, decomposi¬ 
tion of chloroprenc polymers, 682 
Ethylene oxide polymers, structure of, 562 
Ethylene polysulphide, preparation of, 499 
Ethyl ether, as dielectric, 728 
—, effect on sulphation of ethylene, 322 
—. ethyl alcohol from, 421 
—, from diethyl sulphate, 326 
—, from ethylene, 322, 323 
—, hydration of, 421 
—.precipitant for asphaltenes, 1192 
—, see also Diethyl ether 
Ethyl fluoride, preparation of, 748 
N-Ethylglycocoll, removal of hydrogen sulphide by. 




Ethylhexaldehyde SUBJECT 

Kthylhexaldehyde, reaction with acetone, 443 
Ethylhydrindene, pyrolysis of, 94 
Ethyl hydrogen sulphate, preparation of, 299 
Kthyl hyiKJchlorite, ethylene oxide from. 551 
from ethyl alcohol, 346, 62(> 

- reaction with 1,4.-dihydronaphthalenc. (>20 
—. — hex*3-enoic acid, 627 
Ethylidene chloride, preparation of, 716 
Ethylidene compounds, preparation of. 315 
Ethylidene diacetate, preparation of, 717 
—, pyrolysis of, 718 
Ethylidene radical, from ethane, 55 
Ethyl iodide, reaction with ammonium sulphite, 
819 

—, — sodium plumbite, 829 
—, — sodium sulphite, 819 
Ethyl isovalerate, dewaxing agent, 353 
Ethyl lactate, extraction agent, 44 
Ethyl magnesium bromide, reaction with propene 
oxide. 586 

—. — vinylacetylene, 708 

Ethyl mercaptan, diethyl pentasulphide from, 481 
—, effect on color stability, 454 
—, — ethylene polymerization, 6.^6 
—. from acetylene, 720 
—. from ethyl chloride, 822 
—, in petroleum, 454, 1104 
—, reaction with ethylene oxide, 472 
Ethyl-o-methylcrotonic acid, preparation of, 451 
Ethyl nitrate, catalyst, oxidation of benzene, 944 
Ethyl nitrite, pyrolysis of, 1096, 1097 
—.reaction with 1 (2'*phenyl) ethylcyclohexene-l. 
619 

Ethylnitrolic acid, from nitroethane, 1093 
—, reduction of, 1094 

Ethyl orthosilicate, catalyst, hydrogenation of sul¬ 
phur compounds. 1248, 1249 
3-Ethyl-2 pentene, reaction with aniline, 615 
—. — ozone, 901 

Ethyl peroxide-gasoline blends, as motor fuels. 

1038, 1039 

Ethylphenol. extraction agent for phenol. 3vi 
(7-Ethylphenol, from ethyl alcohol, 173. 347 
Ethylplumbonic acid, preparation of. 829 
Ethylpropiolic acid, preparation of, 511 
Ethyl propionate, dewaxing agent, 353 
—. from ethyl alcohol. 339 
Ethyl radical, formation of, 50 

Ethyl selenide, inhibitor, polymerization of chloro- 

phene, 681 

Ethyl sodioacefbacetate, reaction with ethylene 

oxide, 565 

Ethylsorbitol ether, preparation of, 826 
Ethyl sulphide, reaction with sodium hydrosulphide. 
822 

Ethylsulphuric acid, catalyst, ethylene-sulphuric 
acid reaction. 322 
—, ethyl alcohol from, 326, 327 
—, from ethyl alcohol, 343 
—, from ethylene, 298, 321, 322 
—.hydrolysis of, 319, 325, 326 
—, reaction with ethyl alcohol, 332 
—, — ethylene, 298 

Ethyl thioacetate, preparation of, 438, 439 
Ethyltoluene, from pinene, 88 
—, from sapropelite tar, 144 
—, from trimethyJcycloheptane, 94 
—, indene from, 156 
—, in petroleum, 35 

3*Ethy(-2,2.4trimethyl-3pentanol, reaction with 
iodine, 411 

Ethyl xanthate, from ethyl alcohol, 355 
Ethynylcyclohexanol, reaction with ozone, 904 
Ethynylfenchyl alcohol, reaction with ozone, 904 
Eugenol, inhibitor, polymerization of methyl vinyl 
ketone^ 705 

—, reaction with selenious acid, 446 
Eutectics, as heat-transfer media. 861 
Exanol, definition of. 675 
Explosives, preparation of, 544, 622 
“Extensive’* property, definition of, 1272 
Extraction agents, acetone as. 1070, 1071, 1105 
—, aniline as, 30 
—, butane as, 972 
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Extraction agents, calcium hydroxide as, 1107 
—.calcium oxide as, 1105 
. chloroform as, 728, 1245 
. chlorohydrocarbons as, 972 
. dichloroethylene as. 1245 
.diethyl ether as. 1070. 1245 

. ethyl alcohol as, 1070, 1071 

- .g.asoline as. 975, 976, 1105 1155 
--.green-acid soap as, 1071, 1072 

- hydrogen fluoride as, 1108, 1109 
isopropyl alcohol as, 975, 1070, 1071 

. ketones as, 972 
-. methyl alcohol as, 975, 977 
'. naphthenic acids as, 1073 

- propane as, 972, 1071 

- . pyridine as, 977 

—.soda-lime as, 1106, 1107 
—.sodium carbonate as, 1105, 1107 
—, sodium chloride as, 1108 
—.sodium hydroxide as, 1105-1107 
—.sodium oxide as, 1105 
—, sulphur dioxide as, 30, 1070, 1107 
—. sulphuric acid as, 30 
—, xylene as, 1107 

F 

Factice. preparation of, 468 
Fat-denaturant. preparation of, 1080 
Fats, autoxidation of, 914 
■ from wax acids, 970 
—. hydrolysis of, 1069 

Fatty acids, by oxidation of paraffins, 865, 1088 
-. degradation of, 19 
—. foam-preventing agents from. 1080 
—, from crude oil, 10 
—, from hydrocarbon oils, 20 
—. from iietroleum. 17 
—, in asphalt compositions, 1214 
--.nitration of. 1088 
-.oxidation of, rate. 931 
—. petroleum from, 20 

—.reaction with silicic-acetic anhydride. 1116 
Fatty acid salts, as emulsifying agents, 1216 
—. as insecticides, 1077 
Fatty oils, action of bacteria on, 19 
—. degradation of, 19 
—. mineral oils from, 17 
—. promoter, ethyl alcohol from ether, 333 
Fehling’s solution, reaction with asphaltogenic 
acids, 1195 

Fenchone. as plasticizing agent, 681 
Fenchyl alcohol, blending agent for motor fuel, 
1035 

Ferralloy, effect on pyrolysis of paraffins. 181 
Ferric bromide, catalyst, esterification of propene. 
316 

Ferric chloride, catalyst, alkylation of phenols, 605 
,bromination of benzene. 791 
—. —. chlorination of ethylene, 494 
—, —, — methane. 726 
—, —, — propane, 750 
—,—.esterification of olefins. 301, 306, 307 
—, —, fluorination of methane, 736 
—. —, halogenation of cyclopropane, 761 
.—.in cracking, 132 

—. —, polymerization of formaldehyde, 579 
—, —, reaction of m-cresol and ammonia, 788 
—. —, — dichloroethane and hydrogen fluoride, 
747 

—. —, — ether and hydrogen chloride, 345 
—.—. — ethylene and hypochlorous acid, 515 
—, —, — ethylene oxide and benzene, 563 
—. —, — glycol ethers and formaldehyde, 582 
—. —I — glycols and formaldehyde, 543 
—,—. — phenol and butyl chloride, 818 
—. —, — vinyl chloride and hydrogen chloride, 
716 

—.decolorizing agent for asphalt, 1192 
—, effect on color stability, 927 
—, in fireproofing agents, 1086 
—.precipitant for nitro-asphaltenes, 1191 

- , refining agent for gasoline, 263, 670, 929 
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Ferric compounds, catalysts, oxidation of hydrocar¬ 
bons, 1043 

Ferric compounds, see also Iron compounds 
Ferric naphthenate, in paints, 1115 
Ferric nitrate, desulphurizing agent, 490 
Ferric oxide, antioxidant, parafhn oil oxidation, 
907 

—, catalyst, chlorination of benzene, 781 
—. —, ethylation of amines, 

—,—, hydration of acetylene. 714 
—, —, hydration of vinylacetylene, 705 
—, —, oleone from oleic acid. 446 
—, —, oxidation of butyl alcohol. 880 
—, —, — gasoline, 1058 
—,—, — methane, 871 
—, —. pyrolysis of methane, 218, 227 
—, —, — natural gas, 190 

—.—, reaction of acetylene and chlorine. 74.1 
—, —, — carbon monoxide and steam. 276, 277 
—, —. — methane and steam, 273 
—. desulphurizing agent, 489 

Ferric salts, reaction with ^-sulphontc acids. 1065 
Ferric sulphate, as refining agent. 928 
—, catalyst, hydration of vinylacetylene, 705 
—desulphurizing agent^ 490 

Ferrous acetate, catalyst, oxidation of methyl ethyl 
ketone, 450 

Ferrous chloride, as refining agent. 668 
—, catalyst, /er-bntyl chloride from isobutyl chlo¬ 
ride. 752 

—. —, chlorination of methane. 726 
—, see also Iron compounds 

Ferrous hydroxide, catalyst, hydrolysis of alkyl 
halides, 797, 801 

Ferrous oxide, catalyst, cracking of wax acids, 
979 

Ferrous phosphate, catalyst, hydration of ethylene, 
284 

Ferrous sulphate, catalyst, bromination of l>enzene, 
791 

—. —. reaction of ethylene and hydrogen peroxide. 
897 

. — ethylene and .sulphuric acid, 323 
—. reaction with hydroxymethylhydroperoxide. 887 
Ferrous zinc sulphide, desulphurizing agent. 489 
Filaments, action of triethanolamine on. 578 
Films, wax acids in. 975 

Fire brick, catalyst, polymerizatior of olefins. 1042 
Fireclay, effect on production of carbon black. 240 
—, — pyrolysis of methane. 227 
Fire extinguishers, chlorofluoromethanes in. 738. 
739 

—. from carbon tetrachloride. 732. 733 
Fireproofing agents, preparation of, 1086 
First order reaction, definition of. .501 
Flame gases, latent energy in. 1007 
Flame propagation, effect on inflammability limits. 
982. 983 

—, in combustion. 1005, 1006 
Flame temperatures, measurement of, 1007-1009 
Flame velocities, of gases, 1009-1011 
Flame velocity, effect of moisture on. 1010 
Flash point, definition of, 1170 
—, of Ijenzine, 988 
—. of ethyl alcohol. 988 
—. of methyl alcohol. 988 

- -.of oils, determination of. 1170, 1171 
Flooring compositions, asphalts in. 1213 
Florida earth, adsorption of resins with, 1188 
Floridin, as refining agent, 923 

—, catalyst, depolymerization of triisobutylene, 645 
—. —, polymerization of olefins, 642, 643, 649, 
650 

—. —, pyrolysis of olefins, 87. 88 
Flotation agent, from disulphides, 486 
—. from naphthalene, 488 
—. from rosin. 466 

Fluidity, of asphalt, effect of trisodium phosphate, 
1219 

Fluidity index, of asphalts. 1210 
Fluorene, fluorenone from, 954, 955 
-^.oxidation of, 954, 955 

- reaction with ethyl magnesium bromide, 824 
—^ — propene, 594 


Formaldehyde 

Fluorenone, from fluorene, 954, 955 
Fluorides, from aralkyl halides. 735 
Fluorinated paraffin wax, in dielectrics, 759 
Fluorination, of benzene, 791, 792 
—, of cyclohexane, 773, 774 
—, of a-dichlorobenzene, 792 
—. of ethane, 747 
—. of hexachlorobenzene, 792 
—, of methane, 735, 736 
—, of paraffin wax, 759 
Fluorine, from potassium bifluoride. 759 
Fluorine derivatives, of iodoform, properties, 737 
Fluorobenzoic acid, from ^-fluorotoluene, 954 
Fluorochlorobcnzencs. from o-dichlorobenzene. 792 
Fluorochloro derivatives, from hexachlorobenzene. 
792 

Fluorochloromethanes. reaction with amines, 737 
—, removal of acids from, 737 
Fluorocyclohexane, preparation of, 773, 774 
—. reaction with bromir.c, 774 
-—.stability of, 774 

Fluorodichloroethane. from trichloroethaiie. 747 
Fluorodichloromethane. as refrigerant. 547 
—. from chloroform, 737 
Fluoroform, from iodoform. 737 
—. oxidation of, 737 
/•-Fluorotoluene, oxidation of, 954 
Fluorotrichloromcthanc, carbon tetrachloride fruiii, 
737 

. dichlorodifluoromethane from, 737 
9-Fluorylmagncsium bromide, preparation of. 824 
Foam-preventing agents, from fatty acids. 1080 
—. from mahogany sulphonates, 1080 
Foots oil, oxidation of, 972 

Forinaceous materials, as emulsifying agents, 1218 
Formaldehyde, acetic acid from, 889 
-.as emulsifying agent. 891 
—. as precipitant for proteins, 890, 891 
—. as refining agent for petroleum, 625 
-.as stabilizing agent for bitumens. 891 
—. azeotropic mixtures with water, 884. 885 
--.benzyl alcohol from, 958 
'. by hydrolysis of methyl chloride. 727 

- -. — methylene chloride. 728 

. by oxjdation of acetylene. 902 

- - cracking gas. 881 

- . — ethane. 856. 857. 872 

- -. — ethyl alcohol, 337, 879 

ethylene, 553 

- . - ~ kerosene, 860, 946 

- — methane, 264, 857, 858, 8o6. 867, 870, 880- 
883 

, — methyl alcohol. 877-879 
. — natural gas, 23. 862 

- •—olefins. 893 

- — propane, 862, 863. 873 

. — proi>ene. 553 

—.chloral from. 731 

- . chlorination of, 887 

. condensation of. 889 

.condensation with amines and phenols. 891 
. decomposition of. 883. 884 

- /»-dioxane from. 579 

- -. effect on ethylene oxidation, 896 

.formyl chloride from. 887 

- -. from ethyl alcohol. 337 

from hydroxymethylhydrojieroxide. 887 
—. hydroxymethylhydroperoxide from, 887 

- . in synthetic plastics. 890 

—. |>araformaldehyde from. 877 
—. polymerization of. 877, 887 
—. reaction wdth alcohols. 889 
—. — carbon tetrachloride. 731 
.—cracked distillates, 625 
—. '— dipentene. 624 
-— glycols. 543 
—, — hydrogen i>eroxide, 887 
—. — hydrogen sulphide, 463 

- -. — methyl chloride. 727 

—-, — methylene chloride. 728 
—. — 2-methylpyridine, 623 
—, — methyltetrahydropicoline, 623 
—olefins, 624, 625 
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H'ormalcichyde, reaction with terpenes, 624 

— thiocrcsol, 473, 474 
—, recovery of, 884, 885 

Formats, from aldehydes and alcohols, 889 
Formic acid, by cracking sapropelite tar, 145 
, by oxidation of acetophenone, 450 
—. — acetylene. 902, 904, 954 
—, — butane. 859 
—, — cracking gas, 881 
—ethane, 856-858. 872 
—. — ethylene, 553, 897 
—. — kerosene, 860, 946 
—, — mesitylene. 954 
—, — methane. 857. 858. R83 
—, — methyl isopropyl ketone, 450 

— olefins, 893 

• •—p;»raflfin wax, 971 

— iihenylacetylenc. 904 
—. — propane, 858, 859 

• — proi>ene, 553 

.catalyst, dehydration of alcohoK. 410 
—.hydration «)f olefins. 410 
•. fi>rmyl fluoride from. 887 
—. from carlxm monoxide and hydrogen, 1244 
. fr»»m carbon monoxide and steam. 871 
, from hydroxymethylhydroperoxide. 887 
-. in pickling inhibitors. 1041 
-. reaction with cyclohexanol, 406 

- ' diolefins, 698 

, - - pentcne.s, 312 

— potassium fluoride. 887 
Formyl chloride, decomposition «if. 887 
—.from formaldehyde, 887 

Formyl fluoride, from formic acid, 887 
Forward process, of cracking. 123 
Fractional distillation, of crude oil, 21 
—.of gaseous hydrocarbons, 1138, 1139 
Fractional extraction, of lubricating oils, 41 
—, of vaseline, 40 
Fractionation, of gasoline, 30, 31 
Frankonite, catalyst, hydrolysis of chlorobenzene, 
782 

Free energy, application, in petroleum industry, 
1295-1305 

—, conc^t of, 1271, 1272 
—, relation to entropy, 1275 
—, — heat content. 1274, 1275 
—, — work content, 1273 

Free energy change, 1-butene from ii-butane, 1284 
—, cracking of *>fi-tetradecane, 1297 
—.dehydrogenation of paraffins, 1284, 1298 
—.effect of catalysts, 1296 
—, — pressure, 1296 
—, — structure, 1286, 1288 
—, — temperature, 1293-1295 
—.evaluation of, 1276-1278 

- hydration of ethylene, 283, 284, 290, 1302. 
1303 

—.—•, effect of temperature on. 1302, 1303 

—.hydration of 1-hexene. 1303 

—, — isobutene, 296, 1303 

—, hydrogenation of benzene, 1298, 1299 

—, — diisobutylcnc, 1300 

—, —hexene, 1299 

—, isomerization of n-hutane. 1282 

—, — cyclohexane, 1301, 1302 

—.polymerization of 1-hexene, 1299, 1300 

—, — isobutene, 641, 1300 

—, reaction of isobutane and isobutene. 1301 

—.reduction of carbon monoxide. 1303-1305 

—. relation to equilibrium constant. 50, 1275, 1276 

—. — heat of reaction, 50 

—.—♦emperature, 99, 1275 

—. significance of 1275, 1276 

Free energy of formation, definition of, 1278 

—. of acetaldehyde, effect of temperature, 1304 

—.of acetylene. 1282-1284 

—.—.effect of temperature, 1294 

- -. of alcohols, effect of temperature. 1294, 1295 
—.of aromatics. 1284-1286 

—.of benzene. 1225, 1226 

—.—.effect of temperature, 1295 

—, of carbon monoxide, effect of temperature. 1304 


Free energy of formation, of naphthenes, 1225, 
1226, 1284-1286 

—.—.effect of temperature, 1294, 1295 
—.of olefins. 1225, 1226, 1282-1285, 1295 
—,—.effect of temperature, 1294, 1295 
—,of paraffins, 1225, 1226, 1278, 1279, 1281, 1282, 
1294, 1295 

—. —, effect of temperature on, 1294, 1295 
—, of water, 1275 

—,—.effect of temperature on, 1304 
Free energy relations, of oxygenated aliphatics, 
1286 

Free radicals, hydrocarbons from, 53 
. identification of, 50 
in alkylation of hydrocarbons, 200 

- .in pyrolysis of hydrorarbons, 50-52. 70, 21, 81 
Freon, definition of. 737 

Frothing agents, preparation of, 394, 417 
Fuel oil, aquolysis of, 132 
Fuels, by cracking methane. 1017 
—. by oxidation of oils. 1047 
—.combustion, mechanism of, 1012. 1013 
. isopropyl ether in. 1017 
-. isoi>entane in. 1017 
Fugacity. definition of, 1296 

- . relation to pressure, 1322. 1323 
Fuller's earth, adsorption agent. 1109 

.catalyst, reforming of gasoline. 189 
—.hydrolysis of chloro^nzene. 782 
. - , ozonization of gasoline, 1045 
—. —. polymerization of diolefins, 667 
—. — isobutene, 642 

-. —. pyrolysis of gaseous hydrocarbons, 223 
—, desulphurizing agent, 1044 

--.promoter, reduction of carbon monoxide, 1228 

—. refining agent for gasoline, 928 

—. sweetening agent, 479 

Fumarex, definition of, 235 

Fumaric acid, d/-tartaric acid from, .547 

Fumigants, estimation of ethylene oxide in, 556 

Fungicides, lead tctraalkyls in, 823 

- . mercaptans in. 487 

—.naphthenic acids in, 1112. 1113 
-.phenols in, 818, 1112, 1113 
—. sulphonates in, 1078 
•—. sulphur in, 1078 

Furfural, extraction agent for olefins. 163 
—. in brake fluid mixtures, 539 
—, oxidation of, 945 
—, reaction with cracked gasoline. 625 
—, refining agent, 43, 930, 1202, 1205 

- mfjo-tartaric acid from, 945 
Furfuraldchyde, sec Furfural 
Furfuraldoxime, extraction agent. 44 
Furfuran. reaction with divinyl ether, 612 
—. — hydrogen sulphide, 463 
Furfurans, as extraction agents, 44 
Furfurol, sec Furfural 

Furfuryl alcohol, extraction agent, 44 
Furoperacid. estimation, of olefins. 1152 
—.preparation of, 1152 

Furoyl peroxide, catalyst, hydrogenation of olefins, 
900 

C, 

(iailium chloride, catalyst, benzene-benzoyl chloride 
reaction, 815 

—,—.benzene-propyl chloride reaction, 815 
Gardinol WA, definition of, 1084 
Gas, effect of temperature on formation, 143 
—. from gas oil, 102 
—, from topped crudes, 140 
Ga.s analysis, apparatus for, 1138, 1139 
—, by density determination, 1134, 1135 
—.by vapor pressure-temperature curves, 1136, 
1137. 11.38 

—-.general methods for, 1121 
Gas black, preparation of. 235 
Gases, from cracking, 140 
Ciasification. of coal. 1246 
(»as oil. aquolysis of. 132 
--.as demulsifying agent. 1107 
—.coke from. 110 
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Gas oil, cracking of, 102, 111, 139, 140 
—from crude oil, 28 
—, gasoline from, 143, 1045 
—, heat content of, 1327, 1328 
—, in insecticides, 978 
—, motor fuel from, 1046 
naphthenic acids in, 1103 
—, nitration of, 1098, 1099 
—, oxidation of, 863, 864 
—. pyrolysis of, 178 
—, reaction with steam, 273 
—, sulphonic acids from, 1069 
Gasol, alcohols from, 1255 
—, aromatics from, 1255 
—, definition of, 1242 

-.from carbon monoxide and hydrogen, 1250 
—, illuminating gas from, 1255 
Gasoline, acids in, 908 
-.action of aluminum chloride on, 212 
—', aldehydes in, 908 
—alkylation, 593 
—, analysis of, 28, 30, 195 
“ anesthetic effect of, 1256 
—.antioxidants for, 912, 914-919, 927 
--.apparatus for detection of, 1132 
—.aromatics in, 28, 32, 34, 136, 144, 196 
—, aromatization of, 74, 179 
—, as extraction agent, 976, 1105, 1155 
—, as solvent, 46 
—■, autoxidation of, 907 
—, azeotropes in, 30 
—.by aquolysis, 132, 133 
—, by oxidation of gas oil, 1045 
—, chlorination of, 755 
—, color stabilizers for, 926, 927 
—, cracked, refining of, 216, 666-668, 909 
—.cracking of, 109. 136, 139, 142, 154, 178, 179 
—, cumarone in, 144 
—. cycloparaffins in, 28, 31-34, 144 
—, cyclopentadiene in, 144 
—.distillation of, 30, 1169 
—, effect of air on antiknock value, 1046 
—, — light on, 924 
—, — oxygen on, 924 
—,—-ozone on, 1044, 1045 
—, — sulphur on, 924 
—.estimation in gases, 1135, 1136 
—. flame temperatures of, 1008 1009 
—, formation of peracids in, 909 
—, from acetylene, 704 

—, from carbon monoxide and hydrogen, 1229, 
1231, 1235, 1243, 1247, 1250-1252 
—, from ceresin, 195 
—, from coal tars, 135 

—, from cracking petroleum distillates, 102, 140. 
143, 195 

—, from crude oil, 7, 28, 97 
—, from Kogasin, octane number of, 1251 
—, from natural gas, 21, 191 
—.from olefins, 203, 209, 638-641, 646, 647 
—, from sapropelite tar, 135, 144 
—, from sludge oil, 134 
from still vapors, 1047 

—-, gum formation in, 908-915, 917-919, 921, 924 
—, heating value of, 142 
—, hydrogenated, in varnish removers, 433 
—, hydrogenation, to increase induction period, 909 
—, ignition temperature of, 990, 991, 995, 996, 998 
—. in alcohol distillation, 328 
---, inflammability limits of, 985, 986 
—, isoprene in, 144 
-.lubricating oil from, 212 
—.methods of adding antioxidants to, 914 
—. natural, octane number of, 1033 
—.olefins in, 136, 144, 155 

—.oxidation of. 266. 267, 855, 861, 864, 908. 1046 
oxidized, preparation of. 1046 
—.oxidized, properties of, 1047 
—. parachor, determination of, 1181 
—, paraffins in, 24. 28, 32, 144 
- peroxides in, 908 
—, piperylene in, 144 

—, Raman spectra, determination of, 1183 


Glycol 

Gasoline, reaction with antimony pentachloride, 1243 
—, refining agents for, 134, 135, 490, 919, 927-930 
—.reforming of, 112, 113, 116 
—, sodium plumbite sweetening, 926 
—.stabilization of, 24, 1112 
—, tests for color stability, 925^ 

—.vapor ^iressure, determination of, 1169 
—•, vapor-recovery, octane number of, 1033 
—, see also Motor fuel 

Gasoline-acetone blends, as motor fuels, 1038, 1039 
Gasoline-air mixture, effect on octane number, 
1030 

Gasoline-alcohol-benzol blends, as motor fuels, 1038 
Gasoline-alcohol blends, as motor fuel, 1034-1038 
—, blending agents for, 1035 
—.octane number of, 1251 
Gasoline-benzol blends, as motor fuels, 1038 
—, blending agents for, 1039 
—, octane number of, 1251 

(rasoline-ethyl ether blends, as motor fuels, 1038 
Gasoline-ethyl peroxide blends, as motor fuels, 
1038, 1039 

Gasoline-isopropyl ether blends, as motor fuels, 
1039 

Gelatinizing agents, wax acids in, 975 
Gels, metallic oxides, preparation of, 560 
Generator gas, carbon monoxide from, 1246 
- hydrogen from, 1246 
Geraniol, as blending agent, 1035 
Germicides, from alkylated phenols, 604. 818 
Glass, effect on benzene chlorination, 779 
—, inhibitor, pyrolysis of paraffins, 153 
Glass wool, catalyst, esterification of olefins, 311 
Glow discharge, action on acetylene, 263 
—— butadiene, 650 
—. — ethane, 257 
—. — methane, 257, 263 
—, — oils, 262 
—in cracking methane, 54 
Glucose, in dust fixatives, 1079 
Glue, formaldehyde in, 890. 891 
—, reaction with ethylene oxide, 561 
Glutaric acid, from cyclopentane, 876 
Gluten, emulsifying agent for asphalts, 1218 
Glycerol, acrolein from,, 878 
—, converting gels to sols with. 560 
—. dehydration agent. 538 
—, evaporation retardant. 746 
—, from allyl alcohol, 895 
—. hydrogenation of, 547 
—in cleaning agents, 1112 
—, in decolorizing agents, 958 
—, in dust fixatives, 1079 
—, in polymerization of acetylene, 704 
—, in vulcanization of rubber, 1078 
—, in wetting agents, 1112 
—, monochlorohydrin, from. 516 
—, preparation of, 50/, 547 
—, propene glycol from. 547 
—, reaction with naphthenic acids, 1112 
—. — resins, 217 
—, solvent for butadiene, 174 
Glycerol benzyl ethers, preparation of, .543 
Glycerol monochlorohydrin formal, as solvent. 542, 
543 

Glycerol trichlorohydrin, preparation of, 507 
(ilyceryl naphthenate, in insecticides, 1112, 1115 
Glyceryl oleate, in insecticides, 1115 
Glyceryl trinitrate, reduction of sensitivity to 
shock, 546 

Glycol, extraction of fuels by, 925 
—, for absorption of olefins, 163 
—, from ethylene, 895 
—, from trimethylcthylene, 547 
—, in refining of gasoline, 930 
filycol diacetate, from ethylene dichloride, 496 
(Hycol dialkyl ethers, preparation of. 544 
(ilycol diethers, uses of, 544 
Glycol esters, glycols from, 532 
—, as absorbents. 738 
-, as solvents. 549 

Glycol ether esters, as plasticizers, 544 



Glycol 

Glycol ether»» applications of, S44, 548, 549, 738 
—preparation of, 548 
—, stabilised by triethanolamine, 577 
Glycol monosulphuric acid, catalyst, sulphation of 
ethylene. 323 

Glycols, dioxane. from, 578 
—, from chlorohydrins, 524 
—, from cracked gasoline, 854 
—, from ethylene oxide, 557 
—, from olenns, 532, 547, 624 
—, reaction with aldehydes, 543, 582 
•—. — ketones, 582 
—, — naphthols, 543 
(ilyoxal, decomposition of, 897, 898 
—, from acetylene, 902, 904 
—, from olehns, 895, 897 
(dyoxal sulphate, preparation of. 829 
Gold, catalyst, acetylene-amine reaction, 719 
—,—.hydration of ethylene, 291 
—,—.oxidation of olefins, 552. 55.1, 586 
—, —, polymerization of acetylene, 705 
—, —. pyrolysis of acetals, 715 
Gold halide, catalyst, fluorination of alkyl halides. 
747 

Gold salts, in hydration of acetylene. 712 
Gold vanadate, catalyst, hydration of ethylene, 291 
Graphite, analysis of, 782 
--.catalyst, cyclization of paraffins, 189 
—,—.dehydrogenation of acenaphthenes, 955 
—. —> pyrolysis of acetylene, 89 
—. —. — benzene, 192 
—^— methane, 180 
—, dispersing agents for, 576 
—, in lubricants, 731, 1079. 1116 
Graphite grease, analysis of, 789 
Graphitic carbon, catalyst, pyrolysis of methane, 
218 

Gravity-index. 1176 

Grease, calcium soap in. 1079 

—, from spindle oil acid sludge, 1058 

—, petrolatum in, 1079 

—, sodium mahogany sulphonate in, 1079 

Green acids, as demulsifying agents, 1075 

—, extraction by /5,/5'-dichlorocthyl ether, 530 

—, in insecticides, 1077 

—, solubility of, 1065 

Green acid salts, as emulsifying agents, 1074 
—, separation of, 1071 

Green acid soaps, as extraction agents, 1071, 1072 
Green oil, burning oil from, 242 
—, definition of, 242 
—, lampblack from, 242 
Grignard reagents, alcohols from, 886 
—, reaction with aldehydes, 886 
—,—ethylene oxide, 564, 565 
—. — vinylacetylene, 708 
Grozny oil, naphthenes from. 137 
Grozny paraffin, cracking of, 138. 195 
oxidation of, 846 

Guaiacol, antioxidant for gasoline. 916 
—, polymerization inhibitor. 705 
Guanidine, in fungicides, 569 
—, reaction with amines. 587 
Gum. estimation in gasoline. 910-912 
—kerosene, 912 
—, from cracked gasoline, 1054 
—.oxygen content of, 911 
Gum acacia, in asphalt emulsions. 1219 
Gumbrin, as adsorption agent, 1109 
Gum content, effect of cracking on, 107 
Gum flux, naphthenic hydrocarbons as. 915 
Gum formation, depletion of inhibitors. 913 
—, durinf storage of fuel. 909 
—.dyestuffs as inhibitors for, 913 
—, effect of chromic acid on, 924 
—. — peroxide formation on, 924 
—, — ultraviolet light on, 922, 924 
—,in gasoline, 908-915, 917-919, 921. 924 
—.—.inhibitors for, 914, 915 
—, mechanism of, 921 

Gum mastic, stabilizing carbon tetrachloride. 730 
Gypsum, as dehydrating agent. 329, 365 
Gyro process, of cracking, 119 
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Haber’s cracking rule, 101 

Hafnium tetrachloride, catalyst, alkylation of aro¬ 
matics, 596 

Hall process, of commercial cracking, 119 
/9-Haloethylarsines, preparation of, 526 
Halogen acids, reaction with diolefins, 699 
Halogenated alcohols, preparation of, 522, 523, 524 
—, uses of, 523 

Halogenated ethers, from butadiene, 698 
Halogenated hydrocarbons, as solvents, 727 
—, from natural gas, 23 
Halogenated olefins, in drying oils, 1115 
—, nomenclature of. 491 
--.reaction with naphthenic acul salts, 1115 
Halogenated paraffins, voltolization of, 262 
Halogenation, of asphaltenes, 1191 
—, cyclobutane, 762, 763 
—, cyclopentane, 76^ 764, 765 
—, cracking gas, 146 
-—.diolefins, 683. 699, 700 
—, hydrogen sulphide, 464 
—, methylcyclohexane, 775 
—, naphthenes, 760 
-—.olefins, 1152 
—, toluene, 953 

Haveg resin, corrosion inhibitor, 517 

Heart, effect of cyclopropane on, 1266 

—. — epinephrine on, 1269 

Heat capacity, definition of, 1273, 1306 

—.entropy change from. 1278, 1279 

—.relation to entropy, 1273, 1306 

—, — heat content, 1306 

Heat content, definition of. 1306 

—, determination of, 1327, 1328, 1329-1332 

—.effect of pressure on, 1329 

—. of gas oil. 1327. 1328 

-"-.of naphtha, 1331, 1332 

—.relation to entropy, 1341-1343 

—. — free energy, 1275 

—. — heat capacity, 1306 

—. — internal energy, 1273 

—, see also Enthalpy 

Heat content change, effect of temperature on, 1293 
- . evaluation of, from heat of combustion, 1277 
—, free energy change from, 1276, 1277 
—. relation to free energy change. 1274, 1275 

— internal energy change. 1274 

—. — pressure-volume product change, 1274 
Heat of combustion, heat content change from, 
1277 

—.of acetylene, 1282-1284 
■—, of aromatics, 1284-1286 
—. of cyclohexcne, 1284, 1285 
—.of naphthenes, 1284-1286 
of olefins, 1282-1284 
of n-paraffins, 1279, 1280, 1281 
Heat of reaction, in cracking operation, 103 
—.in isomerization of w-butane to isobutane, 1282 
—, thermodynamic relations. 50 
Heat of vaiwrization, determination of. 1325, 1327 
Heat-transfer media, materials employed as, 544, 
860-862 

Heckmann process, of commercial cracking. 130 
Hectopentacontane. from carbon monoxide and 
hydrogen, 1226 

Helium, effect on acetylene polymerization, 267 
—. — decomposition of acetalaehyde, 884 
—. —. — ethylene oxide. 554 
—, — ignition temperature, 998 

— inflammability limits, 984, 985 
—, — knocking, 1011, 1012 
—.estimation of. 22. 1125, 1126, 1147, 1148 
—.ill natural gas. 21, 22, 1121 
Hemimellitine, from kerosene. 36 
Heptadecaldehyde, condensation of, 889 
Heptadecene, in kerosene, 145 

Heptaldehyde, azeotropic mixture with isotiropyl 
alcohol, 369 

Heptane, alcohols from, 859, 865 
—, dehydrogenation of, 99 
—.explosive characteristics of, 1011 
—, from di-n-heptyl mercury, 71 
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Heptane, from i)etrolcum. 32, 144 
—. 1-heptene from, free energy change, 1284 
—, inflammability limits of, 980, 981, 985, 986 
—, inflammation temperature of, 899 
—. isomerization of, 71, 202 
—, isomers, molal entropy, 1289 
—, molal entropy of, 1288 

oxidation of, 843, 850, 851, 859, 865, 873-875, 
899, 1015, 1016 
—, jiyrolysis of, 71-73, 154 
—, reaction with aluminum chloride, 198, 200 
—.—molybdenum sulphide, 72 
—, — nitric oxide, 1091 

—, reference standard in knock rating, 1025, 1026, 
1027 

--,use in alcohol distillation, 329 
—. — motor fuel, 1039 

l-Heptene, blending octane number of, 1026, 1027 
—, from n-heptane, free energy change, 1284 
—, inflammation temperature of, 899 
knock rating of, 1026, 1027 
—. molal entropy, 1291 
—. reaction with hydrogen bromide, 317 
3-Heptene, inflammation temperature of, 899 
■—. oxidation of, 875 

Heptenes, effect of tetraethyl lead on, 1021 
from carbon monoxide and hydrogen, 1243 
— , in gasoline, 144 
—j oxidation of, 898, 899 

Hepten-3-en-2-one, reaction with acetyl chloride, 612 
Heptyl alcohol, from i>etroleum ether, 853 
—, reaction with acetic acid, 406 
Jcc-Heptyl alcohol, from olefins, 404 
■—, solubility in water, 404 

rec-Heptyl esters, use as plasticizers with cellulose 
nitrate, 409 

1-Hcptyne, preparation of, 722 
—, reaction with ozone, 904 
Heptynes, effect of tetraethyl lead on, 1021 
Hexabromobenzene, from benzene, 790, 791 
Hexabromocyclobutane preparation of, 763 
Hexabromoethane, preparation of, 747 
Hexachlorobenzene, in chlorinated coal, 730 
—, fluorination of, 792 

Hexachlorobutane, from butene dichloride, 510 
Hexachlorobutene-2. from hexachlorobutane. 510 
Hexachloroethane, from carbon tetrachloride, 731 
—, from ethylene dichloride, 501 
—. from perchloroethylene. 742 
—, in chlorinated coal, 730 
—. reaction with antimony trichloride, 748 
Hexachloropropene, preparation of, 812 
Hexachloropyrene, oxidation of. 956 
b.lO-Hexadecadiync, reaction with ozone, 904 
Hexadecane, antioxidant, paraffin oil oxidation, 907 
—. autoxidation of, 907 

reaction with aluminum chloride, 202 
Hexadecane-1,2-diol. from hexadecene-1, 548 
Hexadecene, from isobutene. 64.t 

- . oxidation by hydrogen peroxide, 548 
—, reaction with persulphuric acid, 309 
Hexadecylphenyl acetylene, antioxidant, for gaso¬ 
line. 918 

Hexadeuteriobenzene. preparation of. 273, 725 
Hexadiene, by pvrolysis of cyclohexane, 93 
—. — ethyl alcohol, 173 

—. co-polymerization with trimethylethylene, 216 
1.5-Hexadiene, see Diallyl. 

Hexaethylbenzene, from ethylene and cyclohexane, 
601, 602 

—, from gaseous olefins. 209 

Hexaethylcne glycol dichloride, reaction with di¬ 
ethylene glycol, sodium salt, 544, 545 
Hexafluoroethane, diluent, fluorination of benzene, 
792 

Hexahydronaphthalene. as blending agent, 1035 
Hexamethylbenzene. molal entropy, 1289, 1290 
Hexamethylene derivatives, in gasoline, 3.3 
iiexamethylenctetramine, ns adsorbent, 885 
—. benzoylation of. 888 

- . from methane. 264, 882 

- in pickling solution. 890 

- . in pre|>aration of resins, 1058 

—, in stabilizing carbon tetrachloride. 730, 731 
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Hexamethylenetetramine, reaction with acetic anhy¬ 
dride. 888 

—, structure of, 887, 888 

Hexamethylethane, from pentamethylethyl bromide, 
759 

Hexane, action of silent discharge on, 257 
—, aldehydes from, 1014 
—, auto-ignition of, 1017 
—, combustion of, 1005, 1014 
—, cracking of. Ill 

—, dehydrogenation of, to benzene, 73 
—, effect on photochemical decomposition of ace¬ 
tone, 450 

—, effect on reaction of hydrogen bromide and 
allyl acetic acid, 318 
—, — and pentene, 317 
-.—-and propene, 306, 307 
—, entraining agent, alcohol distillation, 327 
—.explosive characteristics of, 1011 
—.flocculating agent for asphalts, 1196 
--.free energy of formation, 1225, 1226, 1295 
—, ftom car^n monoxide and hydrogen, 1243 
—, from hexene, 1299 
—. from i>etroleum, 32, 144 
—. hydrogen from, 273 
—. ignition temperature of, 992 
- -.inflammability limits of, 980, 981, 985, 986 
—. isomerization of, 70, 198-201 
—.oxidation of, 850 851, 1014 
—, peroxides from, 1014 
—, photochemical decomposition of, 267 
—.pyrolysis of, 69-71, 153 
—, reaction with acetyl chloride. 445 
—, — aluminum chloride, 198-201 
—, — benzene, 602, 603 
—.—chlorine, 756 
—. — nitric oxide, 1091 
—, — nitrogen tetroxide, 1090 
—, — nitrosyl chloride, 1101 
—, — steam, 273 

—.solvent, decolorizing resins, 216 
—, —, for ketenc, 435 

—, —, separation of acetylene from gas mixtures, 
169 

Hexanol, from butyl alcohol, 339, 340 
—.from ethyl alcohol, 339-341, 347 
—from hexene, 313 
—, from hexenoi. 173 
—, from petroleum ether, 853 
jrc-Hexanol, from 1-hexene, free energy change, 
1.303 

—. from olefins, 404 

—, solubility in water, 404 

—. solvent in ozocerite refining, 409 

2- Hexanol, preparation of, 388 

3- Hexanol. preparation of. 388, 389 
2-Hexanone, from 2-nitrohcxane, 1094 
Hcxanitrodiphenylamine, as antiknock, 1017 
Hexatriaconlane, rcaciion with aluminum chloride. 

201, 202 

Hexene, detonating properties of, 1017 
—, dodecene from, 1299, 1300 
—. free energy of formation, 1225, 1226, 1295 
—.from ethyl alcohol. 173 
—, from ethylene, 258 
—, from hexane, 257 
—, from n-nonane. 72 
—, from propene. 75 
—, from fi-tetradecane, 1297 
—.hexane from, 1299 
—.hydration of, free energy change. 1303 
—. hydrogenation of, free energy change, 1299 
—, isomerization of, 87, 643 

—.polymerization of, free energy change, 1299, 
1300 

—. reaction with benzene. 591, 598 
Hexenes, from carbon monoxide and hydrogen, 
1243 

—, from propene. 75, 79. 639, 641 
-—. hexanols from, 388 
—. in gasoline. 144 
•—, iK)lymerization of, 643 
—.reaction with formic acid. 312 
—, — sulphuric acid, 308. 388. 389 




Hexene SUBJECT INDEX 


1420 


Hexene*]»2-oxide, preparation of, 589 
Hexene*l,2*oxide, reaction with hydrobromic acid, 
589 

Hex*3-enoic acid, reaction with ethyl hypochlorite, 
627 

Hexone, Bte Methyl isobutyl ketone 
Hexylacetylene, preMration of, 722 
Hexyl alcohol, see Hexanol 
2*Hexylamine, from 2*nitrohexane, 1094 
Hexyl chloride, formation of, 306 
rec-Hexyl esters, plasticizers, cellulose nitrate. 409 
zrc-Hexyl mercaptan, in petroleum, 454 
ter-Hexyl formate, prei^ration, 312 
Hexylresorcinol, stabilizing agent, 328 
1-Hexyne, preparation of, 146, 722 
—, reaction with ozone, 904 

Hillman test, for color stability of kerosene, 925 
Horn, reaction with ethylene oxide, 561 
Houdry process, of commercial cracking, 125-129 
Humic acids, as emulsifying agents, 1099, 1218 
Hydration, of acetylene, 712, 713, 714 
—, butenes, 293*296 
—. divinylacetylene, 709 
—.ethylene, 282*291 
—,—, free energy change, 1302, 1303 
—. l*hexene, free energy change, 1303 
—. isobutene, 294-296 
—. —, free energy change, 1303 
—, 2-methylbutene-2, 296, 297 
—, 2*methylpropene, 296, 297 
—. propene, 288, 291, 292, 293 
—, vinylacetylene, 705 

Hydraulic cement, alkylolamine soaps in, 575 
Hydrazine, as antiknock, 1018 
—, reaction with aldehydes, 886 
—, — ketones, 448 

Hydrazobenzene, antioxidant, for gasoline. 917 
Hydriodic acid, catalyst, isomerization of cyclo¬ 
hexane, 1302 

Hydroabietic acid esters, emulsifying agents for 
asphalts, 1217 

Hydroaromatics, see Cycloparaffins 
Hydrobiphenyl, from benzene, 95 
Hydrobromic acid, effect on hydration of olefins, 
410 

—, reaction with butadiene. 699 
—.—hexene-1.2-oxidc, 589 

Hydrocarbons, pressure-volume-temperature rela¬ 
tions, 1320, 1321 

—, reaction with steam, 277, 278, 280 
—. — sulphur. 467*, 468 

Hydrocarlwn number, effect, on knock rating, 1027, 
1028 

Hydrocarbon oils, extraction with sulphur dioxide, 
212. 1070 

—.oxidation of. 1045. 1061 

HydrocarlKwi structure, effect, on knock rating, 
1024, 1025. 1027. 1028 
— lead .susceptibility, 1033 
Hydrochloric acid, acidation with. 9 
—.catalyst in condensation of acetone, 4.11 

- —.cracking. 114 

—.—.dehydration of tertiary alcohols. 410 
—-. —, esterification of isopropyl alcohol, .177 

- -. —-, ethyl alcohol from ether, .1.1.1 

—. —. ethylene-carbon monoxide reaction, 89.1 
—,—.hydration of olefins. 297, 410 
—. for extraction of nitrogen bases, 8.1.1 
—. from carbon tetrachloride, 731 
—. in estimation of ethylene oxide. 556 
—. — lead tetraethyl in gasoline. 1165 
—, in purification of triethanolamine, 567 
—. in refining gasoline. 669 
—, reaction with ethylene glycol, 537 
—, — monovinylacetylene, 680 
—, — olefins, 310, 311 
—. — zee-nitropropane, 1096 
ffydrocyanic acid, from hydrocarfion gas, 851 
—.from methane and ammonia. 871 
Hydrofined naphthas, in sulphate detergents, 1086 
Hydrofluoric acid, effect, on ignition temperatures, 
986, 987 

—.promoter, mercurv catalysts, 717 


Hydroformed naphthas, in sulphate detergents. 
1086 

—. oxidation of, 1054 
Hydrogen, antioxidant, for gasoline, 918 
—, as motor fuel, 1040 
—. by pyrolysis of aromatics, 95, 96 
—. — cycloparaffins. 90, 92, 93 
—, — ethylene oxide, 554 
—. — olefins, 74-76, 79. 81, 83, 85*87, 166 
—. — paraffins, 52, 60-65, 68-72, 149*151, 154, 161, 
165, 168, 180, 218-229, 234, 269, 1247 
—, combustion of, 1003, 1004 
—. —, for supplying heat in pyrolysis reactions, 
168 

—. deasphaltinpr a^ent, 45 
—. diluent, oxidation of ethylene, 552 

—.pyrolysis of hydrocarbons, 167, 179, 220 
—. effect on chlorination of olefins, 492, 493 
—. — cracking, 138 

—. — electrical decomposition of hydrocarbons, 
254 

—. — polymerization of acetylene, 703 
—.—.—ethylene, 166, 639, 647 
—. — pyrolysis of hydrocarbons, 37, 79, 89, 95, 
219 

—. — thermal decomposition of ethylene oxide, 
554 

—. — voltolization, 261, 262 

- . estimation of, in gases, 1127, 1128 

—. formation during cracking, 99, 108, 131, 137, 
138, 140, 1297 

—, for preparation of cracking catalysts. 112 
—. for removal of sulphur compounds, 1248, 1249 
—. from catbon dioxide and methane, 273, 274 
—. from carbon monoxide and steam, 277 
from coal, 1246 

—, from coke-oven gas, 1246*1248 
—. from ethyl alcohol, 339-341, 347, 348, 352 
—. from generator gas, 1246 
—. from hydrocarbons and steam, 220, 229, 269* 
280. 1247 

—. —, by action of electric arc, 226, 253-255 
—. —, by action of silent discharge, 257, 259, 260 
—.—, by oxidation. 269, 1246 
—. —. by photochemical decomposition, 267 
—, from iron and steam, 269 
—. from water, 256, 269 
—. from water gas. 269, 1247 
. ignition of. 1001 

—, jgnition temperature of, 987. 988. 997 
.in estimation of olefins, 1145. Il4fi 
-.in estimation, of sulphur, 1157 
. in natural i^as, 17, 21 
—, in oil cracking, 113, 115 
—.in recovery of wax acids. 976 

- inflammability limits of, 982, 983. 9x5 
-^-.oxidation with copper oxide, 165, 659. 660 

. purification of, 234 
-. reaction with acetone. 432 
—. — acetyl chloride and ethylene dichloridc. 501 

- —-acetylene, 171, 719 
—. — aldehHcs. 88''. 889 

— asphaltenes, 1192 

—, — benzene, free energy change, 1298 

- - - butadiene. 699 

—. — butyl lactate, 546 
-. — carbon, 168. 1278 

— carbon dioxide, 661. 1241. 1242 

- reaction with carbon monoxide, 660, 661 
-—.effect of catalysts on, 1228*1230 

—.--.mechanism, 1224, 1225 
—,—.thermodynamics, 1225. 1227, 1303-1305 
—. reaction with cyclopropane, 761 
—, — diisobutylene, free energy change, 1300 
—, — divinylacetylene, 709 
—. — glycerol, 547 

—,—hexene, free energy change, 1299 

—, — maleic acid, 945 

—, — mercaptans, 1248, 1249 

—. — naphthalene, 1154 

—, — nitromethane. 1094 

--.-^olefins. 57. 58. 1145, 1146, 1 154, 1245 

— |>^anut oil. 1154 

—, — petroleum hydrocarbons, 18, 138 
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Hydrolysis 


Hydrogen, reaction with phthalic anhydride and 
carbon dioxide, 950 
—, — sulphur, 1157 
—, — sulphur compounds, 1248, 1249 
—, — thiophene, 484, 485 
—, — toluene, 347 
—— unsaturates, 1153, 1154 
—. removal, by salt solutions, 457 
—, —, from cracking gas, 657, 659, 660, 661 
—,—, from gas mixtures, 1133 
—.—, from olefins, 165 
—, to improve carbon black, 248, 249 
Hydrogenated cyclic compounds, 688 
Hydrogenated oils, as lubricants, 576 
autoxidation inhibitors for, 914 
Hydrogenated safety fuel, ignition of, 1002 
Hydrogenated tar, voltolization of, 262 
Hydrogen bromide, catalyst, bromination of ethyl¬ 
ene, 503 

—, halogenation of cyclopropane, 761 
, reaction with allyl acetic acid, 318 

- butadiene, 686 

- methylacetylene, 723 
-olefins, 298, 307, 315-318 

—, — styrene, 318 
-— vinyl halides, 315, 716 

Hydrogen chloride, catalyst, chlorination of cy¬ 
clohexane, 766 

^—ethylene dichloride, 501, 742 
condensation of polyhydric alcohols, 579 
, hydration of ethylene, 288 
,—.isomerization of cyclohexane, 1302 
, polymerization of aldehydes, 579 
, — olefins, 665 

, pyrolysis of hydrocarbons, 158, 168 
, reaction of aldehydes and cracked distillates. 
625 

-t — glycols and formaldehyde, 543 

— hydrocarbons and aluminum chloride. 
199-201, 203. 204, 207, 215 

, — olefins and carbon monoxide, 446, 625 
, — polyglycols and arsenious oxide, 545 
-, diluent, chlorination of methane, 726 
-, effect, on ignition temperature of hydrogen, 
998 

-. electroljrsis of, 780 
-.estimation of, in gases, 1127 
, in preparation of aluminum chloride catalyst, 
196, 204, 214 

-. reaction with acetone, 429 
-acetylene, 716 
. — benzene, 950 

— diethyl sulphate, 327 

— diolenns, 686 
. - ether, 345 
. — ethyl alcohol, 345, 742 
, — ethylene glycol, 537 
, — ethylene oxide, 560 

-gasoline, 928 

- monovinylacetylene, 680, 706 
. — olefins, 204, 302, 303, 306, 310, 311 

l-(2'-phenyl) ethylcyclohcxene-1 and ethyl 
nitrite, 619 

—, — vinyl esters, 716 

— to remove iron from acetylene black, 244 
Hydrogen chloride molybdic anhydride complex, 
reaction with ethylene, 628 
Hydrogen content, characterization factor from, 
1309 

Hydrogen cyanide, from methane and ammonia, 
280, 281 

—, from nitric oxide and methane, 281 
—, reaction with aldehydes, 886 
—. — ketones, 448, 451 

Hydrogen fluoride, diluent, fluonnation of ben¬ 
zene, 792 

-T-, extraction agent, 1108, 1109 
—, fluorinating agent, 735 
—. from fluoroform, 737 

_, reaction with acetylene, 716 

_carbon disulphide and chlorine, 737 

_I — dichloroethane, 747 

—i —olefins, 307 
_ — unsaturated acids, 307 


Hydrogen halides, caulysts, reaction of carbon 
monoxide and methanol, 1050 
—, —, reaction of carbon monoxide and olefins, 
625, 626 

—, reaction with acetylene, 716 
Hydrogen iodide catalyst, formation of biphenyl, 
191 

—, reaction with isopropyl hydroperoxide, 382 
—, — propene, 316, i\7 
—, — vinyl emoride, 716 

Hydrogen-nitrogen mixture, preparation of, 277 
Hydrogen peroxide, effect on pentene-sulphuric 
acid reaction, 318 

—.in estimation, of sulphur, 1125, 1161, 1162 
—, reaction with acetone, 432 
—. — aliphatic acids, 852 
—, — cyclohcxcne, 852 

— diisopropyl sulphate, 381 
—, - - ethylene, 897 
—, - -- formaldehyde, 887 
—, — hexadecene-l, 548 
—,--lead mercaptides, 475 
—. — olefins, 547, 895 
—, — trimethylethylene, 547 
—, refining agent, lignite spirits, 928 
—, stability in tertiary butyl alcohol, 895 
—. sweetening agent, 478, 490 
Hydrogen polysulphide, reaction with divinylacet- 
ylene, 709 

Hydrogen sulphide, action of electrical discharge 
on, 463 

adsorption by charcoal, 461 
-, catalyst, formation of ter-butyl acetate. 412 

- -, corrosion by, 456 

—, detection of, 466, 1259 

- effect on carbon black yield. 237 
—. — deposition of carbon, 192 

-. — Kogasin synthesis, 1236 
-.estimation of, 1125 
—, from mercaptans, 478 
—. ignition temperature of, 987 
—.in natural gas, 22, 1121 
—. in petroleum, 454 
—, oxidation of, 460, 461 
—, properties of, 461, 462 
—, reaction with acetylene, 720 
—, — di-tcr-butyl sulphate, 463 
—, — ethylene oxide, 463 
—, — formaldehyde, 463 
—, — furan, 463 
. — halogens, 464 
—, — isoprenc, 463 
—. --olefins, 462, 463 
-, - phosphoric acid, 466 
—, — rosin, 466 

>—. recovery from spent alkali, 458 
—. removal of, 23, 165, 170, 398, 457-460, 573- 
575. 1249 

—. solubility, 461, 462 

sulphuric acid from, 464 
Hydrolysis, of ter-amyl acid sulphate, 394 
—, tcr-amyl bromide, 803 
—, amyl chloride, 801-803 
—, jcc-amyl sulphate, 395 
—, fer-butyl acid sulphate, 394 

- butyl halides, 797-800 
—, carbyl sulphate, 1081 

—, chlorobenzene, 782, 783, 784 

—, chlorotoluene, 794 

—, of cyanohydrins, 886 

—, dibromocyclobutanc, 762, 763 

—, dibromocyclopropane. 762 

—. o-dichlorobcnzene. 785 

—, l,2-dichloro-2-methylpropane, 797 

—, dihaloethanes, 532 

—, disodium naphthalene, 958 

—, ethyl chloride, 796, 797 

—, ethylene chlorohydrin, 518, 519. 533 

—, ethylene dichloride, 533, 797 

—, ethylsulphuric acid, 319, 325, 326 

—, fats, 1069 

—, isdbutyl bromide, 799 

—, isobutyl chloride, 798 

—, isopropyl chloride, 797 









Hydrolysis SUBJECT INDEX 1422 


Hydrolysis, isopropyl hydrogen sulphate. .^25 
—, lead mercaptides, 471 
—. methyl chloride, 727, 728, 79<» 

—, methylene chloride, 728 
—, polynropene sulphone, 618 
—, sulpnonic acids, 1067, 1068, 1081 
—, ],2,3-trichloro<3*nnethylpr(>pane, 797, 798 
Hydrolyzing agents, sulphonic acids as, 1069 
Hydrophilic lipins, preparation of, 545 
—, utilization of, 545, 546 

Hydroquinone, as antioxidant, 337, 855, 907, 913, 
914, 917 

—, effect on color stability, 926 
—, from benzene, 942 
—, from benzoquinone, 953 

—, inhibitor, ketone cyanohydrin polymerization, 
451 

—, promoter, oxidation of oils, 1044 
—. quinone from, 1277 

—, reaction with isopropyl hydroperoxide, 382 
Hydroquinone dianilide, as antioxidant, 918 
—, effect on color stability, 926 
Hydroquinone phenyl ether, as heat-transfer med¬ 
ium, 861 

Hydrorubber, motor fuel from, 1040 
Hvdrothiophenes, see Thiophanes 
/»-Hydroxy acetonitrile, as antioxidant, 915 
Hydroxy acids, dehydration of. 968 
—, effect on color stability, 937 
—, from bromo acids, 447 
—, from ceresins, 975 
—, from lubricating oil, 855 
—, from paraffin wax, 971 
—. from petroleum, 963 
—, reaction with ketene, 438 
Hydroxyaldehyde, from ethylene glycol, 536 
Hydroxyalkylamine esters, effect on color stabil¬ 
ity, 927 

Hydroxyalkylamines, preparation of. 570 
—, reaction with carbonic acid, 569 
Hydroxyalkylcellulose, preparation of, 559 
Hydroxyaryl ethers, as antioxidants, 938 
Hydroxyazobenzene, as antioxidant, 917 
Hydroxyazo compounds, condensation with cy- 
clopentadiene. 692, 693 
Hydroxybiphenyl, see Phenylphenol 
Hvdrox^ chrysenes, as antioxidants, 918 

2- Hydroxycyclohexylcarbinol, from cyclohexene, 
624 

3- Hydroxy-3,4-dKfer-butyM-butene, reaction with 
oxalic acid, 679 

Hydroxyethylamine, from ethylene oxide, 560 
/5-Hydroxyethylarsenou8 acid, preparation of, 527 
/5-Hydroxyethylarsonic acid, preparation of, 527 
Hydroxyethyl ethers, utilization of, 558 
Hydroxyethyllignin, preparation of, 559 
l-Hydroxyethyl-5-napnthol, preparation of, 569 

1- /J-Hydroxyethylpyridoneimine, preparation of, 
561 

/)-Hvdroxyetbyl sulphonate, preparation of, 565 
Hydroxyethyl thioethers, preparation of, 564 

2- Hydroxy-3-isopropylbenzoic acid, formation of, 
308 

Hydroxyketo acids, preparation of, 843, 1053 
Hydroxyketone, preparation of, 536 
Hydroxylamine, from nitrolic acids, 1094 
—, reaction with aldehydes, 886 
—, — ketones, 448 

Hydroxylamine esters, as wetting agents, 576 
Hydroxylation, of olehns, 532, Sj4, 535, 547, 895, 
897 

—, of paraffins, 844-846 

Hydroxy manganese acetate, catalyst, acids from 
alcohols, 1050 

o-Hydroxymesitylenic acid, from mesitylene, 954 

4- Hydroxy-4-methyl-2-hexanone, preparation of, 433 
5'Hydroxy-5-metbyl-3'hexanone, preparation of, 433 
Hydroxymethylhydroperoxide, preparation of, 887 
Hydroxyphenanthrenes, as antioxi^nts, 918 
Hydroxyphenylazo-a-naphthol, as antioxidant, 916 
Hydroxyphenylglycine, as antioxidant, 915 
Hydroxypicenes, as antioxidants, 918 
a-Hydroxyproplonic acid, see Lactic acid 
Hydroxypropylamines, preparation of, 585 


Hydroxystenrosulphuric acid. . catalyst, sulphation 
of proj^ene. 358 

llydroxysttlphnnes, from butadiene sulphone, 695, 
69b 

HydroxytctrahyditKiuinoline. a> .antioxidants, 918 
Hydroxy thioethers, reaction with thionyl chloride, 
526 

Hymolal, definition of, 1082 
Hypochlorites, desulphurizing agents, 490 
—, sweetening agents, 475, 478 
Hypochlorous acid, desulphurizing agent, 115, 490 
—. reaction with 2-butcne, 509, 547, 548 
Hy|)ochlorous esters, reaction with olefinic acids, 
627 

Hyi)ohalites, catalyst, oxidation of oils, 1054 
Hypohalites, reaction with vinylacetylene, 7t)6 

I 

Ichthyols, definition of, 1080 

Icterus index, definition of, 1261 

Igepons, detergent properties of, 1082, 1084 

--.structure of, 1082, 1084 

Ignition, by compression. 1000. 1001 

--.by electrical discharge, 1001, 1002, 1009, 1010 

—. by heated surfaces, 986, 987 

—. effect on octane number, 1030 

Ignition temperature, determination of, 987, 988 

—, effect of antiknock comi>ounds, 996 

- . — catalysts, 1000, 1001 

— concentration, 989-992 

—. — hydrocarbon structure, 998, 999 
—. — knock-inducing compounds, 996 

— metal oxides, 1000 
—. — pressure. 992-996 

. — water vapor, 996, 997 
—, of acetylene, 988 
—, ammonia, 987 

benzene. 987, 988, 1000 
—. butane, 992 
--.carbon black, 245 
-. carbon disulphide, 987 
-. carbon monoxide, 987, 988, 997 
—. cyanogen, 987 
—, diethyl ether. 987-989 
—.ethane, 987-989, 992, 993 
—, ethylene, 987-989 

- gasoline, 990, 991, 995, 996, 998 
—. hexane, 992 

—.hydrogen, 987, 988, 997 
—, hydrogen sulphide, 987 
—. i^utane, 992 
—, isooctane, 991, 992 
—.methane, 986 988, 992, 993, 995-997 
—, octane, 991 

—. pentane. 987, 988, 992. 995, 1000 
—, propane. 988, 989, 992, 993 
—. propene, 988 

Ignition-temperature depressants, nitro compounds 
as, 1097 

Illuminating gas, from (lasol. 1255 

- . from pedymerization gases. 674 
Imides, as antioxidants, 915 

Impregnating agents, from halogenated wax, 759 

Indanes, preparation of, 649 

Indene, chlorohydrin from. 626 

—. from cracking gas. 645, 646 

—, from dicyclopentadiene, 156 

—.from natural gas, 155, 183 

—. from propene and benzene, 156, 645 

—, from toluene and ethylene, 156, 645, 646 

—, resins from, 155 

Indoles, extractants for asphalts, 1202 

Indophenol. as antioxidant, 913 

Inflammability limits, definition of, 980 

—, effect of flame propagation, 982, 983 

—, — inert gases. 983-986 

—, — pressure, 980 

—. — temperature, 980-982 

Infra-red rays, absorption by hydrocarbons, 32 

Insecticides, acetaldehyde in. 891 

—. alcohols in, 790, 1059, 1078 

—.aluminum sulphate in, 1112 

—, benzene in, 733 

—.calcium caseinate in, 1112 
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Insecticides, carbon tetrachloride in, 732, 733 

—casein in, 1077 

—, castor oil in, 1077 

—, chlorobenzenes in, 782, 790 

—, chloroethanes in, 745 

—, derris in, 1078 

—.disulphides in, 1112 

—, efficiencjr of, 1058*1060 

—, fatty acid soaps in, 1077 

—, glyceryl oleate in, 1115 

—, green acids in, 1077 

—, Kontakt as, 1077 

•—, lead tetraalkyls in, 823 

—, mahogany acids in. 1077 

—, mercaptans in, 487, 1112 

—, naphthenates in, 1112, 1114, 1115 

—.naphthenic acids in, 487, 1112, 1113 

—, ^-naphthol in, 790 

—, nicotine sulphate in, 1077, 1078 

- Penetrol in, 1078 

—.petroleum distillates in, 545, 790, 978, 1058, 
1059, 1077, 1078, 1112, 1115 
-.phenols in, 487, 1112, 1113 
|K>lyglycol arsenites in, 545 
—, pvrethrum in, 1078 

- , rhodanates as, 1059 
—. rosin in, 790 

—, sulphonic acids as, 487. 1077, 1078 
—, sulphonates in, 1077, 1078 

- , sulphur in, 1114 

- . sulphur dioxide in, 1077 

- wax acids in, 978 
Insulating oil, carbon black in, 251 
—. oxidation of, 930. 939 

—, preparation of, 937 
Intensive property, defihition of. 1272 
Internal energy, relation to heat content, 1273, 
1274 

Iodine, adsorption with carbon black, 249, 252 
—.catalyst, aquolization, 132 
—, —, bromination of benzene, 790, 791 
—. —, — toluene. 795 

—. —, condensation of ethylene glycol, 544 
—.cracking, 114 

.—, dehydration of ^^r-alcohols, 411 

- -. —. fluorination of benzene, 792 

, hydroxylation of olefins. 535 
——.pyrolysis of benzene, 95, 191 

- . — propane, 158 

—, inhibitor, polymerization of chloroprene, 681 

—. reaction with acetone, 424, 430 

—. — acetylene, 711 

—. — cyclohexene. 629. 774, 775 

—. — ethylene, 505, 629 

—. — hydrogen sulphide, 1125 

—. — lead tetraethyl, 1165 

—. — methylene radicals, 51 

— sodium acetylide, 711 

— sulphur dioxide, 1125 

—. unsaturates, 491, 1125 

Iodine chloride, catalyst, chlorination of ethylene, 
495 

—. —, chlorination of propene, 507 
Iodine halides, reaction with unsaturates. 1152 
Iodine number, of gasoline, 1045 
Iodine pentoxide, reaction with carbon monoxide. 
112« 

lodoalkyl nitrates, preparation of, 629 
lodobenzene, amines from, 787 
—. reaction with potassium amide. 787 
lododifluoromethane, preparation of. 737 
Iodoform, di-iodofluoromethane from, 737 
—, fluoroform from, 737 
—, from acetone, 430 
—, iododifluoromethane from, 737 
—, structure of, 729 
2 lodopentane, preparation of, 763 
lodosilver benzoate, reaction with acetylene, 711 
—. — butadiene, 697 

Iron, catalyst, acetone from acetaldehyde, 423 
—. —, bromination of ethane, 747 
—benzene. 790, 791 

_, —, carbon from carbon monoxide, 229 

—^ ^ chlorination of acetylene, 743 


Iron, catalyst, chlorination of benzene, 778, 779 

—, —, — carton disulphide, 730 

—, —, — difluoromethane, 734, 735 

—,—, — ethane, 741 

—, —, — olefins, 493 

—, —, — toluene, 793 

—, —, combustion of natural gas, 225 

—,—.cracking, 112, 114 

—,—, fluorination of benzene. 791 

—, —, halogenation of dibromocyclobutane, 763 

—. —, — of naphthenes, 760 

——, — petroleum distillates, 490 

—.—, hvdration of ethylene, 291 

—, —, oleone from oleic acid, 446 

—,—.oxidation of ethylene, 552, 553, 893 

—, —, — kerosene, 965 

—, —, — lubricants, 932 

—, —, — methane, 869 . 

—, —, — naphthenes, 940 
—» —. polymerization of acetylene, 704 
—. —, — pinene, 645 

—.—.pyrolysis of aliphatics, 153, 180, 189, 218 
—olefins, 76, 77, 79, 172 
—. —. — fiinene. 88 

—. —. reaction of acetyl chloride and ethylene di¬ 
chloride, 501 

—. —, -- carbon and hydrogen, 127» 

—,—, — hydrogen bromide and allyl bromide, 315 
—. —, — methane and steam, 272 
—,—.reduction of carbon dioxide, 1242 
—,—, — carbon .monoxide, 1223-1225, 1228, 1229, 
1231, 1233, 1241, 1249 
—,—, — nitroethane, 1094 
—, —. sulphation of ethylene, 323 
—, effect on decomposition of carbon tetrachloride, 
730 

—.reaction with sulphur, 1157 
—, — trichloroethylene, 711 
* -, refining agent for gasoline, 668 
—. stabilizer, for ether, 335, 337 
Iron acetate, catalyst, hydration of acetylene. 714 
Iron acetylacetona-tes, catalysts, phcnylcyclopen- 
tane autoxidation, 907 

Iron alloys, inhibitors, decomposition of ethylene 
oxide, 554 

Iron antimonide, catalyst, dehydrogenation of sec- 
alcohols, 419 

Iron arc, action on acetylene, 264 
Iron arsenide, catalyst, dehydrogenation of sec- 
alcohols, 419 

Iron bismuthate, catalyst, dehydrogenation of sec- 
alcohols. 419 

Iron boro-phosphate, catalyst, hydration of ethy¬ 
lene. 285 

—. —, — propene, 292 

Iron carbonate, catalyst, methane-steam reaction, 
278 

Iron carbonyl, as antiknock, 1017, 1018 
—, catalyst, reaction of phthalic anhydride and 
carbon monoxide, 950 
—, effect on inflammability limits, 985 
—, reaction with tetralin peroxide, 906 
Iron chloride, catalyst, alkylation of alcohols, 006 
—,—.cracking, 112 
—. —, ethylation of amines, 347 
——, polymerization of olefins, 203, 204, 636, 
665 

—. —. reaction of paraffins and nitrosyl chloride, 
1102 

—, desulphurizing agent. 488 
—, refining agent for petroleum, 719, 928 
Iron compounds, catalyst, chlorination of acetylene- 
hydrogen mixtures, 710 
—, —, ethylene-sulphuric acid reaction, 323 
—, effect on color stability. 938 
—■, see also Ferric and Ferrous compounds 
Iron cyanide, catalyst, sulphation of isobutene, 
391 

—. —. — proi>ene. 358 

Iron fluoride, catalyst, reaction of propene and 
hydrogen fluoride, 307 
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Iron halides, catalyst, cracking, 198 
—,—.hydration of acetylene, 712 
—,—, pyrolysis of hydrocarbons, 158 
—, —, reaction of olefins and carbon monoxide, 
625 

Iron hydroxide, catalyst, reaction of methane and 
steam, 278 

—, —, — sulphur and hydrocarbons, 467 
—, for sulphur removal, 459j 1249 
Iron iodide, catalyst, reaction of acetone and 
phenylnaphthylamine, 429 
Iron naphthenate, as wetting agent, 1117 
Iron ore, for hydrogen sulphide removal, 460 
Iron oxide, catalyst, acetone formation, 423 
—.—.cracking, 128, 137 

—,—.decarboxylation of phthalic anhydride, 951 

- ,—.dehydration of alcohols, 331 

—, —, dehydrogenation of alcohol, 337 
—, —, dipropyl ketone from n-butyl alcohol, 443 
—, —, ethyl alcohol from ether, 334 
—, —, ethylation of amines, 347 
—.—.hydration of acetylene, 714 
—, —, — ethylene. 291 
—.—.oxidation of aromatics, 942, 945. 95(J 
—. --- of ethyl alcohol, 423 

- . —. — hychrogen sulphide. 460 

— methyl alcohol, 878 
—, —, polymerization of acetylene. 704 
——, — butadiene, 674 
‘ -, —, — olefins, 665 

—, —, reaction of ethyl alcohol and steam, 421, 422 
—, —, — methane and steam, 278 
—, —. — phthalic anhydride and carbon monoxide, 
950 

—. —, — sulphur and hydrocarbons, 467 
—,—.reduction of carbon monoxide, 1229, 1231 
—.desulphurizing agent, 23, 1248, 1249 
—. effect on ignition temperature, 1000 
—, magnetic, catalyst, pyrolysis of hydrocarbons, 
157, 192 

Iron phosphate, catalyst, hydration of ethylene, 
287 

—. —, —. propene, 292 

—, —, reaction of ethers and alkyl halides, 345 
Iron phosphide, catalyst, dehydrogenation of jrc- 
alcohols, 419 

Iron salts, catalysts, acids from alcohols, 1051 
—, —, oxidation of hydrogen sulphide, 461 
—, —, — toluene, 950 
—, —, polymerf%ation of olefins, 929 
—, —, sulphation of isoolefins, 308 
Iron selenide. catalyst, dehydrogenation of sec- 
alcohols. 419 

Iron sulphate, catalyst, ethylation of amines, 347 
—, —, sulnhation of propene, 358 
Iron sulphide, desulphurizing agent, 397 
Iron telluride, catalyst, dehydrogenation of scc- 
atcohols, 419 

Iron vanadate, catalyst, oxidation of anthracene, 
952 

Tsethionic acid, condensation with oleic acid, 1082 

—, from carbyl sulphate, 1081 

Tsoacids. from isoaldehydes. 889 

Tsoaldehydes. oxidation of, 889 

Isoamyl alcohol, as antiknock, 1017 

—, in motor fuel, 1035 

—, octane number of, 1028 

Tsoamylbenzene. from sapropdite tar. 144 

Tsoamyl bromide, from amylene, 513 

Isoamyl chloride, reaction with anthracene, 827 

—. — magnesium, 823 

I soamylcyclopentane, pyrolysis of, 91 

Isoamylene. from amine nitrates, 623 

—, from dimethylaniline, 623 

—. reaction with sulphuric acid, 412 

—. — thymol, 606 

—. see also Isopropylethylene, 2-Methy 1'2-butene 
and Trimethylethylene 
Isobar, definition of, 1307 
Isobutane, acetylene from. 66, 67, 166 
—, chlorination of, 752 
—, ethylene from, 67 
—, from fi-butane, 201 
—,—, entropy change, 1282 / 


Lsobutane, from n-butane, free energy change, 1282 
—,—, heat of reaction, 1282 
—, from cyclohexane, 205 
—, from ethylene, 637 
—, from n-hexane, 201 
—, from natural gas, 22 
—, heat of combustion, 15 
—, ignition temperature of, 992 
—, inhibitor, decomposition of ethylene oxide, 554 
—, in petroleum, 21 
—. isobutene from, 66 
—,'isooctane from, 1301 
—, nitration of, 1088 
—, propene from, 66 

- pyrolysis of. 65-67, 148, 555 
—. reaction with cyclopropane, 602 
—, — ethylene. 599. 601 

- — isobutene, 599 

—. — isobutene, free energy change, 1301 
Isobutene, acetylene from, 84 
. anthracene from, 85 

- . benzene from, 85 

. butadiene from. 85. 86 

- . trr butyl alcohol from. 386. 390, 391 
• —. Iree energy change, 1303 

■- . /rr-butyl mercaptan from, 463 
. /er-butylsulphuric acid from, 308 
. diisobutylene from. 386, 1300 
, effect on polymerization of n-butenc. 042 

- ethylene from, 85 

- .free energy of formation, 1284 

from cyclohexane. 92 

- . from gas oil, 140 
—, from jsobutane. 66 
—. from isopentane. 69 

—.from 2'isopropy|-3,3-dimethyl-lbutene, 411 
from mcthylcyclopentanc, 90 
-', from neopentanc, 69 
—, from tetramethylpentanol, 401 
—, hydration of, 294-297 
—• —• energy change, 296, 1303 

—, —, heat of activation, 295 
-isobutenediamine from, 619 
--.isobutene glycol from, 895 
—. isooctane from, 1300, 1301 
—, molal entropy, 1291 
—, naphthalene from, 85 
—, nitration of, 622 
—. oils from, 85, 210 
' -, oxidation of, 622 

—.polymerization of. 210, 296, 390, 633, 641-643 
—,—.free energy change, 1300 
—, propane from, 84 
—, propene from, 85 
—.pyrolysis of, 84, 85, 184 
—.reaction with lienzene, 591, 594, 596 
—, — /er-butyl hypochlorite, 518 

- .—chlorine, 508 

—, — 1,3-diraethoxybenzene, 606 
—. — ethylene glycol, 544 

- , —, hydrogen bromide. 317 
—, reaction with isobutane, 599 
—. —, free energy change, 1301 

—. reaction with isopropyl alcohol, 607 

—. — methoxy toluene, 605, 606 

—,—^ sulphur dioxide, 618 

—, — sulphuric acid, 308, 385, 386, 391, 1142 

—, separation from n-butene and buUdtene, 386 

—, toluene from, 85 

—, triethylethylene from, 85 

—. triisobutylene from, 591 

Isobutene chloride, chlorobutenes from, 508 

—, hydrolysis of, 798 

Isobutene chlorohydrin, from isobutene, 518, 520 
Isobutenediamine, from isobutene, 619 
Isobutene glycol, from isobutene, 547, 895 
Isobutene nitrosite, preparation of, 620 
Isobutene oxide, in adhesives, 586 
—, reaction with alcohols, 548, 589 
—. — dibenzvlamine, 589 
Isobutene polymers, motor fuel from, 1040 
—, uses of, 674, 675 
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Isubutyl alcuhol, as antiknock, 1017, 1018 
—, in motor fuels, 375 
—, octane number of, 1028 
—, reaction with i)henoI, 403 
—. — ricinoleic acid, 1086 
Isobutylbenzene, from sapropelite tar, 144 
Isobutyl bromide, dimethylethylene from, 806 
—, hydrolysis of, 799 

Isobutyl chloride, reaction with phenanthrene, 827 
Isobiityraldehyde polymers, motor fuel from, 1040 
Isobutyric acid, from isopropylethylene glycol, 548 
-from propene, 626 
Isochore, dennition of, 1307 
I sochloroprene, preparation of, 707 
Isohexane, detonation of, 1017 
—. from carbon monoxide and hydrogen, 1243 
—, from M-hexane, 199 
Isohexanol, reaction with phenol, 403 
Isomerization, of butenes, 81, 82, 642 
—, of cyclohexane, free energy change, 1301, 1302 
-, of cyclopropane, 90 
. of cyclopropene, 88 
, of n-hexane, 200 
'of n-hexene, 87, 643 
•. of methylacetylene. 88 
—. of methylallene, 88 
— , of pentenes, 86 
Isomorphism, debnition of. 422 
Isonitroparaflins, preparation of. 1092 
Isonitrosoethyl methyl ketone, preparation of, 452 
Isononane, in petroleum, 33 
Isooctane, as antioxidant, 875 
—, as motor fuel, 97 
—, from isobutane, 1301 
—, from isobutene, 1300, 1301 
—, from «-octane, 199 
—, from petroleum, 32 
—, ignition temperature of, 991. 992 
—.reference standard in knock rating, 141, 1025- 
1027 


Isooctenyl aldehyde, from butyraldehyde. 878 

Isooctvlliydrindene. naphthalene from, 94 

Isoolefins, as antiknocks, 417 

—, polymerization of, 204 

-reaction with sulphuric acid. 308 

Isoparaffins, free enerf^ of formation, 1281, 1282 

—. in brown cf>al paraffins, 38 

—. in petroleum. 31, 32 

—, molal entropy, 1281. 1282, 1289 

—.—.effect of structure on, 1288, 1289 

—. uses of, 674 

Tsopentadecane, chlorination of. 1253 
Isopentane, diisoamyl ketone from. 445 
—, from carbon monoxide and hydrogen, 1243 
—. from ethylene and propane, 601 
—, from n-pentane, 201, 445 
—, from i>etroleum, 21 

inflammability limits fif. 980, 981 
—.in motor fuels, 1017 

—. pressure-volume-temperature relations. 1322 
. pyrolysis of. 67-69 
, reaction with carbon monoxide. 446 
. — ethylene, 599 
— ubenols. 604 

Isophthalic acid, from 1,1,4-trimethylcyclohcpteiie, 
94 

Isoprene, from dimethylallene, 88. 650 
—. from kerosene. 144. 171 
—. from 1-metbylcyclohexene, 93. 172 
from pinene. 88 
—. from sapro|>elite tar. 144 
-.reaction with /cr-butyl hypochlorite. 518 


—. — chlorine. 686 

hydrogen sulphide, 463 
-. — maleic acid. 945 

- -. sec also 2-Methylbutadiene 
Isopropanol, see Isopropyl alcohol 
Isopropanolamines. preparation of. 587 
Isopropenylacetylene. reaction with hydrochloric 

acid. 721 

Isopropyl acetate, from diisopropyl ether, 377 
from isopropyl alcohol, 376, 1080, 1081 

- . from propene, 307 

lsoi»ropylacetylenc. from dimethylallene, 88 


Isopropyl acid sulphate, hydrolysis of, 325 
—, preparation of, 359 

Isopropyl alcohol, absorption of X-rays by, 367 
acetic acid from, 371 
—, acetone from, 370, 375, 420, 878 
—, azeotropic mixtures of, 364, 368, 369 
—, dehydration of 173, 364, 365, 420 
—, dehydrogenation of, 420, 878 
—, 1,3-dimethylbutadiene from, 173 
—, electrical properties of, 367 
—, estimation of, 370, 371 
—, extraction agent, acetic acid, 380 
—,—, olefins, 163 

—,—.oxygenated hydrocarbons, 975 
—. —, a-polyprcnc, 681 
—,—, sulphonates, 1070, 1071 
-, free energy of hydration, 368 

- , from acetone, 431 

—. from isopropyl esters, 356 
—, from propene, 288, 291-293, 356-360, 362-364, 
366, 895 

—, impurities in, 371-373 
—, in insecticides, 1078 

- in motor fuels, 369, 370, 1035 
in rubber cement, 374 

- in varnish removers, 433 
—, octane number of, 1028 

.oxalic acid from, 371 

- .oxidation of, 370, 371 

—, physical properties of, 366, 3b7 

—, |>oIymerization of. 36.5 

—. propene from, 173, 365 

—, reaction with acetic acid, 376, 1080, 1081 

—, — anisole, 403 

-. — benzene, 382, 383, 401, 402 

—, — benzoic acid, 376 

—, — calcium chloride, 370 

—, — chloroacetic acids, 376 

—, — ethylene oxide, 557 

—, — isobutene, 607 

—, — />-nitrotoluene, 382 

—. — phenol, 402, 403 

—, — potassium bromide, 377 

—,—toluene, 382, 401, 402 

—, — zinc chloride, 370 

—. separation from isopropyl ether, 378 

—, solvent properties of, 370, 375, 568 

—. surface tension of. 366 

—, thermal conductivity of, 367 

—, utilization of, 372-375 

Isopropylamine, preparation of, 428 

Tsopropylanisole, preparation of, 403 

Isopropylbenzene, from isopropyl alcohol, 401 

—. from sapropelite tar, 144 

—. polymerization of. 208 

—, reaction with fer-butyl alcohol, 412 

—, see also Cumene 

Isopropyl bromide, from isopropyl alcohol, 377 
—, from proi>cnc, 306. 307, 316 
—. hydrolysis of, 378 
—. isomerization of. 316 

lsopropyl-#cr-butylbenzene. preparation of. 412 
Isopropyl-fer-butyl ether, preparation of, 607 
Isopronyl chloride, from propene, 306, 307 
—. hydrolysis of, 797 
—, reaction with p-#cr-butyltolucnc, 816 
Isopropylcumyl ether, preparation of, 402 
2-Tsopropyl-3,3-dimethyl-l-butene, preparation of, 
411 

Isopropyl esters, preparation of, 375, 376 
Isopropyl ether, dewaxing agent for lubricants, 
4.34 


-. from propene, 291, 360, 363, 378 
—.in motor fuels, 1017, 1030 
—, peroxides from, 336. 381 
—, separation from isopropyl alcohol, 378 
—. solvent for ketene. 437 
—. utilization of, 378-380 

Isopropylethylene. polymerization of, 203. 377, 378 
—. reaction with hydrogen chloride. 310 
—. sulphation of, 309 
—. see also Tsoamylene 
Isopropylethylene glycol, from amylene, 548 
—. isobutyric acid from, 548 
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Isopropyl hydroperoxide, acetone from, 382 
—, from diisopropyl sulphate, 381 
—, properties of, 382 

Isopropyl-2*hydroxy-3,5-diisopropyIbensoate, prepa¬ 
ration of, 308 

Isopropyl iodide, from propene, 316, 317 
Isopropyl mercaptan, from propene, 462 
Isopropylmethylethylene, from di-fer-butylethylene, 
87 

Isopropylnaphthalenesulphonic acid, as wetting 
agent, 954 

N-Isopropyl-a-naphthylamine, preparation of, 429 
Isopropyl phenol, preparation of, 403 
Isopropylphenyl ether, isomerization of, 403 
N,N-Isopropylphenyl-^-naphthylamine, preparation 
of, 429 

Isopropyl phthalate, as heat-transfer medium, 377 
Isopropyl salicylate, from propene, 308 
Isopropyl sulphate, from propene, 363 
—, hydrolysis of, 363. 364 
IsopropyIsulphuric acid, from propene. 305 
I sopropylurea, reaction with trihydroxyethyl sor¬ 
bite, 587 

Isoouinoline, from cottonseed meal. 840 
Isotherm, definition of, 1307 
Isothiocyanates, extraction agents, 44 
Isoundecenoic acid, reaction with hydrogen bro¬ 
mide, 318 

K 

Kaolin, catalyst, dechlorination of propyl chloride, 
805 

—, —, acetylene from methane, 54 

—, in emulsifying agents, 1074 

—, in nitric oxide-paraffin reaction. 1091 

—, removal of sulpnur compounds by, 398 

Kattwinkel's reagent, definition of, 1150 

—.reaction with aromatics, 1150 

—, — unsaturates, 1150 

Kauri-butanol test, 1179, 1180 

Kero bases, from cottonseed meal, 840 

Kerosene, absorbent for butadiene, 174 

—, acetaldehyde from, 860, 946 

—, acetic acid from, 946 

—acetone from, 860 

—, acetylene from, 253 

—, aromatics in, 36 

—, as cleansing agent, 790 

—.benzene from. 137 

—.butadiene frdhi, 144 

—, by cracking rapeseed oil, 136 

—,—tars, 135 

—, by oxidation of hydrocarbons, 865 

—, by polymerization of olefins, 209 

—, carbon monoxide from, 272 

—, carboxylic acids from, 860 

—, characteristics of, 35 

—, chlorinated, dehalogenation of, 807 

—, color stability of, 925 

—.cracking of. 111, 137, 139 

—, cyclopentadiene f rom, 171 

—, dehydration of isopropyl alcohol with, 364 

—, determination of gum in, 913 

—, dimethylketone from, 946 

—, distillation of, 1169 

—, dodecene in, 145 

—, effect of electric arc on, 253 

—.ethylene from, 154, 155, 25,3 

—, formaldeh/de from, 860, 946 

—, formic acid from, 860, 946 

—, from crude oil, 28 

—, hydrogen from, 272 

—, hydrogen sulphide removed from. 457 

—, illuminating power of, 35 

—, in demulsitying agents, 1075 

—, in motor fuels, 1039 

—, in insecticides, 978, 1078 

—, isoprene from, 171 

—, naphthenes in, 36 

—. oxidation of, 859, 860, 946, 965, 966, 1046, 
1047 

—. piperpylene from, 171 
—, pyrolysis of. 154, 155. 195 
—, reaction with steam, 272 
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Kerosene, refining of, 35, 925 
—, smoke test, 1184 
—, toluene from, 137 
—, tridecene in, 145 
—, undecene in, 145 
—, voltolization of, 261 

Kerosene distillates, aviation lubricants from, 211 
—, sulphonic acids from, 1076 
Ketals, formation of. 722, 723 
Ketene, acetylation of alcohols by, 438 
—, — benzene by, 439 
—, cyclobutane-1,3-dione from, 441 
—, decomposition of, 437 
—, from acetic acid, 436 
—, from acetic anhydride, 436 
—, from acetone, 425, 434, 441 
—.polymerization of, 440, 441 
—, reaction with acetic acid, 435 
—, — alcohols, 438 
—. — aromatic aldehydes, 438, 439 
—, — ethanethiol, 438 
—, — 2 ethoxyethanol, 435 
- — haloamines, 440 

—. — hydrogen chloride, 439 
—, — hydroxy acids, 438 
—, — mandelic acid, 439 
—, — mercaptobenzothiazole, 439 
—, — thioalcohols, 438 
, solvents for, 435 

Keto-acids, from petroleum distillates, 843 
—. preparation of, 1053 
Ketomenthene, preparation of, 895 
3 Keto-n-pentanol-l, preparation of, 565 
Ketones, addition products with nitric acid, 851, 
852 

—, as antiknocks, 1018 
—, as dewaxing agents, 453 
—. as extraction agents, 44, 972 
'—, as solvents, 419, 453 
—by irradiation of petroleum oils, 268 
—, by oxidation of alcohols, 406 
—. — asphalt, 1203 
—. — hydrocarbons, 865, 962-965 
—, — petroleum distillates, 843, 856, 1050, 1053, 
1056 

—, condensation with aldehydes, 443 
•—, drying of, 443 

—, effect on stability of naphthenes, 937 
—, electrolytic reduction of, 452 
—, formation during aquolysis, 131 
—, from butane, 874 

—, from carbon monoxide and hydrogen, 1223, 

1244 

—, from cyclo-olefins, 895 

—, from ethyl acetate, 423 

—, from naphtha oxidation, 876 

—, from nitro^^cloparaffins, 1095 

—, from paraffin wax, 971 

—. from pinacol, 536 

—, from primary alcohols, 421 

—, from propane, 862 

—, from wax acids, 979 

—, from secondary alcohols, 399, 419 

—, from water gas, 268 

—’, in synthesis of resins, 419, 453 

—, oxidation of, 450 

—, photochemical decomposition of, 448-450 
—, reaction with 1,2-glycols, 582 
—, — mercaptans, 474 
—, — zinc halides, 452 

Kieselguhr, caulyst, absorption of ethylene, 163 
—, —, alkylation of phenols, 605 
—, —, isomerization of propene oxide, 586 
—, —. reaction of ethylene and cracked gasoline, 
1252 

—.promoter, reduction of carbon monoxide, 1229, 
1230, 1232, 1235, 1239, 1242, 1249 
—, use in storing acetylene. 171 
Knock-inducing compounds, separation of, 1033 
—, effect on ignition temperature, 996 
Knock rating, effect of aliphatics, 1024, 1025 
—,—argon, 1011. 1012 
—, — aromatics, 1024, 1025 
—. — cyclohexane derivatives. 1024, 1025 
—, — cycloparaffins, 1024, 1025 
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Kiidck rating;, effect nf cyc!o|>eiitane. 1024, 1025 
— cyclopentene, 1024, 1025 
helium, 1011, 1012 

—. — hydrocarbon structure, 1024, 1025, 1027, 

1028 

—, — lead tetraethyl, 1031 1033 
—, — temperature, 1030 
—, — type of gasoline, 1033 

—, n-heptane as reference standard, 1025, 1026, 
1027 

—, isooctane as reference standard, 1025, 1026, 
1027 

—, measurement of, 1023-1027, 1029 

—, of aviation fuel, 1027 

—, of 1-heptene, 1026, 1027 

—, see also Aniline equivalent 

—, see also Octane number 

Knowles process, for petroleum coke, 230 

Kogasin, acids from, 1255 

—, action of aluminum chloride on. 1253, 1254 

—.aromatics from, 1252 

—, as Diesel fuel, 1253 

—, chlorination of, 1253 

- composition of, 1224, 1242-1245 
•—, cracxing of, 1252, 1253 

—.definition of, 117, 1224 
—dichlorinated, polymerization of. 814 
—, gasoline, octane number of, 1251 
—, hydrogenation of, 1245 
—, in candles, 1255 
—, isopentadecane from, 1253 
—.lubricating oils from, 1253, 1254 
—. olefins from, 1252 
—.oxidation of, 1255 
—, polymer gasoline from, 1255 
—, polymerization of, 1255 
—, pyrolysis of, 73, 177 
—.separation of paraffin wax from, 1245 
—. synthesis of^ 214, 1223 
Kogasin II, definition of, 131 
—.chlorination of, 815 
—.electrical cracking of, 131 
—.pyrolysis of, 155 
Kogasin process, economics of, 1255 
Kogasin synthesis, application of, 1245-1255 
—.catalysts, preparation of, 1230, 1231, 1232 
—.control of temperature, 1233, 1234 
—.design of catalyst chambers, 1233, 1234 
—.effect of ammonia, 1236 

— —carbon dioxide, 1235, 1241, 1242 
-carbon disulphide, 1236 
-composition oC feed gas, 1235, 1236 

,—contact time, 1236, 1237 
, — hydrogen sulphide, 1236 
, — methane, 1235 
, — nitrogen, 1235 

-pressure, 1232, 1233 
-recycling, 1237-1240 
-sulphur, 1236 
. — temperature, 1233 

-time factor, 1237, 1244 
—, single-stage process 12,19 

_, two-stage process, 1238. 1239 

—, three-stage process, 1239, 1240 
Kontakt. definition of. 1077 
—.as insecticide, 1077 . . 

Krypton, effect on acetylene polymerization, 267 


Lacquers, asphalt in, 1192 
—, wax acids in, 975 
lacquer solvents, nitroparaffins as, 1098 
lactic acid, as decolorizing agent. 958 
_ by oxidation of wax, 971 

from carbohydrates, 443 

from o-chloroethyl methyl ketone, 451 

_ reaction with butanol-2, 405 

Tactides, by oxidation of wax, 971 

Lactones, by oxidation of petroleum distillate^. 

' 963 

__.—.naphtha, 876 

—, — wax, 971 . 

from olefinic acids. 627 


Lampblack, disficrsion of, 247 
ill printing ink, 250 
. manufacture of, 235, 242 
l.amp oil, from carbon monoxide ami hydrogen, 
1250 

Lanthanum oxide, catalyst, dehydrogenation of al¬ 
cohol, 337 

—, —, oxidation of aromatics, 942 
—, —, oxidation of methyl alcohol, 878 
Lard oil, in anti-rust compositions, 577 
•—, in brake fluids, 539 
Latent energy, in flame gases, 1007 
Latex, ethylenediamine stabilizer for, 809 
Lauryl diethylene glycol, reaction with chlorosul- 
phonic acid, 545 

Lauryl diethylene glycol sulphate, ammonium salt 
of, 545 

Lead, alloys of, use in cracking, 113 
—, catalyst, chlorination of benzene, 778 
—, —, — toluene, 793 
—,—.dehydrogenation of alcohols, 419 
—, —, oxidation of aromatics, 942 
—, —, — ethylene, 552 
—,—, — petroleum oils, 932, 964, 1195 
—,—.pyrolysis of olefins, 185 
—, —, — paraffins, 160, 257 
—, —, sulphation of propene, 360 
—, effect on sludge formation, 939 
—.estimation in greases, 1165 
—, reaction with hydrocarbons, 255, 256 
Lead acetate, for hydrogen sulphide detection, 
466, 1125 

—, reaction with triethanolamine, 571 
Lead alkyls, as antiknock agents, 829, 1018 
—.preparation of, 255, 256, 1102 
Lead borate, catalyst, pyrolysis of paraffins, 160 
Lead chloride, catalyst, iodination of cyclohexene, 
774 

—, —, polymerization of olefins, 665 
Lead chromate, catalyst, hydrogenation of sul¬ 
phur compounds, 1248, 1249 
—, —, oxidation of toluene, 948 
Lead compounds, catalyst, pyrolysis of pinene, 905 
—, effect on ignition temperature of oils, 938 
Lead derivatives, catalysts, oxidation of toluene, 

947 

Lead dimethyl, as antiknock^ 1018 
Lead dimethyldiamyl, as antiknock, 1018 
Lead dioxide, catalyst, oxidation of methane, 867 
—, —, — petroleum oils, 1050 
—. for color stability of kerosene, 925 
I.ead fluoride, use in fluorination, 734, 737 
l.ead halides, catalyst, dehydrogenation of hy¬ 
drocarbons, 158 

. —, reaction of olefins and carbon monoxide, 
625, 626 

Lead mahogany sulphonate, in lubricants, 1079 

Lead mercaptides, nydnlysis of, 471 

—, preparation of, 471 

—. reaction with hydrogen peroxide, 475 

—,—-potassium permanganate. 475 

Lead molybdate, catalyst, oxidation of toluene, 

948 

Lead naphthenate, as antioxidant, 937 
—, as drying agent, 1115 
—, as wetting agent, 1117 
—, in lubricants, 1116 
—, in paints, 1115 

Lead nitrate, effect on naphthenic acid salts. 1115 
Lead oleate, catalyst, oxidation of pinene, 905 
Lead oxide, catalyst, decarboxylation of phthalic 
anhydride. 950, 951 

—,—.esterification of pentaerythritol, 1055 
—, —, oxidation of aromatics, 942 
—, —. — olefins, 553 
—, effect on ignition temperature, 1000 
—, from lead sulphide, 476 
—, from spent doctor solution, 476 
—, reaction with ^,^-dichlorodiethyl ether, 579 
—. — trimethylene bromide, 547 
—, sweetening agent, 476 

Lead phosphate, catalyst, hydration of ethylene, 
287 

Lead sodium alloy, use in gasoline chlorination, 
755 
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Lead sucrate, antioxidant, 917 
Lead sulphate, catalyst, ethylene-sulphuric acid 
reaction, 32.1 

—, —, propene-phosphoric acid reaction, 358 
—,—, propene-sulphuric acid reaction, 358 
—, promoter, hydration of propene, 292 
Lead sulphide, lead oxide from, 476 
—, sweetening agent, 475, 476 
—, use in refining oils, 1044 
Lead susceptibility, definition of, 1031 
—.effect of disulphides, 480, 481, 1031 
—, — hydrocarbon structure, 1032 
—, — thioethers, 1031 

Lead tetra-alkyls, reaction with phenol. 823 
Lead tetraethyl, as antiknock, 1013, 1017 1022, 
1251 

-—.catalyst, oxidation of naphtha, 876 
—.effect, on acetylene homologues. 1019-1021 
--.—aromatics, 1019, 1021, 1022 
- — cyclohexane, 1022 

—,—cyclopentane, 1022 

—diolefins, 1019, 1020, 1022 
—, — fuels, 916 

—» — ignition temperature, 992, 994 
—, — knock rating, 1031-1033 
—olefins, 1019, 1021, 1022 
—, — oxidation of benxene, 944 
—,—-oxidation of gasoline, 861, 947 
•—, — paraffins, 1019 
--.estimation in gasoline, 1165, 1166 
—. preparation of, 823 
—, reaction with phenol, 823 
, reducing hazards of, 829 
—.thermal decomposition of, 1022, 1023 
f.«ad tetramethyl, photolysis of, 1022 
l<ead tetraphenyl, decomposition of, 1022 
photolysis of, 1022 

Lead tungstate, catalyst, oxidation of toluene, 948 
l<ead vanadate, catalyst, oxidation of toluene, 948 
l^eather solvents, preparation of. 825 
1^ Cbatelier's principle, application of, 101 
!.«cithin, from soy beans, 728 
—, from corn, 728 
T.«pidine, from cottonseed meal, 840 
J^eucocytosis, effect of cyclopropane, 1268 
Lcucoindophenol, gum inhibitor, 913 
r..ewis process, for carbon black, 240 
Light, effect on carbene precipitation, 1193 
—, — chlorination of methane, 726 
—, — gasoline, 924 

—, — paraffin-niffosyl chloride reaction, 1101 
Lignin, reaction with ethylene oxide, 559 
-, source of petroleum, 19 
I,ignite, adsorbent carbon from, 227 
—, chlorination of, 227 
—, inhibitor of gum formation, 914 
—.motor fuel from, 136 
-, use in cracking, 111 
Lignite spirits, refining of, 928 
Lime, dehydrating agent, 328, 330 
—, catalyst, pyrolysis of oxygenated hydrocar- 
lx)n8, 340 

—, use in purification of acetylene, 170 
Limonene, reaction with formaldehyde, 624 
T^iquefaction, of ketene, 441 
—, of olefins, 161 

Liquid air, determination of acetylene in, 702 
Lithia, catalyst, pyrolysis of oxygenated hydro¬ 
carbons, 340 

Lithium alkvls, as antiknocks, 1018 
IJthium aryls, as antiknocks, 1018 
Lithium chloride, reaction with triethanolamine. 
572 

Lithium oleate, catalyst, oxidation of petroleum, 
964 

LUhium sulphate, promoter, hydration of ethylene, 
283 

Liver, effect of chloroform on, 1262 
'^.effect of ethylene on, 1262 
fxHiding value, definition of, 221 
Locke’s solution, definition of, 1269 
Long residium, definition of, 37 
Lubricants, aluminum naphthenate in, 1116 
—, amylene dichloride in, 513 
—, asphalt emulsions in, 1220 


Lubricants, antioxidants for, 933, 937, 938 
—, artificial aging of, 930 
—, by polymerization of olefins, 212-215 
—.calcium soaps in, 1079 
—, decreasing oiliness of, 935 
—, dichlorobenzene in, 790 
—.estimation of asphalt in, 1191 
—, extraction with chlorinated ethers, 529, 530 
—, from chlorinated paraffins, 813 
—, — paraffin wax, 757, 758, 817 
—, from ethylene glycol esters, 540 
—, from glycol ethers, 544 
•—, from polyglycols, S4S 
—, from l,2,4 trichlorobenzene, 790 
formation of asphaltenes in, 930 
— carbon in, 930, 931 
—, — sludge in, 937 
--.graphite in, 1079, 1116 

- -, increasing viscosity of, 815, 1056 

- -, lead mahogany sulphonates in, 1079 
—.lead naphthenate in, 1116 

-, mahogany sulphonates in, 1077 
—, nitroparaffins in refining of, 1098 
—.oxidation number of, 931 
—.oxidation of, 931-933, 935 
—.resins from, 1189 
'. sludge value determination, 934 

- stability of, 938 
stabilization of, 937 

--.sulphur in, 1116 

- -, sulphurized, preparation of, 469 

-, tests for stability of, 932, 933, 934 
.viscosity determination of, 1172-1176 
f.ubncating oils, aging of, 931 
—, aromaticity of, 44 

- -, asphaltenes from, 855 
-, autoxidation of, 930 
-.bloom agent for, 215 

—, by polymerization of olefins, 212-215, 671, 672 
-, carbencs from, 855 
—, chlorination of, 756 
—.color determinations of, 1163, 1164 
-.depression of pour point, 215 
—.dewaxing of, 216, 373, 379, 380, 433, 453, 
507, 513, 710, 744, 745, 758, 1044 
—.distillation curves of, 1170 
—, effect on ignition temperature, 998 
—.estimation of acidity, 1166, 1167 
—, from crude oil, 28 
—, from Kogasin. 815, 1253, 1254 
—. hydrocarbons in, 36-38 
—, hydroxy acids from, 855 
—, increase of film strength, 1055 
—, naphthalene in. 36 
—.naphthenic acids in, 1103 
—oxidation of, 855 

—.preparation from paraffins, 813, 814 
-—.reaction with amyl chloride. 812 
■—refining, with chloroaniline. 46 
—, solvent extraction of, 41-45 
—, sulphonaphthenic acid salts in, 1118 
—.use in demulsifying agents, 1116 
—, — insecticides, 1078 
—, wax acids in, 978, 979 

M 

Machine oil, resins from, 1188 
Magnesia, catalyst, higher alcohols from ethyl al¬ 
cohol, 339, 340 
—, —, pyrolysis of indenes, 95 
Magnesite, catalyst, pyrolysis of olefins, 189 
—,—.reduction of carbon monoxide. 1241 
Magnesium, catalyst, reaction of acetone and 
ethyl alcohol. 443 

—, promoter, reduction of carbon monoxide. 1228- 
1230, 1242 

—. reaction with 9-brofno-phenanthrene, 824 

—. — butyl chloride, 823 

—, — chlorinated gasoline, 755 

—, — ethylene dibromide, 505, 824 

—, — isoamyl chloride, 823 

Magnesium alkyl halides, preparation of, 822-824 
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Magnesium alkylsulphonates, surface tension of, 
1066, 1067 

Magnesium amalgam, catalyst, condensation of 
acetone, 427 

Magnesium antimonide, catalyst, dehydrogenation 
of j^c-alcohols, 419 

Magnesium arsenide, catalyst, dehydrogenation of 
5 ec-alcohols, 419 

Magnesium bismuthate, catalyst, dehydrogenation 
of jer-alcohols, 419 

Magnesium boro-phosphate, catalyst, hydration of 
ethylene, 285 
—, —, — propene, 292 

Magnesium bromide, absorption of ethylene ox¬ 
ide with, 557 

—, solubility in isopropyl alcohol, 370 
Magnesium bromide dietherate, preparation of, 
505 

Magnesium carbonate, catalyst, ketones from ethyl 
acetate, 423 

Magnesium chlorate, catalyst, reaction of cellu¬ 
lose phthalate and propene oxide, ‘'88 
Magnesium chloride, absorption of hydrocarbons 
by, 1123 

—, catalyst, hydrolysis of chlorobenzene, 783 
—,—, in cracking, 112 
—, reaction with ethylene oxide, 560 
Magnesium dimethyl, reaction with cyclohexene 
oxide, 589 

Magnesium halides, catalysts, hydration of acety¬ 
lene, 712 

Magnesium hydroxide, catalyst, reaction of eth¬ 
ylene dichloride and sodium sulphides, 499 
—, for hydrogen sulphide removal, 457 
—, sweetening agent, 475, 477 
Magnesium iodide, solubility in isopropyl alco¬ 
hol, 370 

Magnesium naphthenate, catalyst, oxidation of 
paraffin wax, 971 
—,—, — petroleum, 972 
—, in inks, 1117 

Magnesium nitrate, catalyst, methane-steam reac¬ 
tion, 278 

Magnesium nitride, desulphurizing agent. 490 
Magnesium oxide, absorption of saponifiable hy¬ 
drocarbons by, 732 
—.catalyst, acetone from ether. 421 
—, —, chlorination of propene dichloride, 507 
— ,—.dehydrogenation of acenaphthenc, 955 
—, —, dipropyl ketone from «-butanol, 443 
—, —. ethyl alcohol from ether, 334 
—. —, ethylene oxide from ethylene chlorohydrin, 
550 

—, —. hydrolysis of chlorobenene, 782 

—,—, in cracking, 128 

-—, - , oxidation of aromatics, 942 

polymerization of butadiene, 674 
pyrolysis of 2-hutene, 172 
—thiophene, 483 

—, —. reaction of methanol and carbon monoxide, 

1050 

—, — methane and steam, 270, 279 

——.reduction of carbon monoxide, 661 
—, effect on ignition temperature, 1000 
—.--inflammability limits, 985 
Magnesium phosphate, catalyst, hydration of pro¬ 
pene, 292 

Magnesium phosphide, catalyst, dehydrogenation 
of jrc-alcohols, 419 

Magnesium pyrophosphate, catalyst, propionalde- 
hyde from propene oxide, 586 
Magnesium salt, catalyst, acids from alcohols, 

1051 

—^ , ethylene oxide from ethylene chlorohydrin, 

550 

Magnesium selenide, catalyst, dehydrogenation of 
jer-alcohols, 419 

Magnesium silicate, catalyst, pyrolysis of ben¬ 
zene, 192 

—, emulsifying agent for asphalt, 1220 
Magnesium sulphate, catalyst fermentation of 
sucrose. 547 ^ 

_, promoter, hydration of ethylene, 283 

Magnesiuni telluride, catalyst, dehydrogenation of 
lec-alcobols, 419 


Manganese 

Mahogany acids, as demulsifying agents, 1075 
—, as emulsifying agents, 1074 
—, extraction witn /5,/5'-dichloroethyl ether, 530 
—, in insecticides, 1077 
—, solubility of, 1065 

Mahogany soaps, in cleaning compositions, 732 
Mahogany sodium sulphonate, in cleaning agents, 
746 

Mahogany sulphonates, extraction with green-acid 
soap, 1071, 1072 
—, — isopropyl alcohol, 1071 
—, — propane, 1071 
—, utilization of, 1077-1080 
Maleic acid, condensation with diolefins, 945 
- -, from acenaphthene, 946 
—, from benzene, 944 
—. from cyclohexanone, 451 
---, from furfuraldehyde, 945 
—, from naphthalene, 946, 951 
—, hydration of, 945 
—, r^uction of, 945 
—, mejo-tartaric acid from, 547 
Maleic anhydride, as antioxidant, 941 
—, from benzene, 944-946 
—, from fluorene, 954, 955 
—, reaction with benzol, 690 

—diolefins, 175, 679, 698, 699, 1147 
—. -7- olefins, 629 
Malic acid, from maleic acid, 945 
Malonic acid, preparation of, 904 
Maltenes, in asphalt, 1197, 1198 
Mandelic acid, acetylation of, 439 
Manganese, catalyst, acetone from acetaldehyde, 
423 

—, —. dipropyl ketone from n-butano), 443 
—,—, ethers from acetals, 715 
—.—, in cracking, 114 
—, —, oxidation of ethylene, 553 
—wax, 971, 1057 
—. —» pyrolysis of aliphatics, 189 
——, reaction of carbon disulphide and chlo¬ 
rine, 730 

—,—. — methane and steam, 272 
—, promoter, chlorination of benzene, 779 
—, —, in cracking, 128 

—, —, reduction of carbon monoxide. 1228, 1229, 
1231, 1234-1236, 1239, 1240. 1243. 1248 
Manganese acetate, catalyst, hydration of acet¬ 
ylene, 714 

—, —, oxidation of acetaldehyde, 885 
—, —. — acetone, 432 

Manganese acetylacetonate, catalyst, phcnylcyclo- 
pentane. autoxidation. 907 
Manganese alloys, catalyst, carbon from carbon 
monoxide, 229 

Manganese borate, catalyst, pyrolysis of paraffins, 
160 

Manganese boro-phosphate, catalyst, hydration of 
butenes, 293, 294 
—,—, — ethylene, 285, 286 
•—, —, — isobutene, 296 
—, —. — propene, 292 

Manganese, butyrate, catalyst, oxidation of acetal¬ 
dehyde, 885 

Manganese carbonate, catalyst, oxidation of me¬ 
thane, 881 

Manganese chloride, catalyst, chlorination of eth¬ 
ylene, 495 

—. —, — propene, 507 
—,—.ether from ethyl alcohol, 331 
—, effect on naphthenic acid salts, 1115 
—, reaction with ethylene oxide, 560 
—, — soaps, 1055 

Manganese compounds, catalyst, nitration of tolu¬ 
ene, 954 

—, —, oxidation of d-a-pinene, 905 
,—, effect on color stability, 938 
Manganese dioxide, absorption of hydrogen sul¬ 
phide with, 1125 

—, catalyst, oxidation of kerosene, 859, 860 
—oils. 1047, 1054 
—, —, — sodium sulphide, 465 
—, —, pyrolysis of methane, 218, 227 
—, inhibitor, deterioration of ethylene oxide, S54 






Manganese SUBJECT 

Manganese dioxide, promoter, in cracking, 112 
—,—.pyrolysis of alcohol. 351 
—. sweetening agent. 475 

Manganese fluoride, catalyst, reaction of propene 
and hydrogen fluoride. 307 
Manganese halides, catalyst, pyrolysis of parafhns. 
158 

—, —, reaction of dichloroethane and hydrogen 
fluoride. 747 

—,—,—oleflns and carbon monoxide. 625, 626 
Manganese hydroxide, catalyst, reaction of sul¬ 
phur and hydrocarbons, 467 
—, for hydrogen sulphide removal, 458, 459 
Manganese naphthenate, as antioxidant, 937 
—.drying agent, 1115 

—. promoter, oxidation of paraffin wax, 971 
Manganese nitrate, catalyst, oxidation of ace- 
naphthene, 955 

Manganese oleate, catalyst, oxidation of parafbn 
wax, 971 

—,—, — petroleum distillates, 962, 1059 
—, —, — d-a-pinene, 905 

Manganese oxide, catalyst, acetone from ethyl 
alcohol. 421, 423 

—,—.chlorination of benzene, 781 
—,—.hydration of acetylene, 714 
—,—, in cracking. 137 
—, —, ketones from ethyl acetate, 423 
—, —, oxidation of aromatics, 942 
—, —, — butyl alcohol, 880 
—, —, — methane, 881 

—, —, reaction of ethyl alcohol and steam, 422 
—, —, — sulphur and hydrocarbons, 467 
—, dmring agent for isopropyl alcohol. 420 
—.effect on ignition temperatures, 1000 
—, in hydrogen sulphide removal. 458 
Manganese phosphate, catalyst, hydration of eth¬ 
ylene, 284 

—, —, — propene, 292 

Manganese propionate, catalyst, oxidation of acet¬ 
aldehyde, 885 

Manganese salts, catalyst, acids from alcohols, 
1051 

Manganese soap, catalyst, oxidation of oils, 1044 
—,—, — paraffin wax, 972 

Manganese sulphate, promoter, hydration of eth¬ 
ylene, 283 

Manganese vanadate, catalyst, oxidation of an¬ 
thracene, 952 

Mannitol, reaction with butylacetylene. 724 

Marine plants, origin of petroleum, 21 

Markownikov rule, 298 

Mazout, cracking of. 103 

—, deflnition of. 273 

—, reaction with steam, 273 

—.refining with charcoal. 1188 

Medicinal compounds, preparation of, 690, 1080 

Mellitic acid, preparation of. 822 

Menthane. halogenation of. 776 

Menthene, reaction with selenious acid. 446 

—, — selenium dioxide. 895 

Menthol, dehydrogenation of. 444 

—. in motor fuels. 1035, 1039 

Menthone, from menthol. 444 

—. reaction with nitric acid. 850, 851 

Mercantans. acidity of, 469 

—, alkylsulphonic acids from, 1066 

—, as antioxidants. 486. 487. 937 

—.as odorizing agents. 471 

—, detergents from. 487 

—.disulphides from, 470, 471. 480 

—, emulsifying agents from, 487 

—.estimation in gasoline. 1157-1159 

—, extraction with alkali. 469, 470 

—, from alkyl halides. 822 

—.from sulphur, 1157 

—.hydrogenation of, 1248, 1249 • 

—, hydrogen sulphide from, 478 
—, in fungicides, 487 
—.in insecticides, 487, 1112 
—. in petroleum. 454 

--.oxidation of. 470. 471, 480, 1043. 1066, 1158 
—, photochemical decomposition of, 473 
—.properties of. 471 
-“•f pyrolysis of, 479 
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Mercaptans, reaction with acetylene, 472, 473, 715 

—, — aldehydes. 473, 474 

—, — alkyl halides, 479, 485 

—, — cupric chloride, 477 

—, — diazotized amines, 479 

—. — ethylene chlorohydrin, 526 

—, — ethylene oxide, 472, 564 

—, — ketones, 474 

—, — sodium hydrosulphide, 480 

—, — sodium hypochlorite. 470 

—, — sodium plumbite, 474, 475 

—, — sulphonic acids, 472 

—, — sulphur, 470 

—, — sulphur chloride, 481 

- . — thionylaniline, 481 
—, — thionyl chloride, 481 

—, removal, by distillation. 470 
—,—.from alcohols, 397, 408 
—, stabilizing agents for carbon tetrachloride, 730 
—. sulphonic acids from, 471 
—. thioethers from, 472, 473 

- wetting agents from, 487 

Mercaptobenzothiazole. reaction with ketenc. 439 
Mercuric acetate, reaction with acetylene, 702 
—. — cyclohexcnc. 628 
—. — mcthylcyclohexcne, 628 
—, — octahydronaphthalene, 628 
.—olefins. 1149-1151 

Mercuric bromide, precipitant for asphalts, 1191 

- reaction with mercury dimethyl, 51 
Mercuric chloride, catalyst, reaction of acetylene 

and hydrogen chloride. 716 
—. —. — butadiene and methoxybenzylchloride, 
698 

—, —, — cyclohexadiene and aryl halides, 693 
—. —, — cyclohexadiene and chloroethers, 693 
—,—, — diolefins and aryl halides. 691 
—, —. — propene and hydrogen chloride, 306 
—, effect on pyrolysis of methane, 54 
—, reaction with acetylene. 702 
—, — thioethers, 479 
—. — thiophene. 483 

refining agent for oils. 1044 
Mercuric fluoride, reaction with ethyl broVnide, 
748 

Mercuric nitrate, promoter, hydration of i.sobu- 
tene, 295, 296 

—, reaction with cyclohexcnc, 629 
—, — ethylene, 629 

Mercuric orthophosphate, catalyst, acetylene-acetic 
acid reaction. 717 

Mercuric oxide, catalyst, hydration of acetylene, 
712 

—,—.reaction of acetylene and acetic acid. 717 
—,—— ethyl alcohol and vinylacetylene, 706 
—, —, — mannitol and butylacetylene. 724 
—, —, — methyl alcohol and alkylacetylenes, 722 
—, refining agent for ether, 336 
Mercuric salts, catalyst, nitration of toluene, 
954 

—, — reaction of vinylacetylene and carlwxylic 
acids. 706 

—. reaction with vinylacetylene. 708 
Mercuric sulphate, catalyst, reaction of acetylene 
and acetic acid. 717 
—, —. — alcohol, 715 
—, —, — ethylacetoacetate. 721 
—.—.reaction of vinylacetylene and acetic acid, 
706 

—, —, sulphation of tetrachloroethane, 829 
—. reaction with ter-butyl alcohol. 365 
Mercuric sulphonate. catalyst, reaction of acetyl¬ 
ene and acetic acid, 717 
Mercurous fluoride, reaction with butyl iodide, 
753 

—, — iodoform, 737 

—. — bromocyclohexane, 773 

Mercury, as heat-transfer medium, 28, 193, 861 

—. catalyst, bromination of benzene, 790, 791 

—,—.carbon from petroleum coke, 232 

—, —. oxidation of petroleum, 964 

—.—.pyrolysis of gaseous hydrocarbons. 158 

—, —. pyrolysis of olefins, 78 

—.promoter, reduction of carbon monoxide, 1229 
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Mercury, reaction with iieroxides, 381 
—. — sulphur, 1156, 1162 

—, vapor, inhibitor, pyrolysis of methane, 54 , 55 
Mercury arc, action on acetone, 450 
—, — acetylene, 264, 266 
—, — bivinyl, 265 

Mercury bromide, catalyst, reaction of propene 
and acetic acid, 308 

Mercury chloride, catalyst, reaction of propene 
and acetic acid, 308 

—, — vinyl chloride and hydrogen chloride, 
716 

reHning agent for gasoline, 929 
Mercury compounds, catalyst, hydration of acet¬ 
ylene, 712 

Mercury halides, catalyst, dichloroethane-hydro- 
gen fluoride reaction, 747 
Mercury oxide, catalyst, oxidation of olefins, 553 
Mercury phosphate, catalyst, reaction of propene 
and acetic acid, 308 
—, promoter, hydration of ethylene, 291 
Mercury salts, catalyst, hydration of acetylene, 
702 

—, —, — denterioacetylene, 725 
—, —, — vinylacetylene, 705 
—,—.reaction of acetylene and acetic acid, 717 
—,—, — aromatics, 719 

—, —, reaction of ethylacetylene and acetic acid, 
718 

—, reaction with olefins, 628 
Mercury sulphate, catalyst, reaction of propene 
and acetic acid, 308 
—, —, sulphation of propene, 358 
Mercury trichloroethylenide, preparation of, 711 
Mesitol, from mesitylene, 954 
Mesitylene, from acetone, 431 
—, from acetylene and toluene, 719 
—, from kerosene, 36 
—, from sapropelite tar, 144 
—, from xylenes, 208 
—, oxidation of, 954 

—, reference standard in Diesel fuel, 1033 
Mesitylenealdehyde, from mesitylene, 954 
Mesitylenic acid, from mesitylene, 954 
Mesityl oxide, acetone from, 423 
—-, from acetone. 429, 878 
—, from diacetone alcohol, 430 
—.reaction with diolefins, 175 
—, — ozone, 901 

Metal chlorides, catalysts, pyrolysis of amines. 158 
—, —, reaction of monovinylacetylene and hydro¬ 
gen chloride, 680 

Metal cyanides, catalyst, reaction of olefins with 
sulphuric acid, 392 
Metal dispersions, in oils, 256 
Metal halides, catalyst, alkylation of phenols, 603 
Metallocyanic acids, as antiknocks, 1018 
Metal naphthenates, catalysts, oxidation of solar 
oil. 940 

Metal nitrides, desulphurizing agents. 490 
Metal oxides, catalysts, oxidation of ethylene, 844 
—, —, reaction of olefins and carbon monoxide, 
626 

Metal selenides, as antioxidants, 919 
Metal soaps, catalysts, oxidation of paraffin wax, 
972 

—.emulsifying agents for asphalts, 1216 
—, from transformer oil, 935 
Metal sulphates, catalyst, reaction of olefins with 
sulphuric acid, 390 
Metal sulphides, as antioxidants, 919 
MeUi tellurides. as antioxidants, 919 
Metal wool, catalyst, polymerization of olefins, 
1042 

Methacrylic acid, esters, preparation of, 611 
Methacrylonitrile, from acetone cyanohydrin, 428 
Methanation, of petroleum distillates. 115 
Methane, acetaldehyde from, 264, 883 
—.acetylene from, 53-55, 165, 166, 168, 218. 

254. 255, 257. 892 
—, action of electric arc on, 253, 254 
—, —. glow discharge on, 263 
—,—-silent discharge on. 257, 263 
—.aromatics from, 179, 218 
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Methane, as fuel, 27, 1017 
—.benzol from, 180 
—, carbon black from, 255 
—.carbon from, 215, 218 
—, carbon-hydrogen fc^nd of, 1138 
—, carbon monoxide from, 1246 
—, carbon tetrachloride from, 726 
—, chlorination of, 726-730 
-—.combustion of, 52, 225, 1003-1005 
—, —, mechanism, 1000 
•—, deasphalting agent, 45 
—, dihydroxydimethyl peroxide from, 882 
—, effect on chlorination of olefins, 493 
—, — decomposition of .icetaldehyde, 884 
—,— Kogasin synthesis, 1235 
—.enthalpy table for, 1337 
—.entropy table of, 1337 
" , estimation of, 1128, 1129 
—.ethane from, 158, 257 

— ethylene from, 53, 158, 166, 218, 257 

—, formaldehyde from, 264, 857, 858, 866, 870, 
880-883 

—, formic acid from. 857, 858, 883 
—, free energy of formation, 1225, 1278, 1279 
—, from acetone, 425 
—, from acetylene, 703 
—, from benzene, 95 
—, from butane, 62, 201 
—, from carbon and hydrogen, 1278 
—. from carbon monoxide and hydrogen, 1223, 
1235, 1236, 1240-1242 
—.from cracking gas, 101, 301 
—, from cyclohexane, 93 
—, from cycloi)cntane, 90 
—, from cylinder oil. 137 

— from ethyl alcohol, 173, 331, 347-349, 352, 
353 

—, from ethylljenzene, 96 
—, from ethylcyclohexanc, 93 
—, from ethylene oxide, 554 

— , from gas oil, 140 
—, from n-hexane, 71 
—, from isobutene, 84 
—, from Kogasin, 131 

—, from methyl radical, 75 
—, from neopentane, 69 
—, from n-nonane, 72 
—j from n-pentane, 68 
—, from i>entenes, 86, 87 
—.from propane, 60, 151, 169 
—, from propene, 80 
—, from tetradecane. 100, 1297 
—. from triacetin, 19 

—, hexamethylenetetramine from, 264, 882 
—.hydrogen from, 53, 218, 224, 234, 253, 1246, 
1247 

—, ignition of, 1000, 1001 

—. ignition temi>crature of, 986-988, 992, 993. 
995-997 

—, inflammability limits of, 983-985 
—, inhibitor, decomposition of ethylene oxide, 554 
—, in natural gas, 22 
—, in petroleum gases, 21 
—, methylal from, 867 

—, methyl alcohol from, 269, 857, 858, 866, 867, 
870 

—, methvl chloride from, 726 
—, molal entropy, 1288 
—, naphthalene from, 180 

—.oxidation of, 224, 276, 858, 866-871, 880 883, 
1246 

—, —, effect of hydrogen and carbon monoxide, 
869 

—, —, effect of temperature and pressure, 857 
—. —, mechanism, 845-849. 995 
—, photochemical decomposition of, 267 
—, pressure-volume-temperature relations, 1322 
—, propane from, 263 

—.pyrolysis of, 52-55, 149, 158, 165-169, 180, 
216, 218-220, 227, 228, 1017, 1247 
—, —, mechanism, 53 
—, reaction with ammonia, 280, 281 
—. — calcium chloride, 1102 
—, — carbon, 168 

—, — carbon dioxide, 273-275, 870, 1246 
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Methane, reaction with nitric oxide, 281 
—. — steam, 270-273, 276-279, 870, 1246, 1247 
—.removal from gas mixtures, 190, 6S7. 1133 
—, solubility in benxine, 234 
—, — oils, 9 

Methanol, set Methyl alcohol 
Methenyl radical, from acetylene, 89 
—, from gaseous hydrocarbons, 52 
Methoxybenzyl chloride, reaction with butadiene, 
698 

4-Methoxy-2-butanone, preparation of, 706 
2-Methoxy-l,l-dimethylethanol, preparation of, 548 
2-Metboxyethanol, trichloroacetyl glycol methyl 
ether from, 541 

Methoxyt(duene, reaction with isobutene, 60S, 606 
Methyl acetate, extraction agent, 44, 380 
—. from methyl alcohol, 1050 
/>-Methylacetophenone, preparation of, 448 
l-Methyl-2-acetylcyclopentane, from cyclohexane, 
205, 445 

Methylacetylene, from propene dibromide, 508 
—, from sodium acetvlide, 722 
—, isomerization of, o8 
—, reaction with hydrogen bromide, 723 
—, — sodium. 722 

Methylacetylide, reaction with methyl iodide, 722 
Methylal, from methane, 867 
Methyl alcohol, as antilmock, 1016, 1017 
—, azeotropic mixture with carbon tetrachloride, 407 
—, catalyst, reaction of styrene and hydrogen 
chloride, 311 

—, demulsifying agent, 1158 
—.estimation of, 371 

—, extraction agent for chloroprene polymers, 681 
—, —oils. 495, 1200 
—, — olenns, 163 
—, — oxidiz^ wax, 975, 977 
—, formaldehyde from, 877-879 
—, from butane. 863 

—, from carbon monoxide and hydrogen, 242, 1049, 
1223 

—,—.free energy change, 1304, 1305 
—, —, mechanism, 1304 
—, from ethane, 856-858 

—. from methane. 269, 857, 858, 866-868. 870 
—, from methyl chloride, 727, 796 
—, from natural gas, 862 
—, from propane, 862, 863 
—, inflammabilitv limits of, 980-982 
—. 2-methoxy-l,f-dimethylethanol from, 548 
—, methyl hypochlorite from, 626 
—. methyl phthalate from, 952 
—.oxidation of, 851, 877-879 
—, reaction with acetone, 443 
—, — alkylacetylenes, 722 
—, — butene, 606, 607 
—, — carbon monoxide, 1050 
—, — chlorine,* 626 
—,—cyclohexene chlorohydrin, 589 
—, — phthalic anhydride, 952 
—, — sodium phenolate and carbon monoxide, 957 
—, — stilbene and bromine, 514 
—, — vinylacetylene. 706 
—, solvent for cellulose esters, 507 
Methyl alcohol-cyclohexane, extraction agent for 
resins, 1188 

Methyl alcohol-gasoline blend, effect of water on, 
1035 

Methyl alcohol-phenol, extraction agent for oils, 42 
Methylallene, Mlymerization of, 649, 650 
—, pyrolysis of, 88 

Methylamine, from nitromethane, 1094 
^-Methylamino-^-amino diphenyl ether, as anti¬ 
oxidant, 916 

Methyl-ter-amyl ether, extraction agent. 418 
Methyl amyl ketone, preparation of, 443 
Methylaniline, as antiknock, 1018 
2-Methylbenzanthrone, oxidation of, 957 
Methyl benzoate, from dimethyl phthalate, 952 
Methyl bromide, in fire extinguishers, 505 
—, reaction with sodium, 826 
l-M^hyl-2-bromol-cyclohexanol, preparation of, 

1-Methylbutadiene, tee Piperyiene 


2-Methyl butane, sec Isopentane 
2 -Methyl-l-butanol, preparation of, 901 
2-Methyl-2-butanol, from amine nitrate, 623 
—, from cracked gasoline, 388 
; see aJso ter-Amyl alcohol 
2-Methyl-l-butene, from sapropelite tar, 144 
—, polymerization of, 203 
—, reaction with hydrogen chloride, 310 
—, — sulphuric acid, 308 
2-MethyI-2-butene, hydration of, 296, 297 
—. oxidation of, 901 
—.preparation of, 411 
—. reaction with aniline, 6 l 5 
—, — ethylene glycol, 544 

Trimcthylethylcne and Isoamylene 
2 JJethyl- 2 -butcne nitrosite, preparation of, 620 
2-Methyl-l-buten-3-ol, oxidation of, 444 
2-Mcthyl-2-buten-4-ol, oxidation of, 444 
Methyl-lcr-butyl carbinol. dehydration of, 645 
Methylvfcc-butyl ether, preparation of, 600, 607 
Methyl-trrbutyl ether, extraction agent, 418 
.Methyl butyl ketone, decomposition of, 448-450 
.Methyl chloride, acetyl chloride from, 727 
—. as refrigerant, 545, 727, 790 
—, chlorination of, 727 
—, dewaxing agent, 727, 738, 739 
—, from chloroform, 729 
—, from dimethyl ether, 794 
—, from methane, 726 
—, hydrolysis of, 727, 728, 796 
—, oxidation of, 849 

—, promoter, polymerization of unsaturates, 215 
—, reaction with carbon monoxide, 727 
—, — formaldehyde, 727 
—, stabilization of, 727 
—, toxicity of, 727 

2-Methyj-3-chloro-l-butene, preparation of. 513 
l’M^thyl-4-chloro-3'CycIohexanol, preparation of, 

.MethylcyclobuUne, reaction with bromine, 763 
—, — halogen hydrides, 763 
Metbylcyclohexadiene, from n-butenes. 81 
—, from l'methyl-2-chlorocyclohexanol, 521 
Methylcyclohexane, butadiene from, 93 
—, cracking of. 111 
—, from petroleum, 34 
—from sapropelite tar, 144 
—, from toluene, 208 
—, halogcnation of, 775 
—, isomerization of, 206 
—, molal entropy, 1290 
—. oxidation of, 843 
—. pyrolysis of, 91, 93 
—, reaction with ethylene, 599 
.Methylcyclohexanediols, preparation of. 521 
Methylcyclohexanol, in motor fuel, 1039 
—, octane number of. 1028 
—, preparation of, 589 
—. reaction with acetic acid, 406 
—, — hydrochloric acid. 775 
—, — naphthalenesulphonic acid, 410 
: 7 -phosphorus pciitachloridc, 775 
Methylcyclohexenc, chlorohydrin from, 521 
from n-butencs. HI 
—, oxidation of, 907 
—. pyrolysis of, 93, 172 
—, reaction with bromine, 775 
. — mercuric acetate, 628 
—, — selenious acid. 446 


—, — suipnur dioxide, 618 

cracked distillates. 679 

Mcthylcyclopentane, from cyclohexane. 205 
—.—.free energy change, 1301. 1302 
—, from gasoline, 34 
—. methyfcyclopentene from, 205, 445 
—pyrolysis of. 89-91 
—. reaction with ethylene, 599 
Methylcyclopentene. chlorohydrin from, 521 
from methylcyclopentane, 205, 445 
chloride. 205 

of**52l'^ *^^^ °*^”*^*^°*^"’**^***^^*' preparation 

Methyl-dUrr-butylcarbinoI, dehydration of. 411 
M^hytene Wue, adsorption by carbon bUck, 249 
Methylene bromide, preptration of, 53 
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Methylene chloride, difluoromethane from, 734 
—, from methyl chloride, 727 
—, hydrolysis of, 728 
—, oxidation of, 849 
—, properties o^ 728 

—, reaction with antimony trifluoride, 734 

—, — formaldehyde, 728 

—. —» pyrocatechol, 828 

—, — trimethylene mercaptan, 485 

—, toxicity of, 728 

—, utilization of, 728, 745 

Methylene iodide, preparation of, 53 

Methylenepyrocatechol, preparation of, 828 

Methylene radical, dimerization of, 53 

—, formation of, 50-53 

—, reaction with halogens, 53 

1- Methyl-1,2-epoxycyclohexcnc, preparation of, 521 
Methylethylacetic acid, esterification of, 407 

—, from butane, 1100 
Methylethylacetylene, oxidation of, 904 
Methylethylbcnzene. see Ethyltoluene 
Methylethylbutyl carhinol, dehydration of, 901 
i//».f.vm-Methylethylethylene, sec 2-McthyM-butene 
Methyl ethyl ketone, deasphalting agent, 1192 

- , decomposition of, 448, 449 

- , dewaxing agent. 433, 453 

, extraction agent for m-dinitrobenzene, 1148 
,polyprene, 681 
from acetone and methanol, 443 
-, from 2-butene oxide. 588 
--.from butenes, 293, 897 
—, from jrc-hutyl alcohol, 442 
—. from ethylacetylene, 718 
—, non-solvent in rublier cement, 374 
—, reaction with acetone, 433 
—, — amyl nitrite. 452 
—, — phosphorus pcntachloridc, 452 
—. solvent for ketene, 435 

4-Methyl-3 cthyl-2-pentanone. preparation of. 445 
4-Methyl-3-cthyl-3-pentcn-2-one. preparation of, 445 
Methylethylpinacone. reaction with sulphuric acid, 
678 

Methyl formate, in reaction of acetone and amines, 
428 

—, preparation of, 1050 

a-Methylglutaric acid, from methylcyclopentane, 
876 

/1-Methyl glycerol, preparation of. 523 

2- Methylheptane, from ethylene and isobutane, 601 
—, from petroleum, 32 

2-Mcthylhexane, from petroleum, 32 
Methylnydrindene, pyrolysis of, 94 
Methyl a-hydroxyisobutyratc, preparation of, 428 
Methyl hypobromite, from methyl alcohol, 514, 531 
—, reaction with aromatics, 531 
—, — 1,3-cyclohexadiene, 531 
Methyl hypochlorite, from methyl alcohol, 626 
Methyl iodide, reaction with sodium acetylide, 722 
Methyl isobutyl ketone, dewaxing agent, 433, 453 
—, solvent for antioxidants, 919 
Methylisopropenylacetone, preparation of, 444 
Methylisopropylacetone, preparation of. 444 
Methylisopropylbenzene, from sapropelite tar, 144 
Methylisopropylbicyclononane, cracking of, 137 
Methylisopropylethylene. polymerization of. 643, 645 
xiwym-Methylisopropylcthylenc, preparation of, 
411, 645 

Methylisopropylhcxahydrofluorene. pyrolysis of. 94 
Methyl isopropyl ketone, oxidation of, 450 
Methyl mercaptan, preparation of, 526 
—, reaction with ethylene chlorohydrin. 526 
Methyl methacrylate, preparation of. 428 
1 •Mcthvl-3-metboxy ^-/cr-butylbenzene, preparation 

of. 416 

Methyl morpholine, utilization of. 585 
Methylnaphthalene, from petroleum, 36. 40 
—, from propane, 182 

—.reaction with chlorinated Kogasin, 1253. 1254 
Methyl naphthyl ketone, preparation of, 447, 448 
Methyl nitrate, decomposition of, 1093 
2-Methyl-2-nitropropane, preparation of. 1088 

2 - Methyl-1-nitro-l-propene, preparation of, 622 

3- Methyloctane, from carbon monoxide and hy¬ 
drogen, 1243 

2-Methyl-1,3-octanediol, from 2-octenc, 624 


Molybdenum 

Methyl oleate. reaction with ozone, 902 
Methylolurea. reaction with ethylene chlorohydrin. 
525, 526 

2- Methylpentane, from n-hexane, 198 
—, from petroleum, 32 

3- Methylpentane, detonation of, 1017 
—, from n-hexane, 198 

—, from petroleum, 32 

2- Methyl-2-pentanol, from gasoline, 389 

3- Methyl-2-pentanol, from 2-butene oxide, 588 

4- Methyl-2-pentanol, from 4-mcthyl-2-pentene, 356 
2-Methylpcntene, from propyl alcohol, 173 
2-Methyl-1-pentene, preparation of, 411 

—, 2,2-dimethylbutanol from, 388 

2- Methyl-2-pentene, oxidation of, 901 
—.preparation of, 411 

.l-Methy-pentene, reaction with phenols, 606 

3- Methyl-2-pcntcne, oxidation of, 901 
— , polymerization of. 643 

—, reaction with aniline, 615 
Methylphenol, reaction with propenc, 605 
Mcthylphenylacctylene, from benzylacetyleiic, 807 

1- Methyl-3-phenylcyclopcntane, from benzene, 207 
Methyl phthalate, preparation of, 952 

2- Mcthyl-2-propanol, see Butyl alcohol 
Methylpropene, see Isobutene 
Methylpropylacetone, see 2-Acetylpentane 
Methyl propyl ketone, from i^c-pentanol, 443 
—, from 2-pcntene oxide, 589 
2-Methylpyridine, reaction with aldehydes, 623 
Methyl pyromucate, reaction with ter-amyl chloride, 

818 

Methylquinoline, from anthracene oil, 839 
Methyl radical, formation of, 51, 52, 55, 79 
-.reactions of, 50. 51 

2-Mcthy Isul phonyl-1 -methylethane-1 -sulphonic acid, 
salt, preparation of, 618 

Methyltetrahydropicoline, reaction with formalde¬ 
hyde, 623 

/>-Methyltolylbenzol, preparation of, 473 
Methyl vinyl ketone, preparation of, 704, 705 
Mineral oil, action of aluminum chloride on, 213. 
216 

—, carcinogenity of, 209 

—.dewaxing of, 753 

—, effect on ignition temperature, 998 

—, ethylene glycol ethers in, 543 

—, from petroleum, 28 

—, in emulsifying agents, 1079 

—, in foam-preventing agents, 1080 

—, in insecticides, 1077, 1115 

—, in lubricants, 1077, 1116 

—, in polishing compositions, 1079 

—, in vulcanization of rubber, 1078 

—, medicinal products from. 1080 

—.naphthenic acids in, 1112 

—, oxidation of, 856, 938, 939 

—, promoter, ethyl alcohol from ether. 333 

—, pyrogenetic origin of, 17 

—, refining with acetone. 434 

—, — chlorosulphonic acid, 1076 

—, solubility of castor oil in, 759 

—, sulphonic acids from, 1076 

—, wax acids in, 979 

Mineral-oil sulphonates, as wetting agents, 1U7(. 
—, in detergents, 1086 

Molal average boiling point, characterization factor 
from. 1307, 1309, 1310 
—.critical pressure from, 1318 
—.critical temperature from, 1312, 1313 
—, determination of, 1308, 1309 
—.molecular weight from. 1311 
Molecular beam, of ethane. 55 
Molecular weight, determination of, 1172, 1311 
—, heat of vaporization from, 1325, 1327 
—, pseudocritical points from, 1318, 1319 
Mollier diagrams, determination of, 1341-1343 
Molybdenum, catalyst, hydrogenation of olefins. 
1154 

—,—, in cracking. 114, 134 
—, —. oxidation of ethane, 872 
—. —, polymerization of acetylene, 705 
—,—.pyrolysis of benzene, 191 
—,—, — gaseous hydrocarbons, 160. 185, 189 
—, —, reduction of carbon monoxide. 1240 




Molybdenum SUBJEC 

Molybdenum, promoter, in cracking. 128 
—. —, oxidation of methyl alcohol, 879 
—. —, — toluene. 949 

Molybdenum carbonate, catalyst, oxidation of meth¬ 
ane. 881 

Molybdenum halides, catalyst, pyrolysis of ati- 
phatics, 158 

Molybdenum oxide, catalyst, alkylation of naph¬ 
thenes, 603 

—. —, in cracking, 115 
—, —, methane-steam reaction, 279 
—, —, oxidation of aromatics, 942 
—, —. — gas oil, 863 
—. —. — hydrogen sulphide, 460 
—, —, — kerosene, 966 
—.—. — methane, 869, 871, 881 
—, —. — methyl alcohol, 878 
—. —, — petroleum, 844, 1053 
—. —. pyrolysis of aliphatics, 74 
—, —, — cyclohexane, 92 
—, —, — ethylbenzene, 159 

- .—. — hexane, 71 

—. - — methane, 228 

^ — naphthenes, 186 

.—.reduction of carl)on monoxide. 661. 1228 
Molybdenum sulphide, catalyst, polymerization of 
hexene, 643 

“ . —, pyrolysis of heptane, 72 
—. —, — 1-hexene, 87 
—. — octane. 72 

Molylxlenum trioxide, catalyst, ketonc-alcuhul re* 
action, 443 

—. —. pyrolysis of thiophene. 48.1 
Molybdenum trisulphide, catalyst, hydrogenation 
of thiophene, 485 
—. —, pyrolysis of thiophene, 483 
Molybdic acid, promoter, pyrolysis of alcohol. 351 
Molyhdic acid salts, catalyst, hydration of ethy¬ 
lene. 288 

—. —. oxidation of ethvlene, 894 
-- . —. reaction of olenns and carbon monoxide, 
626 

Monel meul, catalyst, pyrolysis of butane. 63 

- . —. — i.sobutene. 85 
•—, — olefins, 77 

— , — propene, 79 

. effect on decomposition of carbon tetrachloride. 
730 

Monohydric alcohols, glycol dialkyl ethers from. 544 
—. reaction with phthalic acid. 542 
Montan wax, bleilthed, preparation of, 1057 
Morpholine, properties of. 583 
—r, structure of. 582, 810 
—, utilization of. 584, 810 
Morpholineethanol. solvent proj>erties of, 584 
Morpholineethyl ether, utilization of. 584, 585 
Morpholinevinyl ether, hydrolysis of. 585 
Motor benzol, as fuel, 142 
Motor fuel, acetylene as, 1040 
—.blended, 1034 1040 
—.blending agents for, 1039 
—.color determinations of. 1163, 1164 
discoloration prevention, 268 
—, from carfion monoxide and hydrogen. 1245 
—. from diacetone alcohol. 1040 
—, from ethylene-propene mixture, 288 
from hydroruboer, 1040 
—, from isobutene polymers. 1040 
—, from isobutyraldehyde polymers. 1040 
from lignite, 136 

—. from petroleum, 97. 865. 964. 1047 
-, from polystyrene, 1040 
—, from tars, 134-136 
—.from v^getaMe oil. 136 
—.from waste rubber, 136 
—, olefins as, 1040 
—, paraffins as, 1040 
see also Gasoline 

Mustard gas. see Dichloro<liethyl sulphide 
Myristyl nalides, glycol ethers from, 543 

N 

Naphtha, acids from. 881 
—.aldehydes from, 881 
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Naphtha, as solvent, 728 
—.cracking of, 139 
—.critical pressure of, 1316 
—.enthalpy-pressure-temperature relations, 1333, 
1334 

—.heat content of, 1331, 1332 
—. in cleaning agents, 732, 746 
—. in decolorizing resins, 216 
—, inflammability limits of, 986 
—, in polishing compositions, 1079 

- oxidation of, 875, 876, 881, 966, 1046 
—. reaction with olefins, 592 

—.reforming, 116 
—.total heat of, 15 

Naphthalene, alkylated, viscosity of, 38 
—, as heat-transfer medium, 194 
•—, benzene from, 946 
-. benzoic acid from, 950-952 
-. by polymerization of cracking gas. 646 
—.by pyrolysis of natural gas, 182, 183 

• —, 2,2'-dinaphthyl from, 208 
—, effect on asphalts. 1208 
—.estimation of, 1155 

—.ethylated, lubricant from. 210 
—, flotation agent from, 488 
from acet}dene. 720 

- -, from allyltoluene, 96 
—, from butvlbenzcne, 74 
—, from cyclohexane. 93 

—. from 1,2-diethylcyclohcxenc. 94 
—. from 2.6 dimethylanthracenc, 96 
—, from ethylbenzene, 96 
from ethylene, 77, 186 
—, from ethylhydrindene, 94 
—, from isobutene, 85 
—, from isooctylhydrindene. 94 
from methane. 179, 180 
—, from methylhexahydrohydrindene, 94 
—, from mcthylhydrindcnc, 94 
—, from methylisopropylhexahydrofluorene, 94 
•—, from propane, 61, 182 
—, hydrogenated, in alcohol distillation, 327 
—.hydrogenation of, 1154 
—. in acetylene black. 244 
—, in asphalt compositions, 1214 
•—. in crude oil, 179 
—in gasoline, 144 

• - , in kerosene. 36 

—, in lubricating oil, 36 
—. in motor fuel, 1039 
—, in preparation of coloring matter, 215 
—.labile isomers of, 179 
—. lampblack from, 242 
—, maleic acid from, 946 

- . oxidation of, 260, 861, 945. 946, 950-953 

• phenols from, 953 

-. phthalic anhydride from, 861, 946, 950 
polymerization of, 260 

- quinones from, 953 

—. reaction with acetvl chloride, 447 

- . — sec-imy] alcohol, 409 
•—, — benzoic acid. 448 

—.—chlorinated decane. 758 

.—chlorinate<l Kogasin. 1253. 1254 
—. — chlorinated wax, 817 
.—cracked distillates. 212 
-. — ethylene, 209, 210, 594 
—, — propene, 593, 594, 596 
-. ■— sodium. 957. 958 
—, — sulphuric acid, 409 
—, refining of, 745 

Naphthalene carboxylic acids, from dihydroiiaph- 
thalene, 958 

—, from chloropvrenes, 956 

Naphthalene sulphonic acid, catalyst, dehydration 
of alcohols. 411 

—,—, hydration of olefins, 410 
—, in wetting agents. 409, 1076 
—. preparation of, 409 
—, reaction with cyclohexanol, 410 

- — olefins, 314, 593 

Naphthalene sulphonyl chloride. t>reparation of, 
794 

Naphthalic acid, from acenaphthene. 955 
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Xaphthalic anhydride, from acenaphthene. 955 
Xaphthenates, antioxidants for lubricants, 933 
Naphthenes, adsorption by carbon, 1149, 1150 
— silica gel, 31 
—, alkylated, viscosity of. 38 
—.alkylation of, 594, 601, 602. 603 
—, antiknock qualities of, 141, 1016 
—, antioxidants for, 937 
—, aromatics from, 196, 843 
—, as gum fluxes, 915 
—, asphaltenes from, 195, 196 
—, by oxidation of i>etroleum hydrocarbons, 1043 
—, car^nes from, 196 
■—, critical solution temperature, 42 
• definition of, 760 

—, dehydrogenation of, 31, 33, 89, 92, 141, 179, 
185, 1045 

—, effect on acidity of lubricants, 932 
~, — peroxide formation, 855 
—, entropy of formation, 1284-1286 
—.estimation of, 31, 1149, 1150, 1177 
—, free energy of formation, 1284-1286 
—,—, effect of temi>erature on, 1294 
—, from ethyl alcohol, 342 
—, from natural gas. 240 
—, from olefins, 211. 636-639, 646 
--.from petroleum, 40, 137 
—. heat of formation, 1284-1286 

- identification of, 31 
—, in gasoline, 28, 31-33 

-- . in kerosene distillates. 36 
•—.in petroleum, 13. 21. 33, 1149 
—, in solid paraffins, 38 
—, molal entropy of, 1284-1286 
—, oxidation of, 843, 936 

•—, polymerized by silent electric discharge, 210 
—. reaction with halogens, 760 
—. see also Cycloparatfins 
. .segregation of, 31 
--.thermal stability of, 108, 137 
Naphthenic acids, as source for petroleum. 20 
—, as demulsifying agents. 1111, 1112 

- .as extraction.agent, 1073 
—-.as solvents, 1113 

catalyst, sulphonation of paraffins, 1069 
—.constitution of, 1103, 1110, 1111 
—.determination of, 1104 
—.extraction from petroleum, 1104-1109 
—. glycof ethers from. 543 
—, in alkali sludge, 1105 
—.in cleaning agents, 1112 

- . in crude petroleum, 10, 11, 1103 
—.in detergents, 1112 

—, in dispersing agents, 1112 

—.in emulsifying agents, 1112 

—.in fungicides. 1112, 1113 

•—, in insecticides, 1112, 1113 

—, in lubricants, 1112 

—, in petroleum distillates. 1103, 1104 

—.in softening agents, 1112 

—, in stabilization of gasoline. 1112 

—, in wetting agents, 1112 

—.naphthenic alcohols from, 1118 

—.properties of, 1103, 1111 

—.reaction with castor oil. 1113 

—. — chlorosulphonic acid, 1118 

.—, — glycerol, 1112 

—. — phenols, 1112, 1113 

—, — silicic-acetic anhydride. 1116 

—, — sulphuric acid ester, 1112 

.—.recovery of. 1107 

—.reduction of, 1118 

—.refining of, 1105, 1109, 1110 

—, separation from sulphonic acids, 1065 

—.silicon carboxylates from. 1116 

-—, sulphonation of, 1117, 1118 

Naphthenic acid salts, as dispersing agents, 1117 

—.as peptizing agents, 1116 

—, effect of lead nitrate on, 111 5 

—, — manganese chloride on, 1115 

—, in drying oils, 1115 

.—, in insulators, 1115 

—, preparation of, 1115 
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Naphthenic acid salts, reaction with halogenated 
olefins, 1115 
—, solubility of. 111 5 

Naphthenic acid soaps, as disinfectants, 1114 
—. as emulsifyingl agents, 1114 
-.detergent properties, 1113, 1114 
, effect of sodium carbonate on, 1113 
—, — sodium hydroxide on, 1114 
—, — sodium sulphate on, 1114 
—, in brake fluids, 1114 
—, in distillation of mineral oil, 1114 
—, in insecticides, 1114 

Naphthenic alcohols, as emulsifying agents, 1120 
—, autoxidation of, 1118 
—.chlorination of, 1120 
- esterification of, 1118 
—■, from naphthenic acids, 1118 
-, in dispersing agents, 1120 
—, in wetting agents. 1120 
—.properties of, 1118, 1120 
—, sulphonation of, 1120 
Naphthenic bases, sec Nitrogen bases 
Naphthenic esters, as plasticizing agents, 1112, 
1120 

—.chlorinated, reaction with phenylates, 1120 
Naphthenic oils, estimation by ultraviolet light, 
1150 

—. in lubricating oils, 41 
a-Naphthol, antioxidant for decalin, 907 
—, — gasoline, 916-918, 926 
—, — transformer oil, 941 
—•, as blending agent, 1035 
—, for stabilizing methyl chloride. 727 
^'Naphtht^, antioxidant for lubricants, 935 
—, as blending agent. 1038 
—, in insecticides, 790 
—, reaction with acetylene, 715 
a-Naphtholbenzein, antioxidant for gasoline, 917 
Naphthols, color stabilizers, 926 
—-.antioxidants for Nujol, 940 
—, — for tetralin, 906 
—, reaction with glycol, 543 
Naphthoquinone, preparation of, 950, 951 
a-Naphthoquinone, condensation with butadiene. 
175 

—,—cracked distillates, 679 
Naphthothioindigo, prei^ration of, 469 
a-Naphthylamine, reaction with ethyl chloride, 808 
Naphthylamines, antioxidants for gasoline, 918, 
927 

—, — Nujol, 940 
—.—transformer oil, 941 
—, as heat transfer agent, 420 
—, for purification of alcohols, 408 
Naphthyl phenyl ether, as heat-transfer medium, 
861 

d-Naphth^l phenyl ketone, from naphthalene-ben¬ 
zoic acid reaction, 448 

2-Naphthyl-/5-sulphocthylsulphone, preparation of, 
618 

Natural gas, acenaphthene from, 240 
—, acetylene from, 168 
—.analysis of, 1122 
—, argon-nitrogen ratio in, 22 
—, asphalt precipitation with, 1201 
•—. benzene in, 22 
—.benzol from. 171 
—, butanes in, 22 

—, carbom black from, 220, 222, 228, 236, 237 

—, carbon dioxide in, 22 

—, classification of, 21 

—.composition of, 22, 1121 

—, ethane in, 22 

—, extraction agent, 45 

—, formaldehyde from, 862 

—, nsoline from, 191 

—. halogen derivatives from, 23 

—, helium in, 22 

—, hydrogen from, 220, 223, 228, 276, 278 
—, hydrogen sulphide in. 22 
—, in crude petroleum, 7 
—. indene from, 155 
—, methane in, 22 
—. methyl alcohol from, 862 
—, naphthenes from, 240 
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Natural gas, nitrobenzene from, 240 
—, nitrogen in, 22 
—, octane number of, 1033 
—, oxidation of, 862, 880, 881 
—, propane in, 22 
—, pyrene from, 240 . 

—.pyrolysis of, 155, 159, 160, 168, 171, 182, 
183, 220-222, 225, 227, 228 
—, reaction with carbon dioxide, 278 
—, reaction with steam, 276 
—, repressuring with, 9 
—, solubility in hydrocarbons, 45 
—, styrene from, 155 

Natural resins, stabilizing carbon tetrachloride, 
730 

Neodymium oxide, catalyst, oxidation of aromatics, 
942 

-- , —, — methyl alcohol, 878 
Neon, effect on acetylene jiolymerization, 267 
-ethylene oxide decompositi<iii, 5S4 
Neopentane, pyrolysis of, 67, 69 
—, reaction with chlorine, 754 
Neopcntyl chloride, formation of, 754 
—, properties of, 754, 755 
Neoprene, definition of, 681 
—, in synthetic rub^r, 706 
Neo-Spectra, definition of, 247 
Neutral oils, from primary tars and chloroform, 
729 

Nickel, catalyst, alkylation of isobutane, 1301 
—. —, allyl bromide-hydrogen bromide reaction, 
316 

.—. carlionization of pinene, 88 
. — , chlorination of benzene, 779 
-.combustion of natural gas. 225 

- , — .dehydrogenation of iKiriieol. 444 

-.—.dehydrogenation of naphthenes, 31. 33, 

89. 92, 179, 185 

- —, — paraffins, 149, 267 

- , —, ethylation of amines, 346 
-.--.ethylene-steam reaction. 271 
-—. hydration of ethylene, 291 

- —.hydrogenation of acetylene, 171, 1140 

- —. — butadiene, 699 
—, —, — naphthalene, 1154 

-—, — olefin oxides, 586, 587 
—.—, — olefins, 1146 



704 

—, in crackif^. 111, 114, 128, 129 
- in reforming, 280 


-. —, methane-carbon dioxide reaction, 274 

met bane-steam reaction, 270-272, 276, 279, 

1247 

. —, oxidation of aromatics, 942 

- , —, — ethylene, 552, 553 
—. —, — hydrocarbons, 1048 

- , —, — hydrogen, 660 

- —, — methane, 224. 276, 869, 870 

- —, — paraffin oil, 907 

,--wax, 971, 1057 

—. —, polymerization of acetylene, 704 
—, —, — pinene, 645 
—. —, pyrolysis of alcohols, 340, 348-350 
—,—. — benzene, 95, 191 
—,—,—halide mixture, 501 
—,—, — halogenated ethers, 551 
—. —, — olefins, 76 
—,—, — of methane, 158, 180, 218 
—, —, reaction of acetone and ammonia, 428 
—,—, -—carbon and hydrogen, 1278 
—. —♦ — olefins and carbon monoxide, 626 
—, —, reduction of acetone, 432 
—,—, — carbon dioxide, 1241, 1242 
—,—, — carbon monoxide, 1223-1225, 1228-1236, 
1239-1244, 1248, 1249 
—, —, — nitromethanc, 1094 
—,—, sulphuric acid absorption of olefins, 1135 
—, electrodeposition of, 571 
—, estimation of, 572 

—, inhibitor, cyclization of paraffins, 138, 179 
—, separation from cobalt, 572 
—, stabilizer for ethylene oxide, 554 


Nickel acetate, catalyst, oxidation of acetaldehyde, 
885 

—. —. pyrolysis of alcohol, 422 
Nickel-alumina, catalyst, hydrogenation of toluene, 
347 

Nickel amines, as antiknocks, 1018 
Nickel antimonides, catalysts, dehydrogenation of 
alcohols, 419 

Nickel arsenides, catalysts, dehydrogenation of 
alcohols, 419 

Nickel bismuthates, catalysts, dehydrogenation of 
alcohols, 419 

Nickel boro-phosphate, catalyst, hydration of ethy¬ 
lene, 285 

Nickel bromide, reaction with triethanolamine, 571 
Nickel carbonate, catalyst, dchydn»gcnati«»n of 
isopropanol, 420 

—, methane-steam reaction, 278 
•—.oxidation of methane, 881 
Nickel carbonyl, as antiknock, 1018 
—.catalyst, reduction of carbon monoxide, 1240 
Nickel chloride, catalyst, esterification of proi>ene, 
306 

—,—, polymerization of olefins, 636, 665 
—.—.pyrolysis of dichlorobutane, 510 
—,—.pyrolysis of paraffins, 158 
—, inhibitor, dechlorination of tctrachloroeth.nne, 
805 

,—, dei>osition of carlwn, 191 
Nickel chromate, catalyst, cyclization of aliphatic 
hydrocarUms, 74 
—I —. pyrolysis of alcohols, 349 
Nickel-chromium alloy, stabilizer for ethylene 
oxide. 554 

Nickel-chromium oxide, catalyst, hydrogenation of 
glycerol, 547 

Nickel compounds, catalyst, sulphation of ethy¬ 
lene, .323 

Nickel cyanide, catalyst, sulphation of butenes, 
391 

- . ---, sulphation of propcnc, 358 
Nickel dimethyl, as antiknock, 1018 
Nickel-free steel, for high pressure units, 134 
Nickel halides, catalyst, dehydrogenation of hydro- 

carbons, 158 

—, dichloroethane-hydrogen fluoride reaction, 
747 

—. —, olefin-carbon monoxide reaction. 625 
Nickel hydroxide, catalyst, hydrocarbon-sulphur 
reaction, 467 

—. —, methane-steam reaction, 278 
Nickel iodide, reaction with triethanolamine. 571 
Nickel niiphthenate, as wetting agent, 1117 
Nickel nitrate, in methane-steam reaction, 278 
. reaction with triethanolamine, 571 
Nickel oxide, catalyst, cracking of petroleum. 111. 
112, 137 

—. dehydrogenation of alcohols, 422 
. — hydroaromatic hydrocarbons, 186 

—.hydrogen-carbon monoxide reaction. 661 
' —, methane-steam reaction, 278, 279 

. —, oxidation of aromatics, 942 
^ ^ — methane, 881 

- —-, — paraffin oil, 907 

.—.polymerization of olefins, 636, 637" 

—', pyrolysis of alcohol. 351 

- ,—, — methane, 54, 218, 227 
—, —, — thiophene, 483 

—. —, reaction of sulphur and hydrocarlwns, 467 
—.reforming of gasoline, 189 
-—. effect on ignition temperatures, 1000 
Nickel oxide-alumina, catalyst, pyrolysis of ethyl¬ 
benzene, 96 . 

—,—, — ethylcyclohexanc, 93 
Nickel phosphides, catalysts, dehydrogenation of 
alcohols, 419 

Nickel phthalate, bcnzaldehyde from, 952 
—, benzoic acid from, 952 

—. catalyst, decarboxylation of phthalic anhydride, 
952 

Nickel salts, catalvst, sulphation of propene, 358 
—, inhibitors, conefensation of isoolefins, 308 
Nickel selenides, catalysts, dehydrogenation of 
alcohols, 419 

Nickel soap, catalyst, oxidation of oils, 1044 
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Nickel sulphate, catalyst, acid absorption of ole¬ 
fins, 1142 

—, —, ethylene oxide-glycol reaction, 558 
—, reaction with triethanolamine, 571, 572 
Nickel sulphide, catalyst, dehydrogenation of thio- 
phane. 484 

—, —, reaction of olefins and hydrogen sulphide, 
462 

Nickel tellurides, catalysts, dehydrogenation of 
alcohols, 419 

Nicotine, stabilizer for gasoline, 917 
Nicotine pyrogallate, antioxidant, 917 
Nicotine sulphate,* as insecticide, 1077, 1078 
Nitrates, in motor fuel, 1039 
Nitration, effect on ignition temperature, 1098 
—, of acetic anhydride, 1090 
—, of aromatic hydrocarbons, 31, 954, 1091, 1096, 
1154 

—, of chloroform, 729 
—, of dimethylkctonc, 1090 
of fuels, 1097 
—, of gas oil, 1098, 1099 
—, of olefins. 622 

—.of paraffin hydrocarbons, 1087, 1088, 1090 
—, of petrolatum, 1099 
—. of waxes. 1092 

Nitric acid, addition products with aldehydes, 851, 
852 

—, — ketones, 851, 852 

—.catalyst, dehydration of tertiary alcohol, 410 
—, —, hydration of olefins, 294-297, 410 
—.—, isobutene oxide-alcohol reaction. 589 
—, isolation of isoparaffins by, 31 
—.oxidation of chlorinated ketones, 451 
—, — naphtha. 881, 966 
—, — paraffin wax, 974, 1054 
—, — sapropels, 975 
—. — wax distillates, 850 
—.reaction with asphaltenes, 1191 
—,—diethylene glycol, 546 
—, —oil sludge. 935 
—, — olefins, 621-623 

Nitric oxides, catalysts, oxidation of acetylene, 
903 

—. —, — ethylene, 896 
—. effect on aldehyde decomposition, 884 
—.oxidation of paraffin hydrocarlwns, 850, 851 
—, reaction with paraffins, 1091 
—.--methane, 281 
Nitriles, amino acids from, 885 
—, from acetylene, 719 
—, from aldehydes, 886 
—, from wax acids. 979 

—.in co-polymerization of chloroprenc, 681, 682 
Nitrites, catalyst, polymerization of olefins, 072 
Nitro-alcohols, from aldehydes, 888 
Nitroanilines, antiknocks, 1017 
•—.antioxidants, 917 
-.oxidation of benzyl alcohol, 851 
Nitroarylamines, reaction with ethylene oxide, 560 
Nitro aryl compounds, inhibitors, polymerization 
of chloroprenc, 681 
Nitro-asphalts, preparation of, 1191 
Nitrobenzal bromide, oxidation of, 957 
<^NitrobenzaIdehydc, for estimation of acetone, 
424. 425 

Nitrohenzaldehyde, from />-nitrol»cnzyl bromide, 
957 

Nitrobenzene, as refining agent, 41 
— .catalyst, oxidation of naphtha, 876 
—.estimation in oils, 1171, 1172 
—.estimation of carbenes with, 1193 
—, from natural gas, 240 
—, in motor fuels, 1039 

—, inhibitor, ethylene-sulphuric acid reaction, 322 
—, —, polymerization of styrene, 805 
—.solvent properties of, 1179 
Nitrobenzoic acid, for oxidation of benzyl alcohol. 
851 

—, from nitrobenzal bromide, 957 
^•Nitrobenzyl bromide, oxidation of, 957 
Nitndiromobenzenes, for oxidation of benzyl al¬ 
cohol, 851 

Nitrobutanes, as lacquer solvents, 1098 


Nitrocellulose, gels with alcohol, 330 
—, plasticizers for, 541, 542 
—, reduction of viscosity, 538 
•—, solvents for, 453, 558 
Nitro compounds, in fuels, 1039, 1097, 1098 
—, reaction with aldehydes, 888 
N itrocyclohexane, decomposition of, 1093 
—, preparation of, 1091 
—, reduction of, 1095 
4-Nitro-o-cymene, preparation of, 382 
4-Nitro-2,6-diisopropyftoluene, preparation of, 382 
Nitroetbane, reduction of, 1094 
Nitroethyl nitrate, from ethylene, 622 
Nitrogen, deasphalting agent, 45 
—, determination of acetylene in, 701 
—, diluent, benzene-ethylene oxide reaction, 563 
—, - -, carbon monoxide-methyl alcohol reaction, 
1050 

—, —, chlorination of hydrocarbons, 726, 813 
—,—, in cracking operations, 115, 138 
—, —, isomerization of propene oxide, 586 
—,—.oxidation of hydrocarbons, 851, 860, 863 
—olefins, 552, 553, 586, 893, 894 
—,—.polymerization of acetylene, 267, 703, 704 
.—, — butadiene, 651 
—♦—.pyrolysis of methane, 219, 220 
—, effect on carbon black yield, 237 
—. — combustion, 1004 

—, — ignition of carbon monoxide, 1001, 1002 
—, — ignition temperature, 998 
—, — inflammability limits, 984, 985 
•—, — Kogasin synthesis, 1235 
—, — voltolization, 261 
—, from oils, 131 

—, inhibitor, ethylene oxide decomposition, 554 
—. jn natural gas, 22, 1121 
—.separation from gas mixtures, 1133 
Nitrogen bases, as antiknocks, 1017 
—, as germicides, 842 
—. as insecticides, 842 
—, as oxidation inhibitors, 842 
—, as pickling inhibitors. 841, 842 
—, catalyst, hydration of olefins, 282 
—.extraction from petroleum, 831, 832 
—, from albuminous substances, 12 
—, from anthracene oil, 839 
—, from cottonseed meal, 840 
—, from shale tar, 839, 840, 841 
—, in distillates, 11 
—. oxidation of, 839 
—, phthalones from, 834, 836 
—, reaction with bromine, 837 
—, — formaldehyde, 836, 837 
—, — phthalic anhydride. 836 
—, resolution of, 837, 838, 839 
—. structure of, 833-836 

Nitrogen compounds, extractants for asphalts, 
1202 

—, in crude oil, 10, 17 
Nitiogen content, of netroleuin, 831. 832 
Nitrogen dioxide, catalyst, ■ oxidation of ethane, 
850 

—, nitration of lienzcne, 1091 
—, oxidation of paraffin wax, 974, 975 
-—.refining of naphthenic acids. 1109 
Nitrogen oxides, catalyst, carbon monoxide-alcohol 
reaction, 1050 

—,—, for aquolization, 132 
—, —, oxidation of anthracene, 953 
—. —, — ethane, 872 
—. —', — hydrocarbons, 850 
—. —, — methane, 870, 881, 882 
—. desulphurizing agents, 490 
—. oxidation of paraffins with, 892 
—, — olefins witn, 490, 896 
—, reaction with stilbene, 621 
—, reduction by hydrogen, 276 
—, removal of phenols with, 135 
Nitrogen pentoxide, reaction with acetic anhydride, 
1090 

—. — olefins, 621 

Nitrogen peroxide, reaction with olefins, 620 
Nitrogen tetroxide, from nitrolic acids, 1094 
—, reaction with cyclohexane, 1091 
—, — ethylene, 620 
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Nitrogen tetroj^ide. reaction with hexane. 1090 
—, — pentene, 620, 621 
—, — tetramethylethylene, 621 
—, — trimethylethylene, 621 
Nitrogen trichloride, reaction with ketene, 440 
Nitrogen trioxide, reaction with olefins, 620, 696, 
697 

Nitrogenous substances, effect on color stability, 
925 

Nitro-glycols, from aldehydes, 888 

2-Nitrohexane, preparation of, 1090 

—. reduction of, 1094 

Nitrohydrin, from olefins, 622 

Nitrolic acids, aniline diazotized by, 1094 

—, decomposition of, 1094 

—, from nitroparaffins, 1093 

—, reaction with sulphuric acid, 1094 

—, reduction of, 1094 

Nitromethane, carbon remover, 1098 

—, chloropicrin from, 1096 

—, reaction with ammonium hydroxide, 1096 

—, — sulphuric acid. 1096 

—, reduction of, 1094 

—, solvent properties of. 1179 

—, thermal decomposition of, 1096 

—. Raman effect of, 1092 

Nitronaphthalene, use as wood preservative. 790 
Nitro-nitrate, from tetramethylethylene. 621, 622 
Nitroparaffins, as refining agents, 1098 
—, nitrolic acids from, 1093 
—, pseudonitroles from. 1093 
—, reaction with aldehydes. 1095 
—, — alkvlmagnesium iodides, 1096 
—, — carbon disulphide. 1096 
—, — diketones, 1096 
—, reduction of, 1094, 1095 
p-Nitrophenylazopyrogallol, antioxidant. 916 
Nitropropane, reaction with hydrochloric acid, 
1096 

—, toxicity of, 1097 

Nitropropanes, as lacquer solvents, 1098 
Nitro radicals, as gum inhibitors. 914 
Nitrosate, from ethylene, 621 
—, from pentene, 620, 621 
—, from tetramethylethylene. 621 
Nitrosite, from allene, 696, 697 
—, from butene-1, 620 
—, from dimethylbutadiene, 697 
—, from 2-methyIbutene-2, 620 
—, from 2-methylpropene, 620 
—. from trimethylethylene, 621 
Nitrosochlorides, from olefins, 619 
Nitrosonaphthols, antioxidants. 917 
Nitrosonaphthylamines, antioxidants, 917 
Nitrosophenols, antioxidants, 917 
Nitrosopropylhydroxybenzenes, antioxidants, 917 
Nitrosyl chloride, catalyst, cracking of petroleum, 
112 

—, for reactivation of aluminum chloride, 198 
—, reaction with butane, 1101 
—, — n-bexane, 1101 
—,—olefins, 619 
—, — paraffins, 1102 
—. — toluene. 794 
Nitrotoluene, from crude oil, 35 
Nitrous oxide, catalyst, decomposition of acetalde¬ 
hyde, 884 

—, effect on blood, 1260 
—, — erythrocytes, 1261 
—, — leucocytosis, 1268 
-—, from nitrolic acids, 1094 
—, in oxidation of acetaldehyde. 851 
—, — carbon disulphide, 851 
—,—ethylene, 851, 896 
—, — methyl alcohol, 851 
—, — phosphine, 851 
Nomogram, definition of, 1170 
Nonane, from carbon monoxide and hydrogen, 
1243 

—, in petroleum, 32 
—, in shale oil. 32 
—, pyrolysis of, 72 
Nonaphtnene, in crude oil, 34 


Nonene, from carbon monoxide and hydrogen, 1243 

—, in gasoline, 144 

—, in shale oil, 32 

—. polysulphone from, 618 

—, reaction with benzene, 591 

—.reaction with sulphur, 618 

Nonenes, from propene, 639 

—.from tertiary alcohols, 411 

3-Nonyn-l-ol, preparation of, 505 

Nujol, antioxidants for, 940 

O 

Octacosene, from isobutene. 643 
Octadecane, from carbon monoxide and hydrogen, 
1245 

—. pyrolysis of, 73 

—. reaction with aluminum chloride. 201 
1.12-Octadecanediol, octadecenol from, 548 
Octadecene, in kerosene, 145 
Octadecenol, from 1,12-octadecanediol, 548 
Octahydronaphthalene, reaction with mercuric ace¬ 
tate. 628 

Octanaphthenes, in petroleum, 33 
Octane, chlorination of, 756 
—, cracking of, 100 
—.dehydrogenation of. 101 
—, ignition temperature of, 991 
—.inflammability limits of, 980, 981. 985, 986 
w-Octane. energy of activation of, 72 
—, ethylbenzene from, 73 
—, free energy of formation, 1225 

from carbon monoxide and hydrogen, 1243 
—, from petroleum, 32 
—, from n-tetradecane, 1297 
—. in gasoline. 144 
—. isomerization of. 70 
—. isooctane from, 199 
—. pyrolysis of. 72 

—. reaction with aluminum chloride, 199 
—. — molyMcnum sulphide, 72 
—, o-xylene from, 73, 74 

Octane number, comjiarison with blending octane 
number. 1026 
—. definition of. 1025 

—, factors affecting, 1027. 1028. 1030 1033 
—. function of cracking temperature, 106 
-.increase on cracking. 105 
—, in knock rating. 1025-1027 
—. of alcohols. 1028 
-.of aromatics. 1028 
—. of cycloolefins. 1028 
—, of cycloparaffins, 1028 
—. of olefins. 1028 
—, of paraffins, 1028 
—, significance of. 142 
—. see also Knock rating 
Octanol-2. reaction with phosphoric acid. 400 
Octene, action of silent discharge on, 258 
chlorohydrin from. 522 
—. from isobutene. 643 
.from nonane. 72 
-.in cracked gasoline. 144 
-. inhibitor, oxidation of aldehydes. 899 
-. oxidation of. 899 
- - . reaction with aniline. 6I5 
—— benzene, 591 

2- Octene, from carbon monoxide and hydrogen, 
1243 

—. 2-methyI-l,3-octanediol from. 624 
Octenes, from dehydration of alcohols. 400 
Octylacetylene, preparation of, 722 
Octyl alcohol, from butyraldehyde, 889 
—’ X Py>^o*y*** alcohols, 339, 340 
jcf-Octyl alcohols, plasticizers, for cellulose ni¬ 
trate. 409 

—. solubility in water. 404 

Octyl pyrogallol. antioxidant, for gasoline. 916 

1-Octyne. pre|>aration of, 722 

3- Octyn-l-ol. preiMration of. 565 
Oenanthaldehyde. as antiknock, 1017 
Oil absorption, of carbon black. 246 
Oil residues, oxidation to asphalts. 1043 
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Oils, by oxidation of petrolatum, 1056 
—, effect of refining on stability of, 940 
—.electrical cracking of, 131 
—, extraction from asphalts, 1200 
—.flash point, determination of, 1170, 1171 
—, from acetylene polymerization, 703 
—, from cellulosic material, 21 
—, from chlorinated paraffin wax, 758 
—, from petrolenes. 1202 
—, sulphates reduced by, 48 
—, treatment with oleum, 1069 
—. white, antioxidants for, 936, 937 
Oibshales, porphyrins in, 12, 19, 20 
Oil sludge, reaction with nitric acid, 935 
Oil-still gas, hydrogen from, 223 
Oil wells, acidation of, 9 
Olefin halides, decomposition of, 807 
—, dehalogenation of, 146 
—, peroxides in formation of, 315 
reacti(Mi with aromatics. 592, 593 
Olefinic acids, chlorohydrins from, 627 
lactones from, 627 

reaction with hypochlorous esters. 627 
Olefin oxides, by oxidation. 551-553 
—. from chlorohydrins, 524, 550 
-.glycol ethers from, 548 
Olehns, acetylene from, 255 
—. acids from, 625 

—. action of silent discharge on, 258, 259 
—. adsorption by carbon, 328 
—.alcohols from, 161, 359, 893 
—, aldehydes from, 553 
—. antiknock qualities of, 141, 1016 
—.aromatics from, 190, 211 
-hromination of, 146, 1142, 1143, 1152 
—.butadiene from, 171 

. by oxidation of paraffins, 843, 876. 892 
—. by polymerization of acetylene, 703 
—, carbon black from, 237 
—. catalysts, chlorination of propane, 750 
—, chlorination of, 493 
—, classification of, 308, 385, 386 
—, dichlorodialkyl ethers from, 628 
—.dimerization of, 101, 102 
—, entropy of, 1282-1284, 1290, 1291 
—, esterification of, 307, 308, 376 
—. estimatiot^ of, 1124, 1141-1146, 1150-1154 
—.ethers from, 331 
—, ethylene glycol dinitrate from, 622 
—, factors in formation of, 148 
—. free energy of formation, 1282-1284, 1294, 
1295 

—. from alcohols, 313, 337, 347, 420 
—. from aliphatic hydrocarbons, 148, 154-160 
—, from alkyl halides, 804-806 
from aromatics, 95, 96, 148 
—, from butanes, 61-67, 152, 153, 160 
—. from carbon monoxide and hydrogen. 1235, 
1242, 1243 

—, from cracked gases, 139, 140 
—. from cycloparaffins, 89-95, 148 
-, from ethylene, 636, 637. 638. 639 
—, from heptanes, 71, 72, 153, 154 
—, from hexanes, 69-71, 153, 154 
, from Konsin, 1252 
—, from methane, 257 
—, from nonane, 72 
“.from octane, 70, 72 
—. from pentanes, 67-69, 153 
—. from toluene, 260 
—, glycols from„ 532, 547, 624 
—, halogenation of, 1152 
■—, heat of formation, 1282*1284 
—.hydrogenation of, 670, 671, 1154 
—, hydroxylation of, 532, 534, 535, 895 
—, in cracked distillates, 141-146 
—, in gasoline, 136, 143, 155 
—,—.estimation, 1149, 1150 
—, —, oxidation of, 895, 1045 
—, —, polymerization of, 929 
—, in oxidized asphalt, 1206 
—, in petroleum, 17 
—, napnthenes from, 211 
—, 2-nitroethyl nitrate from. 622 


Olefins, nitrohydrin from, 622 
—, nitrosates from, 620 
—, nitrosites from, 620, 621 
—, nitrosochlorides from, 619 
—, octane numbers of, 1028 
—.oxidation of, 532, 553, 892-894, 896, 898, 900, 
907, 923 

—, ozonolysis of, 901, 902 
—, polycarboxylic acids from, 629 
—.polymerization, by heat, 76, 107, 149, 160, 631, 
646. 655-661, 671, 672, 1041, 1042, 1252 
—,—, by aluminum chloride, 202, 209, 215, 255, 
635. 671 

—, —, by metals, 665 

", —, by phosphoric acid, 390, 634, 646, 662-664* 
—,—, by silent discharge, 210, 256 
—.—.by sulphuric acid, 255, 385, 395, 400. 401, 
411. 649 

—, polymerized, depolymerization of, 101 

—.purification of, 161, 214 

—, reaction with acid halides, 609-614 

—. — acid sludge, 669 

—, — aldehydes, 623-625 

—. — alkali hydroxides, 629 

—, — alkyl hypochlorites, 626 

—, — aluminum chloride, 209, 216 

—, — amines, 614, 615 

—, — ammonia, 281, 614, 615 

—. — aromatics, 209, 591-598 

—, — carbon monoxide, 625, 626 

- — cellulose, 629 

—. — chloroethers, 613 

—, — cholorsulphonic acid, 609 

—, — ethylene glycol hypochlorite. 628 

—, — halogenated esters, 613, 614 

—, — halogens, 491 

—, — hydrogen halides, 298, 301, 307, 311 
—, — hydrogen peroxide, 547. 

—, — hydrogen sulphide, 462, 463 
—. — hydroxy aromatic acids, 607 
—, — inorganic salts, 628 
—. — maleic anhydride, 629 
—, — mercury salts, 628, 1149-1151 
—, — monocarboxylic acids, 308, 314 
—, — naphtha, 592 
—, — naphthenes, 209, 211 
—. — nitric acid, 622 
—, — nitrogen oxides, 620, 621 
—, — nitrosyl chloride, 619 
—. — paraffins, 200, 598, 599, 601 
—. — phenols, 383, 412, 603-607 
—, — phosgene, 609, 611 
—, — selenium dioxide, 895 
—, — sodium cyanide, 305 
—, - steam, 270 
— sulphites, 616 
—, — sulphonic acids, 314, 393 
—. — sulphur, 455, 456, 468 
—, — sulphur chloride, 618 
—, — sulphur dioxide, 616 

—. — sulphuric acid, 161, 298, 359, 391-393, 1083. 
1142 

•—, — sulphurous acid, 616 

—, — thiocyanogen. 629, 1152, 1153 

—, removal from cracking gas, 324, 358 

—, — from gasoline, 927 

—. — of sulphur compounds from, 398 

—, resins from, 215, 618, 625 

—, see also Unsaturates 

—, separation, from acetylene. 161 

—, —, from butadiene, 161 

—,—, from gas mixtures, 161-164, 1135 

—.—.from hydre^n, 161. 165 

—, —, from isobutene, 210 

—,—, from naphthenes, 31. 1155 

from paraffins, 31, 161-163, 190, 1155 
—, —, with sulphuric acid, 389, 390 
—. sulphonation of, 669, 1081, 1082 
—. sulphones from, 616-618 
—.sulphonic acids from, 616 
—.thermal stability of, 72, 76, 101, 631, 632, 
892 

—, voltolization of, 261 

frr-Olefins, separation, from amylenes, 310 
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Oleic acid, in cleaning agents, 746 

—, in fungicides, 569 

—. oleone from, 446 

—.reaction with bensene, 815 

—, — dichloroethane, 815 

—, — hydrogen fluoride, 307 

—, — isethionic acid, 1082 

—, — ozone, 902 

—, voltolization of, 261 

Oleic soap, detergent nroperties of, 1113 

Oleone, front oleic acid, 446 

Oieo*resins, source for petroleum formation, 19 
Oleum, in treatment of distillates. 1069 
—, reaction with aliphatic acids and acetic anhy* 
dride, 1086 
—, — ethylene, 1082 
Oleyl alcohol, oleyl sulphate from, 1084 
—. reaction with ethylene oxide, 558 
Oleyl eth^lenediamine, use as detergent, 809 
Oleyl halides, glvcol ethers from, 543 
Oleyl sulphate, from oleyl alcohol, 1084 
Ov,mium chloride, catalyst, polymerization of iso¬ 
butene, 204 

Osmium octafluoride, catalyst, polymerization of 
isobutene, 642 

Osmium tetroxide, activator, for hydrogen perox¬ 
ide, 547, 895 

—, catalyst, oxidation of cyclohexene, 852 
—, —, oxidation of mercaptans, 480 
—, —, oxidation of olefins, 532 
Osmosis, in separation of sulphonates, 1073 
Oxalic acid, catalyst, hydration of olefins. 297, 410 
—,—.dehydration of tertiary alcohols, 410 
—, from acetylene, 904 
—, from dioxane, 580 
—, from ethylene, 622 
—, from isopropyl alcohol, 371 
—, reaction with 3-hydroxy-3,4-di*ter-butyl !-bu 

tcne, 679 

Oxamic acids, inhibitors, gum formation, 915 
Oxidation, effect, on antiknock properties, 864 
—, electrolytic, of hydrocarbons, 853, 854, 953, 954 
—.hydrogen estimation by. 1128 
—, in refining processes, 1041, 1042 
—, liquid phase, of hydrocarbons, 864, 865, 962, 965 
—, mechanism of, 844-849 
—, of acenaphthene, 946, 955 
—.of aceUldehyde, 851, 885, 889 
—, of acetone, 853 
—, of acetophenone, 853 
—, of acetylene, 849, 850 

—, of alcohols. 399, 420, 423, 844, 849, 877-880. 931 
—, of aldehydes, 885, 889 
—, of aliphatic acids, 852 
—, of ammonia-methane mixture, 871 
—, of anthracene, 952-954 
--.of aromatics, 942-961, 1155 
—.of asphaltenes, 1191 
of asphalts, 1202-1205 
—, of benzaldehyde, 957 
-.of benzene, 850, 855. 942, 944, 945, 953 
, of benzoin, 953 

- .of benzyl alcohol, 851 
-, of Ixnzyl chloride. 957 

- , of butane, 852, 859. 863. 874 
--.of butyl alcohol, 880 

—.of carbon disulphide, 851 
—, of carbon monoxide, 850 
—, of ceresins, 975 
—, of chlorobenzene, 944 

- , of cracking gas, 881 

- .of crude oils, 938, 1190 

—, of cyclohexane, 854. 855, 874, 876 
—, of cyclohexene, 852 
—, of cyclopentane, 876 
-.of cylinder oil, 1043 
—.of diethyl ether, 335 
—.of diethyl trisulphide, 481 
' -. of diolefins, 666 

. of diphenylmethane, 943, 957 
.of ethane, 846-848. 850, 856-858, 871-873, 1129, 
11.10 

—. of ethyl alcohol, 844, 872, 879, 880 

—, of ethylbenzene. 942, 943 

—.of ethylene, 844, 847-849, 851, 896 


Oxidation, of fluorene, 954, 955 
—, of fluoroform, 737 
—, of p-fluorotoluene, 954 
of foots oil, 972 
—, of furfuraldehyde, 945 
—, of gas oil, 863 

—, of gasoline, 855, 861, 864, 908, 1046 
—.of glycols, 536, 546, 548, 549 
—,of hcpUnc, 843, 850, 851, 859, 873-875, 1015, 
1016 

•—, of 3-hcptcnc, 875 

—, of hexachloropyrene, 956 

—, of hexadecene-1, 548 

—, of hexane, 850, 851 

—, of hydroformed solvents, 1054 

—, of hydrogen sulphide, 460, 461 

—. of kerosene, 859, 860, 946, 965, 966, 1047 

—, of Kogasin, 1255 

—.of lubricating oil, 41. 855, 931-935, 937, 938. 
1055 

—.of mercaptans, 470, 471, 480, 1066, 1158 
■—, of mesitylene, 954 

—.of methane, 845-849, 857, 858. 866-871, 880- 

BH X QQK 1 

—.of’methyl alcohol, 851, 877-879 
—, of 2-methylbcnzanthronc, 957 
—. of methyl chloride, 849 
—, of methylcyclohexane, 843 
—, of methylene chloride, 849 
—.of naphtha. 875, 876, 881. 966 
—,of naphthalene, 861, 945, 946, 950-953 
—.of naphthenes, 843, 936 
—. of natural gas, 862, 880, 881 
—, of nitrobenzal bromide, 957 
—, of p-nitrobenzyl bromide, 957 
—, of olefins, 532, 629, 892-902 
—, of paraffin oils, 876 

—, of paraffin wax, 843, 846, 856, 860, 865, 962. 

970-979, 1054, 1057, 1086, 1255 
—, of pentane, 852, 859, 860, 864, 865, 994, 995 
—.of petrolatum, 972, 1056 
—, of petroleum distillates, 962-966 
—, of petroleum ether, 853-854 
—, of phenols, 849 
—, of phosphine, 851 
—, of pinacol, 536 
—. of pinene, 855 
—, of polyhydric alcohols, 548 
—, of propane. 848, 850, 851, 858, 859, 862, 863, 
872-874 

—, of residuum oils, 1043 
—, of rubrene, 848. 849 
—.of sapropels. 975 
-—. of slop wax. 972 
—. of Hoaium hydrosulphide, 465 
--.of solar oil, 940, 964, 965 
-.of sulphurated paraffins, 1083 
, of tetrachloropyrcne, 956 
of thioethers, 479, 480 
-. of thiosulphates, 1083 
.of toluene. 843, 942-944, 947-950. 953, 954 
—, of transformer oil, 938-940, 963 
- of triethylmethape, 876 
—. of triphenylmethane, 943, 957 
.of wax distillates, 850 
, of white oils, 856, 936 
. photochemical, of hydrocarbons, 966 
—, vapor phase, of hydrocarlions, 862-864, 965, 
966 

Oxiilation number, definition of, 856 
—.of lubricants, 931 
Oxidized asphalts, manufacture of, 1205 
Oxidized paraffins, as demulsifying agents, 1061 
—, in flotation agents, 1060 
Oxonium compounds, from asphaltenes, 1191 
Oxygen, absorption rate by oils, 931 
—. effect on decomposition of aldehydes. 884 
-— halogenation reactions, 684, 700, 750, 769, 
778 

—, — hydrocarbon pyrolysis, 153, 160 

, - Mymerization of olefins, 636, 641, 650, 661, 
1041, 1042 

—, — reaction of olefins and hydrogen firdiiles. 
315, 316. 686 

esiimation in gases, 1124, 1259 
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Oxygen, in gum from gasoline, 911 
—, in hydroxylation of olefins, 534 
—, in preparation of sulphones, 696 
—, in refining petroleum distillates, 671, 1043, 

1044 

Ozone, as desulphurizing agent, 489, 490, 1044, 

1045 

—. catalyst, oxidation of paraffins, 852 
—, —, reaction of propene and sulphur dioxide, 
617 

—, effect on ignition temperatures, 998 
—, for phenol removal, 135 
—, reaction with acetylenes, 904 
—aldehydes, 887 
—, — gasoline, 1044 
—, — mesityl oxide, 901 
—. — olefins, 901. 902 
—, — organic acids, 902, 904 
*—, — paraffin wax, 974 

P 

Paint driers, see Driers 
Paint remover, preparation of, 790 
Paints, asphalts in, 1192 
—.cellulose esters in, 1115 
—, naphthenates in, 1115 

Paint thinners, by oxidation of hydrocarbons, 865 
Paint vehicles, by oxidation of oils. 1055 
Palladium, catalyst, dehydrogenation of alcohols. 
1051 

—, —, — cycloparaffins. 90, 92, 94 
—, —, — naphtnenes, 31 
—, —, — vinylcyclohexane, 93 
—,—.ethers from acetals, 715 
—,—.hydrogenation of unsaturates, 699. 1153, 
1154 

—, —, oxidation of aromatics. 942 
—hydrogen, 1127, 1128 
—, —, — methane, 869 
—, —, polymerization of olefins. 665 
—,—.reaction of acetylene and amines, 719 
—, —, — methane and steam, 279 
—,—.reduction of carbon monoxide, 1223, 1241 
—. effect on ignition temperatures, 1000 
Palladium alloys, catalysts, in cracking, 113 
Palmitates, catalysts, oxidation of paraffin wax, 
971 

P.*iimitic acid, in drying agents. 1115 
—, molal entropy, 1292, 1293 
Paneth effect, 51 

Parachor, determination of, 1180, 1181 
Paraffin, acids, reaction with pentaerythritol. 1055 
Paraffin hydrates, formation of, 27 
Paraffin oil, asphalts from, 1199 
—.chlorinated, lubricants from, 214 
—, cracking of, 103 
—, estimation of, 1150 
—, from benzine, 155 
—, from resins, 1189 
—, oxidation of, 876, 906 
Paraffins^ adsorption by carbon, 1149, 1150 
—. — silica gel, 31 
—.antiknock qualities of. 141 
—.aromatics from, 186, 187 
—, autoxidation of, 905 
—.boiling points. 14, 15 
—.characterization factor of. 1307 
—.combustion of, 999, 1015 
—.cracking of, 141 
—, dehydrogenation of, 52 
—,—.free energy change, 1284, 1298 
—.density of, 1134, 1135 
—.effect of lead tetraethyl on, 1019 
—.effect on viscosity of crystal oil, 15 
--.entropy of formation, 1279-1281 
—.estimation of. 1149, 1150, 1177, 1199 
—, extraction agents for isopropyl alcohol, 364 
—, fatty acids from, 1088 
—.free energy of formation, 1279-1281 
,—.effect of temperature on. 1294, 1295 
—, from carbon monoxide and hydrogen, 1242, 
1243, 1245 

—. from cycloparaffins. 205. 206 
—, from olefins, 636-639, 646 


Pentadecadi 3 me 

Paraffins, heat of formation. 1279-1281 
—, in crude oil, 13, 1149 
—, in gasoline, 28, 31, 32 
—, isomerization of, 202 
—.lubricants from, 813, 814 
—, melting points of, 14 
—.molal entropy, 1279-1281 
—, —, effect of structure on, 1288 
—, octane numbers of, 1028 
—, olefins from, 148, 843 
—, —, free energy change, 1284 
—, oxidation of, 843, 1088 
—, polymerization of, 210 

— pyrolysis of, 61, 71. 73, 154, 892 

—, reaction with aluminum chloride, 198-202 

—^ — antimony chloride, 1102 

—, — bromine, 759 

—,—carbon monoxide, 1099 

—, ■—chlorine, 740, 813 

—, — chlorosulphonic acid, 1102 

—, — chromyl chloride, 1102 

—, — nitric acid, 1087 1090 

—.—olefins, 598, 599, 601 

—, — sulphur, 1102 

—, — sulphur monochloride, 1102 

—, removal, by distillation, 162, 163 

—, —, with chlorosulphonic acid, 32 

—, —, with sulphuric acid, 31 

—.stability during cracking, 101, 108 

- thermal clevage of, 99 
—, voltolization of, 261 

Paraffin wax, acids from, 843. 856, 865, 970, 971, 
1255 

—. alcohols from, 865, 971, 973 
—.aldehydes from, 865, 971 
—, chlorination of, 757 
—.cracking of, 138, 212 
—, critical solution temperature, 42 
—.esters from, 971, 972 
—.estimation of, 1155, 1156, 1164 
—, fluorination of, 759 

—. from carbon monoxide and hydrogen, 1250 
—. from crudes, 13, 38-40 
—, from pyroschists, 145 
—, hydrogenation of, 179 
—, in candles, 543, 1255 
—, in plasticizing agents, 1054 
—, in polishing compositions, 1079 
—, ketones from, 971 
—, lactic acid from, 971 
—, lactones from, 971 
—, lubricating oils from. 212 
—. oxidation of. 843, 856, 860, 865, 962, 970-979, 
1054, 1086. 1255 
—, —. mechanism, 972, 973 
—, pour point depressant from, 215 
—.pyrolysis of. 179 

—, reaction with sulphur dioxide and chlorine, 756 
—, refined, solubility of, 38 
—, separation, from Kogasin, 1245 
—, sulphates from, 1086 
Paraflow, as dewaxing agent, 758 
—, as pour point depressant, 758, 817 
Paraformaldehyde, from formaldehyde. 877 
—, reaction with ethylene glycol, 582 
Paraldehyde, structure of, 886 
Parasiticide, from carbon tetrachloride, 733 
Peanut oil, hydrogenation of, 1154 
Peat, carbon from, 227 
—, chlorination of, 227 
—, in storing acetylene, 171 
Peat tar, ethylene from, 155 
—, motor fuel from, 135 
Feneration, of asphalts, definition of. 1208 
Penetration agents, preparation of, 558, 569 
Penetration-temperature relation, of asphalts. 1211 
Penetrol, in insecticides, 1078 
Pentabromobenzene, from benzene, 790. 791 
Pentabromotoluene, preparation of, 775 
Pentachlorobiphenyl, in dielectrics, 789 
Pentachlorobutane, preparation of, 811 
—.resins from, 217 
Pentachloroethane, as solvent, 495 
—, reaction with sulphuric acid, 830 
6,9-Pentadecadiyne, reaction with ozone, 904 
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Pentadecenes, from propene, 639 
Pentadiene, from acetylene, 75 
1,4-Pentadtene, from n-pentane, free energy change, 
1284 

—, molal entropy, 1291 

Pentaerythritol, reaction with fatty acids, 1055 
Pentaflnorochloroethane, preparation of, 735 
Pentamethylbenzene, molal entropy, 1290 
Pentamethylene, see Cyclopentane 
Pentamethylene alcohols, esterification, 1118, 1119 
Pentamethylethyl bromide, hexamethylethane from, 
759 

Pentamethylpentanol, see Methyl-di-fer-butylcar- 
binol 

Pentane, acids from, 859 
—, alcohols from, 859, 864 
—as anesthetic. 1256 
as motor fuel, 1040 
—.combustion of, 1011, 1012 

- '.decolorizing agent for resins. 216 
.estimation of, 1134 

—.explosive characteristics of, 1011, 1012 
from amylene, 630 

—. from carbon monoxide and hydrogen. 1242, 1243 
—, from ethylene and propane, 601 
—, from ii'hexane, 198 
—. heat of combustion, 15 
—, ignition, 1009, 1010 

—•, ignition temperature of, 987, 988, 992. 995, 
1000 

—, inflammability limits of, 985, 986 
—, in gasoline, 144 
—. in petroleum gases. 21 
—, isomerization of, 201, 445 
.lower paraffins from, 68 
3-methylbutane from, 445 
-.olefins from, 68, 153 
oxidation of, 852, 859, 860, 864. 865 
.—.mechanism, 994, 995 
—. 1, 4<pentadiene from, free energy change. 1284 
—.pyrolysis of, 67,* 68, 149, 153 
-.reaction with acetyl chloride, 444, 1099 
—aluminum chloride, 201 
,—ammonia, 810 

- .—^chlorine, 753, 754 
. — nitric oxide, 1091 
.—phosgene, 445 
.solvent for ketene, 435 

-.thermodynamic relations of, 15, 1333, 1334, 
1338, 1339 

1.2-Pcntanediol. oxidation of, 549 
Pentanol, from ethyl alcohol, 347 
—. see also Amyl alcohol 

2- Pentanol, from cracked gasoline, 388 
—, from pentenes, 318, 387, 404 

—. from propene oxide, 586 

3- Pentanol, from pentenes, 318, 387, 404 

from propene oxide, 586 
Pentasol, in ruM>er cement, 374 
2'Pentcne. aromatics from, 87 
—, zer*diamyl sulphate from, 309 
—. oils from. 204 

- polymerization of, 204, 210, 643 
—, propene from, 87 

i Pentene dichloride, see 1-Amylene dichloride 
i Pentene oxide, reaction with dimethylamme, 589 
Pentenes, butenes from, 86 

effect of tetraethyl lead on, 1021 

- -, ethane from, 86 
—, ethylene from, 86 

.from carbon monoxide and hydrogen, 1243 
—. from ethyl alcohol. 173 
—, from ethylene, 639 
-, from UopenUne, 69 
—, from kerosene, 144 
—, from nonane, 72 
- . from pentane, 68 
from propene. 79, 641 

- from saprapelite Ur, 144 
—. in gasoline, 144 

- , isomerizatiM of, 86 
—, methane from, 86, 87 
—. nitrosate from, 620, 621 

- penUmd from, 387 

—. polystilphones from, 618 


Pentenes^ pyrolvsis of, 85-87, 184 
—, reaction with acetic acid, 313 
—, — benzene, 591 
—, — formic acid, 312 
—, — hydrogen bromide, 317, 318 
—,—hydrogen chloride, 310 
—, — nitrogen tetroxide, 620, 621 
—, — sulphur dioxide, 618 
—, — sulphuric acid, 308. 318, 387, 388, 391 
Pentyl chloride, see Amyl chloride 
1-Pentyne, from 1,2'dibromopenUne, 514 
—, from 1-pentene, 146 
3-Pentyn-l-ol, preparation of, 565 
Peptizing agents, benzol as, 1196 
—, carbon disulphide as, 1196 
—, naphthenic acid salts as, 1116 
—.pyridine as, 1196 
Peracetic acid, from acetaldehyde, 899 
—, oxidizing agent for olefins, 490, 899, 900 
Peracids, in gasoline, 909 
Perbenzoic acid, from benzaldehyde, 899 
—, oxidizing agent for octene, 899 
—.reaction with asphaltenes, 1191 
—, — 1,3-cyclohexadiene, 589 
Perchloric acid, catalyst, isomerization of 1-butene, 
82 

Perchloroetbylene, chlorination of, 742 
Perfumes, from aldehydes, 881 
—, from diolefins, 676 
—, from quinones, 690 
Perhalates, oxidizing agent for oils, 1054 
Permanganates, tefining agent for gasoline, 929 
Permutites, catalysts, isomerization of propene 
oxide, 586 

Peroxide number, definition of, 924 
—, of autoxidized olefins, 907 
Peroxides, effect on antiknock value, 924 
—, — gum formation, 908, 921, 924 
—, — reaction of olefins and * hydrogen halides, 
315-317, 356, 716, 723 
.estimation of, 3«1 
-. from acetylenes, 924 
. — acetone, 431 
. — aliphatics, 845 
. — aromatics, 922 
. — butyl ether, 336 
. — cyclohexane, 854, 855, 874 
. — diolcfins, 931 
. — ethyl ether, 335-337 
. — hexane, 1014 
. — isopropyl ether, 336, 381 
. — mineral oil, 856 
— propane, 873 
. in gasoline^ 908, 922 
. reaction with hydrogen halides, 317 
—. — silver oxide, 381 

. removal from gasoline. 923 
, use in motor fuel, 1039 
Persulphates, desulphurizing agents, 490 
Persulpburic acid, reaction with olefins, 309, 490, 
532 

Perylene, as antioxidant, 918 
'. from dinapbthyl, 208 
Petrolatum, coal sprayed with, 41 
-.cracking of, 213 
-, extraction with acetone, 37 
-. - butane, 972 
'. — propane, 972 
'. in grease, 1079 
. oils from, 1056 
oxidation of, 972, 1056 
—. IKJur point depressant from, 215 
- . reaction with carbon tetrachloride. 732 
-,—nitric acid, 1099 
—, resin from, 732 
—, sulphonic acids from, 1069 
Petrolenes, in asphalts, 1198 
-. oils from, 1202 
■ resins from, 1202 
Petroleum acids, asphalts from, 1112 
Petroleum aldehydes, in synthetic plastics. 890 I 
Petroleum bases, as pickling inhiliitors. 841 
Petroleum-coal distillate, chlorination of, 781 
Petroleum coke, see ('okc 




SUBJECT INDEX 


1443 


Petroleum distillates, cracking uf, 197 
, in insecticides^ 1112 
—, naphthenic acids in, 110.1 

reaction with sulphur trioxide, 1069 
—.resins from, 814, 815 

- solvent extraction, 41 
—, specific heats of, 15 

—, sulphonic acids from, 1069 
—, synonyms for, 11 

Petroleum ether, extraction agent for jcrljulyl 
alcohol, 407 

- isopropyl alcohol, 365 
—oxidation of, 853, 854 
Pctrozcenc, extraction with benzine, 1189 
Pharmaceuticals, from diolefins, 676 
/5-Phellandrene, reaction with nitrous acid. 620 
/9'Phcllandrcne nitrosite, preparation of, 620 
Phenanthrene, as antioxidant, 916, 918, 927 
—, from acetylene, 720 
—, from cracking gas, 646 
--.from natural gas, 183 
—, from propane, 61, 182 
—, in acetylene black, 244 
-, in petroleum coke, 145 
-, pyrolysis of, 37 

reaction with aluminum chloiide, 208 
, — isobutyl chloride, 827 
Phcncthyl alcohol, see Phenylethyl alcohol 
Phenctolc, extraction agent for alcohol, 360 
—, — ketene, 437 
Phenol, acetylation of, 438 
—, adsorption by carbon black, 252 
—, alkylation of, 384 
-as antioxidant, 907. 915 
, diphenyl ether from, 788, 789 
, extraction agent for asphalts, 1202 

- -, — ethyl alcohol. 360 

- , — petroleum oils, 42, 134, 746, 1205 
, from benzene, 260, 942 

—, in lubricating oils, 42 

- . phenylphenol from. 785 

~preparation of, 782-784, 943 

- .reaction with acetylene. 715 
—, — fcr-butyl alcohol, 412 

—, — tcr-butyl chloride, 418, 818 
—, — chlorobenzene, 784, 785, 788, 789 
—, — Jcc-hexanol, 403 
—, — isopropyl alcohol. 403 
—, — lead tetraethyl, 823 
—, — olefins, 604-606 
—, — .sodium phenolate, 784, 785 
—, — styrene, 606 
-, resins from, 890, 1047 
.stabilizing agent for methyl chloride. 727 
Phenol-aldehyde resin, corrosion inhibitor, 517 
Phenolates, as antioxidants, 933 
.effect on color stability, 927 
—, for hydrogen sulphide removal, 458 

- -, reaction with halides, 825 
Phenols, alkylation of, 383, 603-607 

, as antioxidants, 906, 914, 936 
, as antiseptics. 825 
—, combustion ot, 999 

, effect on color stability, 925 
, —, naphthenes, 937 

- ,<—• viscosity of asphalts, 1218 

- , from chlorobenzenes, 782 
, from cracked oils, 135 

—, from naphthalene, 953 
, from primary tars, 729 
—, from pyroschists, 145 
---.from spent doctor solution, 476 

- in asphalt composition, 1214 
—, in crude oil, 10 

—, in fungicides, 1112, 1113 
—, in insecticides, 1112, 1113 
-, in pressure distillates. 1104 
—, inhibitors, polymerization of chloiopi ciie, 681 
• -.oxidation ot, 849, 920, 931 
—, reaction with alcohols. 402, 412, 41(» 

—. — amines and formaldehyde, 891 
—, — naphthenic acids, 1112, 1113 
—, — olefins, 383, 412, 606 
—, — wax acids, 975 
—, resins from, 825 


Phosphoric 

Phenols, separation from asphalts. 1192 
—, wetting agents from, 1076 
Phenoxazine, as antioxidant, 917 
Phenyl, from bromobenzene, 827 
Phenyl acetate, from phenol, 438 
Phenylacetyl amine, extraction agent for aldehyde.^, 
408 

Phenylacetyl chloride, reaction with cyclohcxene, 
613 

Phenylacetylene, from bromostyrenes, 722 
—, oxidation of, 904 
—. reaction with ethyl hypochlorite, 626 
a Phenylacrylic acid, from acetophenone, 451 
Phenylallene, preparation of, 807 
Phenylazocatechol, as antioxidant, 916 
Phenyl bromide, see Bromobenzene 
I'Phenylbutadiene, effect of lead tetraethyl on, 1022 
—, polymerization of, 649 
—, reaction with hydrogen halides, 686 
2-Phenylbutadicne, pr^aration of, 678 
Phenyl chloride, see Chlorobenzene 
l Phenyl-3-chloro-l-butene, from 1-phenylbutadiene, 
686 

Phenylcyclohexane, from benzene, 207 

1- Phenyl-1-cyclohexene, reaction with ozone, 902 
Phenylcyclopentane, amylbenzene from, 92 

-, autoxidation of, 907 
--.pyrolysis of, 91, 92 
Phenyl diselenocyanate, as antiknock, 1018 
Phenylenediamine, as antioxidant, 917, 927 
m-Phenylenediamine, reaction with ethylene oxide, 
560 

m-Phenylenedi-O-sulphoethyl) disulphone, prepa¬ 
ration of, 618 

Phenyl ethers, alkylation of, 606 
. from phenolates, 825, 957 
Phenylethyl alcohol, preparation of, 563, 565 
Phenylethyl ether, see Phenetolc 

2- (2'-Phcnyl) ethylcyclohex-2-en-l-one, from 1-(J - 
phenyl )-ethylcyclonexene-l, 619 

Phcnylethylene, see Styrene 
Phenylethylene glycol, oxidation of, 536 
Phenylglyceric acid, from cinnamic acid, 547, 895 
Phenylglyoxa^, from acetophenone, 853 
Phenylhydrazme, reaction with /J.^'-dichlorodiethyl 
ether, 583 
-—, — ketones, 448 
Phenylic process, for cracking, 131 
Phenyl isopropyl ketone, preparation of, 444 
Phenylma^esium chloride, reaction with ethylene 
dichloride, 565 

Phenylmethyl ether, see Anisole 
Phenylmorpholine, dyes from, 585 
• preparation of, 583 

Phenyl-a-naphthylamine, as antioxidant, 918, 93u 
Phenyl-/3-naphthylamine, as antioxidant, 917 
—, reaction with acetone, 429 
Phenylnitromethanc, preparation of, 1091 

1- Phenylpcntane, see Amylbenzene 
Phenylphenol, from chlorobenzene, 784, 785 

2- Phcnyl-l,3-propanediol, from styrene, 625 
—, methylene ether, from styrene, 625 
Phenylpropiolic acid, reaction with ozone, 904 
Phoronc, from acettme, 878 

Phosgene, absorption by hexamethylenetetramine, 885 
—, from carbon tetrachloride, 732, 733 

- from tetrachloroethane, 744 
—. reaction with naphthenes, 445 
—, — olefins, 609, 611 

- — paraffins, 445, 1101 

Phosphates, catalysts, polymerization of aldehydes, 
579 

Phosphatides, as antioxidants, 915 
Phosphine, estimation in ethylene, 1259 
—, oxidation of, 851 
—, removal from acetylene, 170 
Phosphoric acid, absorption of hydroxy acids by, 977 
—, catalyst, alkylation of alconols, 606 
, —, — aromatics, 593, 594 
—, —, — phem^s, 603, 605 
-—.cracking, 112, 114, 1253 
—, —, depolymerization of hydrocarbons. 1040 
—, —, esterification of ethylene, 304, 305 

- . —, — ethylene glycol, 540 

—, —, ethyl alcohol from ether. 333. 334 
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Phosphoric acid, catalyst, ethylation of amines, 346 
—.—.hydration of acetylene, 713 
—.—. — olefins, 282, 288. 291, 293, 358 
—, —, isomerization of 1-butene. 82 
—,—^.nitration of acetic anhydride, 1090 
—,—.oxidation of olefins, 844, 893, 894 
—, —, polymerization of aldehydes. 579 
—,—, — Kogasin. 1255 

—olefins, 634. 636. 637, 639, 642, 645, 
662-664 672 

—, —. reaction of alcohols and isobutene oxide, 
589 

—,—, — alcohols and phenols, 412, 416 
—, —, — carbon monoxide and alcohols, 407, 1050 
—, —, — carbon monoxide and olefins, 625, 626 
—,—, — chlorobenzene and ammonia, 786, 787 
—, —, — ethyl alcohol and hydrogen chloride, 345 
—,—, — ethylene and cracked gasoline. 1252, 
1253 

—, —. — glycols and formaldehyde, 543 
—, —, — methane and carbon dioxide, 870 
—, —. — methane and steam, 278 
—, dehydration agent for alcohols. 400, 406 
•—. des^phurizing agent, 1044 
—, in cleaning agents. 543 
—, reaction with ethylene, 323 
—, — nitroparaffins, 1096 
—, refining agent for biphenyl. 193 
Phosphoric anhydride, see Pho^uhorus peiitoxide 
Phosphorous acid, catalyst, oxidation of paraffin 
wax. 973 

—» —, polymerization of olefins, 634 
Phosphorus chlorides, catalysts, chlorination of 
ethylene, 495 
—, —, — propene, 507 
Phosphorus compounds, autoxidation of, 905 
—, catalysts, reaction of olefins and carbon mon¬ 
oxide, 626 

Phosphorus oxychloride, catalyst, alkylation of 
ak^ois, 606 

Phosphorus oxyhalides, catalyst, polymerization of 
eJefins. 634 

Ptiosphorus pentabroraide, catalyst, bromination 
of toluene, 795 

—.reaction with 1,3-cyclohexadienc, 589 
Phomhorus pentachlonde, catalyst, fiuorination of 
diloromethane. 735. 736 
—.—.nitration of acetic anhydride, 1090 
—.reaction with methylcyclohexanol, 775 
—, — methyl ethyl ketone, 452 
—, — 1-pentene, 511 

Phosphorus pentafluoride, catalyst, polymerization 
of isobutene. 642 

Phosphorus pentoxide, as antioxidant, 937 
—. catalyst, al^lation of aromatics, 594, 595 
—, — polymerization of olefins, 637. 643. 645, 665 
—, reaction with acetone cyanohydrin, 428 
—. refining agent for gasoline, 669 
—, sweetening agent. 475 

Phosphorus tribromide, reaction with cyclohcxanol, 
—, — cyclopentanol, 764 

Phosphorus trichloride, catalyst, condensation of 
cyclohexane. 205, 1102 

Pbi^horus trisulphide, reaction with citric acid, 

Photoch^ical decomposition, of hydrocarbons, 264- 
268 

—, of ketones, 448-450 
—, of organic lead compounds, 1022 
Phthalic acid, from crude oil, 21 
—, in demulsifying agents, 946, 947 
—, reaction with glycols and alcohols, 542 
—, solubility* in polar compounds. 959 
Phthalic anhydride, ammonium phthalate front, 
958 

—. benzaldehyde from. 950 
—, benzoic acid from, 950-952 
—, benzoyl chloride from, 952 
—. decarboxylation of, 950-952 
—. decolorization of, 958 
—.drying agent for ter-butyl alcohol, 417 
—. from fltforene, 954, 955 
—. from kerosene. 966 


Phthalic anhydride, from naphthalene. 861. 946. 9S0 
—, in demulsifying agents. 946, 947 
—, in dyes. 946 

—, phthalyl chloride from, 731, 732 

—, reaction with benzotrichloride, 794. 816 

—, — butyl alcohol. 501 

—, — carbon monoxide, 950 

—, — carbon tetrachloride. 731, 732 

—, — ethanolamine. 958 

—, — ethylene glycol. 541 

—, — methyl alcohol. 952 

—, — paraffins, 1101 

—, — steam, 952 

—, — thionyl chloride. 945 

—, resins from, 946 

—.separation by polymerization. 960, 961 
Phthalide, reaction with chlorobtmzenc. 789 
Phthalimide, as antioxidant, 915 
—, from ammonium phthalate, 958 
Phtbaloncs, from nitrogen bases, 834, 836 
Phthalyl chloride, from phthalic anhydride, 731, 
732. 794, 816 

Picene, in petroleum coke, 145 

Pickling inhibitors, aliphatic acids in, 1041 

—.petroleum bases as, 841 

Pickling solutions, aldehydes in. 890 

—hexamethylenetetramine in. 890 

Picolines, as antioxidants. 917 

a-Picolyalkine, see 2-(2'-Pyridyl) ethanol 

Picric acid, catalyst, hydration of olefins, 297. 410 

—, reaction with naphthalenes, 36 

Pinacol, oxidation of, 536 

Pinacolyl alcohol, dehydration of, 645 

Ptnene, as antiknock, 923, 1017 

—, oxidation of, 855, 905 

—, polymerization ot, 645 

—, pyrolysis of, 87, 88 

—, reaction with formaldehyde, 624 

—, — sclcnious acid, 446 

—, stabilizing agent for methylene chloride, 728 
Pinene hydrochloride, utilization of, 758 
Pine oil, in lubricants, 1114 
—.in motor fuel, 1035 

Piperidine, extraction agent for asphalts, 1202 
—, reaction with bromocyclohexane, 772, 773 
•—^ — chlorocyclohexane, 768 
—, — ethyl alcohol, 346 
Piperonyl alcohol, preparation of, 958 
Piperylene, from alcohols, 173 
—, from kerosene, 144, 171 
—, in gasoline, 144 
Pitch, from petroleum, 7 
—, removal with sulpho detergents, 1084 
Fivalic acid, esterification of, 407 
Plasticizing agents, alcohols as. 1112 
—, ethylene glycol ethers in, 543, 544 
—, from paraffin wax, 759, 1054 
—, from polymer gasoline. 675 
—.naphthenic esters as, II12. 1120 
Plastics, from ethylene dichloride and indy sul¬ 
phides, 499, 828 

—, — and sodium thiosulphate, 829 
—, from paraffin oil acids, 969 
—.from sulphur chloride and olefins, 0l8, 619 
—.wax acids in, 975 
—, see also Resins 

Platinum, catalyst, dehalogenation of hatoalkyl 
ethers. 551 

—,—.dehydrogenation of cyclohexane, 92, 17V, 
185 

—. —r — hydrindencs, 95 

—» —, — naphthenes, 31. 1150 

—,—.ethers from acetals, 715 

—, —I hydration of ethylene, 291 

—t —» hydrogenation of carbon monoxide, 1049 

—,—, — toluene. 347 

—,—, — unsaturates. 1153, 1154 

—, —, hydrolysis of chlorobenzene. 782 

—,—.oxidation of aliphatics. 850. 851, 869. 1129 

—, —, — aromatics, 942 

—,—, — methane-ammonia mixture, 871 

—. —» polmerization of olefins, 665 

—, —, pyrolysis of 2-butenc. 172 

—,—. — ethylidene diesters, 718 
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Platinum, catalyst, pyrolysis of Kogasin, 155 
—, —, — m^bane, 53 

—,—, reaction of acetylene and amines, 719 
—.—, — carbon and hydrogen, 1278 
—, —, — methane and ammonia, 281 
—»—» — nitric oxide and paraffins, 1091 
—, —, sulphation of propene, 358 
Platinum chloride, reaction with ethyl alcohol, 628 
Platinum cyanide, catalyst, sulphation of isobu¬ 
tene, 391 

Platinum halides, catalysts, hydrogen fluoride- 
dichloroethane reaction, 747 
—, reaction with unsaturates, 628 
Platinum-iridium alloy, catalyst, methane-nitric 
oxide reaction, 281 

Platinum oxide, catalyst, hydrogenation of olefins, 
899 

—, —, oxidation of d-a-pinene, 905 
Platinum-palladium, catalyst, oxidation of hydro¬ 
carbon gas, 851 

Platinum-rhodium, catalyst, oxidation of hydro¬ 
carbon gas, 851 

Platinum salts, catalysts, hydration of acetylene, 
712 

—, —, sulphation of isoolefins, 308 
Polishing compositions, preparation of, 731. 1079 
Polyalkene glycols, reaction with phthalic acid. 
542 

Polyamines, as antioxidants, 917 

Polybasic acids, reaction with polyhydric alcohols, 

541 

Poly but vl amine, as antioxidant, 915 
Poly carboxylic acids, as antioxidants. 941 
—, from olefins, 629 
—, plasticizing agents from. 542 
Polychlorobcnzenc, chlorination of. 780. 781 
—.from monochlorobcnzene, 780, 781 
—, in dyes, 782 

Polychloroprenc, chlorination of, 682 
—, decomposition of, 682 
- properties of, 681 

Polycyclic groups, effect on lubricating oil viscosity, 
37 


Polyethylene glycols, in cleaning agents, 545 
—, esters and ethers in refrigerants. 545 
—, solvent properties of, 545 
Polyethylene oxides, structure of, 563 
Polyethylene sulphone, properties of, 617 
Polyglycerols, as lubricants. 545 
Polyglycol arsenites, utilization, 545 
Polyglycols, reactions of, 545 
Polyoalogenated olefins, reaction with hypochlo- 
rous acid. 523 

Polyhydric alcohols, from paraffin halides, 756 
—. in emulsifying agents, 1074 
. oxidation of, 548 
—, reaction with aldehydes, 544 

- . — polybasic acids, 541, 542 
Polyhydroxybenzenes, as antioxidants, 906. 918 

- -. effect on color stability. 926 
Polymer gasoline, antiknock rating. 654 
—. by catalytic processes, 662-666 

.by multi-stage process, 661, 662 

- , by single-stage process, 656-658 
—, by thermal process, 655 

~by two-stage process, 658-661 
—, by Unitary process, 658, 659 
—, from cracking gas. 97, 146 
--.from Kogasin, 1255 
Polymerization, during aquolization, 131 
—, effect of catalysts, 633 
—, in refining gasoline. 928, 929 
—. of acetylene, 57, 89, 264-266, 680, 702, 703, 
722 

- of aldehydes, 886, 889, 890 
—, of alkyl halides. 811 

of butadiene. 57. 387. 389, 650-652. 1116 
—’of butenes, 81, 82, 386, 641-643, 895 

_I of frr-butylethylene, 643, 645 

—, of chloroprene, 681 
—, of cyclohexene, 204, 645 
—, of cyclopentadiene, 652, 654 
—, of deuterioacetylene. 266, 725 

- of dichlorinated Kogasin. 814 
—, of 1.2 dichlorohutadiene, 687 


Polymerization, of dichlorobutene, 685 
—, of wHzym-dimethyl allene, 88, 650 
~-,of ethylene, 265, 283, 288, 290, 321, 646, 1041 
—, of formaldehyde, 877, 887 
—, of hexene, 643 

—, —, free energy change, 1299, 1300 
of isobutene, 296, 390, 633, 641-643 
—,—, free energy change, 1300 
—, of isopropylethylene, 387 
—, of Kogasin. 1255 
—, of methylallene. 649, 650 
—, of methylisopropylethylene, 643, 645 
—, of 3-mcthyl-2-pentene, 643 
—, of olefins, 76, 107, 149, 160, 209, 395, 1041, 
1252 

—, of 2-pcntcne, 643 
—, of 1 -phenylbutadiene, 649 
—, of pinene, 645 
—, of propene, 288, 639-641 
—, of propenylbenzenc, 648, 649 
—, of styrene, 647, 648, 805 
—, of telluroformaldehydc, 51 
—, of tetramcthylcthylene, 643, 645 
—, of trimethylcthylenc, 203, 633 
—, of unsaturates, 37 
—, of vinylacetylcne, 705 
—, of vinylcthinylcarbinol, 708 
—, mechanism of, 631-633 

Polymerized hydrocarbons, extraction from acid 
liquors. 397 

Polymethylene alcohols, esterification of, 1118, 1119 
Polynuclear hydrocarbons, in crude oil, 13 
Polyolefin glycol ethers, solvents for nitrocellulose, 
558 

Polyoxymethylene, from formaldehyde, 877 
FVilyphenols, as antioxidants, 917 
Polypropene sulphone, reactions of, 618 
Polystyrene, depolymerization, 647 
—, motor fuel from, 1040 
—. preparation of, 647 

Polysulphides, preparation of, 481, 482, 526 
—, properties of, 482, 483 
Polysulphones, preparation of, 618 
Polythiophanes, preparation of, 484 
Porcelain, catalyst, pyrolysis of ethyl alcohol, 155 
—,—, — methane. M, 180 

—, —, reaction of propene oxide and ammonia, 
587 

Porphyrins, occurrence, 12, 20 
Potassium, estimation in lubricants. 1164, 1165 
Potassium acetate, catalyst, acetylation of cinnam- 
aldehyde, 439 

—, dehydration agent for ethyl alcohol, 329 
—, from propene, 629 

Potassium-alum, dehydration agent for w-propyl 
alcohol, 379 

Potassium aluminate, catalyst, oxidation of tol¬ 
uene, 949 

—. —, reaction of propene and metal hydroxides, 
894, 895 

Potassium amide, reaction with halobenzenes, 787, 
810 

•—, — sulphur, 469 

Potassium bisulphite, reaction with vinyl sul¬ 
phone, 618 

Potassium carbonate, catalyst, cracking. 112 
—, —, ethyl acetate from ethyl alcohol, 340 
—, —, oxidation of ethylene, 894 
—, —, reduction of acetone, 432 
—,—,—carbon dioxide, 1242 
—,—, — carbon monoxide, 1223, 1228, 1231 
—.in asj>halt emulsions, 1216 
—, reaction with ethylene dibromide. 532 
Potassium chlorate, catalyst, hy'droxylation of ole¬ 
fins, 532 

—. —, reaction of chlorobenzene and ammonia. 
787 

Potassium chloride, catalyst, cracking, 112 
—.—, oxidation of propane. 848, 873 
—, —, reaction of benzene and dichloropentamethyl- 
enetetramine, 779 

—, effect of ignition temperatures, 986, 987 
—, in refining gasoline, 216 
—, recovery from sylvanite solutions. 1063 
—, solubility in isopropyl alcohol, 370 
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Potassium crcsolate, reaction with chlorinated par¬ 
affin^ 807 

Potassium cyanide, reaction with potassium ethyl¬ 
ene trichloroplatinate monohydrate. 628 
Potassium dichromate, catalyst, oxidation of al¬ 
cohols, 1057 

—.—, — anthracene, 954 

—glycols, 537, 546, 548 
—,—methane, 870 

Potassium ethvlene trichloroplatinate monohydratc, 
reactivity of, 628 

Potassium ferricyanide, for hydrogen sulphide re¬ 
moval, 1249 

Potassium ferrocyanide, catalyst, chlorination of 
ethylene, 494 

Potassium fluoride, fluorine from, 759 
Potassium fluoride, reaction with formic acid, 887 
Potassium hydrosulphide, catalyst, acetylene-hydro¬ 
gen sulphide reaction, 721 
Potassium hydroxide, antioxidant, 937 
—, catalyst, condensation of acetone, 427 
—, —, hydration of acetylene, 714 
—, —, — ethylene, 291 
—, —, hydrolysis of raethvl chloride, 796 
—, —, reaction of alcohols and ethylene oxide, 
558 

—, — and vinylacetylenc, 706 
—, dehydration agent for isopropyl alcohol, 364 
desulphuriaiim agent, 434, 477 
. inhibitor, oxidation of ether, 335 
. reaction with alkyl halides, 804, 805 

— hutene chlorohydrin. 548 
—sff-butyl alcohol, 407 

—■ rcr-butyl chloride, 412 
. — cyclohexadiene dibromide, 589 

— 1,4-dichloro-2-butene, 685 

— 3.4-dichloro-l-butene, 680, 681 
. — ethylene, 629 

. ~ ethylene dibromide, 504 
. — hexachlorobutane, 510 
. — hexene chlorohydrin. 589 
. — phenol and chlorobeniene, 788, 789 
. - tetrachlorobutane, 687 
. — tetrahydro-anaphthd, 906 

- .solubility in isopropyl alcohol, 375 
Potassium iodide, reaction with butene dibromides, 

1146, 1147 

—. — tetralin peroxide, 906 
-—triethanolamine. 572 

Potassium mercuric iodide, reaction with acetylene. 
1123 

—, — vinylace^Iene, 708 
Potassium methionate. preparation of, 820 
Potassium nitrate, in heat-transfer media, 861. 862 
promoter, hydration of isobutene, 294 
Potassium oleatc, in insecticides, 1059 
Potassium permanganate, reaction with crudes, 21 
—. — ethylene pdymers, 203 
—. — lead mercaptides, 475 

- — mercaptans, 1158 
—, — olefins, 532 

. — paraffin wax, 974 
—. — sulphur, 1161 
—, — tetralin, 905 

Potassium phenolate, reaction with ethylene di¬ 
bromide. 505 

—, — ethylene dichloride, 500 
Potassium phosphate, removal of hydrogen sul¬ 
phide by, 458 

Potassium phtbalimide, reaction with dibromocycto 
hexane, 772 

Potassium silicate, promoter, in cracking, 112 
Potassium sulphate, in cleaning agents, 1112 
—, promoter, in cracking, 112 
—. reaction with isopropyl ether, 381 
Potassium sulphite, reaction with triiodomethane. 
819 

Potassium /5-sulphoacrylate. preparation of, 820 
Potassium thiocyanate, reaction with ethylene 
oxide, 564 

Potassium vanadate, catalyst, oxidation of tolu¬ 
ene, 949 

Potassium vanadyl vanadate, catalyst, oxidation of 
toluene, 949 

Pour point, definition of. 1176. 1177 


Pour point depressor, from chlorinated wax, 758, 
817 

—, from paraffin wax, 215 

Praesodymium oxide, catalyst, oxidation of aro¬ 
matics. 942 

Preservatives, ter-butyl phenols as, 818 
-.copper naphthenates as, 1116 
. from chlorobenzenes. 782 
Pressure, effect on cracking, 138, 139 
—. — free energy change, 1296, 1298, 1299 
—. — heat content, 1329 
—— ignition temperature, 992-996 
. — inflammability limits. 980 
—. — polymerization of ethylene, 638, 639 
—. — sulphation of ethylene^ 299 

- . etfect on pyrolysis of aliphatics, 156, 188 

— kerosene, 154 
' . — olefins, 185 

—. effect on reaction of propene and phosphoric 
acid, 358 

—. increase on combustion, 1002-1005 
—, reduced, definition of, 1319 
-.relation to fugacity, 1322, 1323 
Pressure-enthalpy-temperature relations, 1332, 
1335 

Pressure-volume product change, relation to beat 
content change, 1274 

Pressure-volume-temperature relations, of hydro¬ 
carbons^ 1320-1322 
Printing ink, carbon black in, 250 

- . naphthenates in, 1117 

Progressive degradation method, for determina¬ 
tion of naphthenic acids, 1104. 1111 
Proofing agents, triethanolamine in. 577 
Propadicne, see Allene 

Propane, acetylene from, 61, 166, 168, 169, 187, 
254 

-. acids from, 858, 859, 862. 863 
. alcohols from, 858, 862, 863 

- . aldehydes from, 858 862. 86.1 
.aromatics from, 60, 61. 172, 181. 182 
. as motor fuel, 26, 1040 

• .carbon Uack from, 219 
-.chlorinated, utilization of. 751 
'.combustion of, 241, 100.1. 1004 
. commercial, specifications, 25 
-.cracking of^ 100. 101 
-cyclopentadiene from, 60. 182 
—. energy of activation of, 58 

. entropy'temperature relations of, 1337-1340 
.estimation of, 1131, 1132 
—.extraction agent, 31, 45, 262. 972, 1071, 1205 
—. from n-butane, 201 
—, from coke-oven gas, 165 

- -, from cyclopenune, 90 
—. from gas oil, 140 

—. from gasoline, 24 
—. from hexadecane, 202 

- -. from hexane, 71, 257 

from isobutene, 84 
—. from isopentane, 69 
—, from methane, 263 
-, from methyl ethyl ketone. 449 
—. from n-pentane, 68 
—. from propylbenzene, 208 
heat of combustion of, 15 
—, hydrogen from, 60, 149, 275 

ignition temperature of. 988. 989, 992, 99.1 
—. inflammability limits of, 980. 984 
—. inhibitor, decomposition of ethylene oxide, 554 

- in natural gases. 21. 22 
—. ketones from, 858. 862 

-.liquid hydrocarbons from. 160 
—.methane from, 60. 151, 169 
-.olefins from, 58 61, 149 153. 158, 160, 169, 
873 1284 

—.oxidation oC848, 850, 851, 858. 859, 862. 863, 
869, 872-874 

—, precipitant, 42, 45, 46, 1201 
--.pyrolysis of, 57-61. 148-153. 1.58. 160. 166, 
ih. 181, 182, 555 
—, reaction with chlorine. 749. 750 
—, — ethylene. 601 

- — nitric acid. 1087 

- , — steam. 275. 280 
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Propane, styrene from, 60, 182 
—, utilisation of, 25-27 
1,2-Propanediol, oxidation of, 549 
Propanol, set Propyl alcohol 
Propanolaminet, extraction agents for carbon di¬ 
oxide, 587 
—, — ethylene, 164 
Propene, acetone from, 173, 292 
—, acetylene from, 81, 187 
—, allene from, 75 
—, aromatics from, 639 
—, as anesthetic, 1263 
—, as motor fuel, 1040 
—, butadiene from, 81 
—, butene from, 641 
—, chlorination of, 493 
—, chlorohydrin from, 518 
—, docedenes from, 639 

—, effect on ethylene-sulphuric acid reaction, 324 

—,—pulse rate, 1263 

—, estimation in cracked gases, 1142 

—, ethane from, 80 

—, ethylene from, 80, 639 

—, extraction of, 162, 163, 323, 324 

—, from n-butane, 62-64 

—, from carbon monoxide and hydrogen, 1241 
-, from cyclohexane, 93 
—, from cyclopentane. 90 
—.from ethyl alcohol, 155 
-, from ethylene, 636 
from gas oil, 140 
—. from gssoline, 136 
—. from hexane, 257 
—, from isobutane, 66 
—, from isobutene, 85 
—. from isopentane, 69 
—.from isopropyl alcohol. 17.1. .165, 377 
from isopropyl sulphate, 363 
from ketones, 450 
—, from methylcyclopentanc, 90 
—, from paramn wax, 138 
from *4-pentane, 68 
—. from 2-pentene, 87 

—.from propane, 58-60, 149. 151, 153, 873 

- , free energy change, 1284 

—.from n-propyl alcohol, 173 

—, hexenes from, 75, 79, 639, 641 

—.hydration of, 288, 291-293 

—, —, heat, 293 

—.hydrogen from. 79, 81 

—, ignition temperature of, 988 

—. in commercial propane. 25 

—, isobutyric acid from, 626 

—, isopropyl alcohol from, 895 

—, isopropyl mercaptan from, 462 

—, methane from, 80 

—, methyl radical from. 79 

—, naphthenes from, 639 

—, nonenes from. 639 

—.oxidation of, 553. 629 


—, paraffins from, 639 

—, pentadecenes from, 639 

—, pentenes from, 79, 641 

—. |>oiymerization of. 288, 639-641, 895 

--.propene nitrositc from, 620 

—, properties of. 15 

—, »i-propyl alcohol from, 292 

—. w-propyl mercaptan from, 462 

—, pyrolysis of, 75, 76, 79-81, 184. 187, 555 

—, —, mechanism, 79 

—reaction with acetic acid, 307, 308, 359 
. — acetyl chloride. 612 
—, — alkali hydroxides, 629, 894 
—, — benzene, 591-593. 595-597 
—, — benzoic acid, 308 

_,_ter-butyl hypochlorite. 518 

_' — carbon monoxide, 626 

—[—-chlorine and water, 516 
—, — chloroacetic acid, 308 
—a^rhloromethyl ether, 613 
—— cresols, 605 

_, — ethylene chlorohydrin, 529 

—[ —ffuorene, 594 

_ _hydrogen bromide, 307, 316 

-i-hydrSen chloride, 306 


Propene, reaction with hydrogen iodide, 316, 317 
—, — hydrogen sulphide, 462 
—, — hydroxy-benzoic acid, 609 
—naphthalene, 593, 594, 596 
—, — naphthalene sulpnonic acid, 593 
-, — nitrogen trioxide, 620 
—,—phenol, 603, 604, 606 
—, — phosphoric acid, 358 
—, —, salicylic acid, 308, 607, 609 
—. — stearic acid, 588 
—, — sulphur dioxide, 617 

—, — sulphuric acid, 161, 305, 306, 323, 356, 357, 
359, 362, 363, 391, 1142 
—, — sulphuric acid, mechanism, 357 
—,—> toluene, 594, 596 
—, vinyl radical from, 75, 79 
Propene chlorohydrin, from proi)enc, 518 
Propene dibromide, from propene, 508 
Pro^ne dichloride, azeotropic mixture with water, 

—, 1-chloro-l-propene from 508 
—, dewaxing agent, 495, 507 
—, drying agent for acids, 507 
—, from propene, 506 
—, in insecticides, 507 
—, in lacquers, 751 
—, paint remover, 507, 790 
—, propene glycol from, 546 
—, reaction with sodium cyanide, 507 
—, 8(^vent for cellulose acetate, 415 
—, — cellulose acetopropionate, 507 
—, — vinyl resin, 507 
—, trichloropropane from, 508 
see a/ro 1,2-Dichloroprc^ane 
Propene dinitrate, preparation of, 587 
Propene dinitrin, preparation of, 587 
Propene glycol, dehydration agent, 538 
—, estimation of, 537, 546 
—. fatty acid esters, toxicity of, 549 
—. from butyl lactate, 546 
—, from glycerol, 547 
—, from propene, 553 
—, from propene dichloride. 546 
—, hydroxy ketone from, 536 
—, in brake fluid mixtures, 539 
—, in cosmetics, 549 
—, in heat transfer medium, 539 
—. oxidation of. 536 
—. properties of, 547 

—, reaction with potassium dichromate. 537 

Propene glycol carbonate, preparation of, 524, 525 

Propene glyeol formal, as solvent, 542, 543 

Propene nitrositc, from propene, 620 

Propene oxide, aldehydes from, 586 

—. allyl alcohol from, 586 

—. dimethyldioxane from. 579 

—, from propene, 553, 586 

—, hydrogenation of, 586 

—. in adhesives, 586 

—. polymerization of. 562 

—. reaction with amines. 587 

—,—ammonia. 585. 587 

—. •— cellulose phthalate, 588 

—. ■—cetyl alcohol, 587 

—. — diethyl magnesium. 586 

—. — ethyl magnesibm breunide, 586 

—. — metal halides. 560 

Propene sulphone, reaction with barium hydroxide, 
617 

Propenylbenzene, polymerization of, 648. 649 
—. reaction with methyl hypobromite, 531 
Propenylbenzoic acid, reaction with ozone, 902 
p-Propenylmethoxybenzene. see Anethole 
Propionaldehyde, decomposition of, 884 
—, effect on ignition temperatures, 993 
—, extraction agent, 44 
—, from propene, 553 
—, from propene oxide, 586 
—, from n-propyl alcohol, 173 
—, ozonization of, 887 

Propionic acid, anhydration with propene chloride, 
507 

—, effect on sulphation of propene, 357 
—, from zee-butyl alcohol, 407 
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Propionic acid, from carbon niuiiuxide and hy¬ 
drogen, 1244 

—, from ethyl alcohol, 339 
—, from ethylene, 446, 626 
—, from methyletovlacetylene, 904 
—, from methyl ethyl ketone, 452 
—, from paramn wax, 971 
—, from propene, 553 
—, from sapropelite tar, 145 
Propionitrile, extraction agent, 44 
Propionyl chloride, reaction with M-propylbenzene, 
447 

Propyl acetate, extraction agent for polymerized 
hydrocarbons, 397 
—, from propene, 308 
Propyl alcohd, as antiknock, 1017 
—, 1,3-dimethylbutadiene from, 173 
—, esters from, 339 
—, ethylene from, 173 
—, extraction agent, 681, 1200 
—, from pentane, 859, 864 
—, from propene, 292 
—, from propene oxide. 586 
—, inflammability limits of, 980, 981 
—, methyI-2-pentcnc from, 173 
—, octane number of, 1028 
—, propene from, 173 
—, propionaldehyde from, 173 
—. propyl ether from, 379 
—, reaction with phenol, 384 
—, stabilizing agent for tetrachlorocthanc, 743 
Propylbenzene, from cyclohexanes, 94 
—, from propenylbenzenc polymer, 649 
—, from saproi>eIite tar, 144 
—, indene from, 156 
—, reaction with propionyl chloride, 447 
Propyl bromide, from propene, 307, 310 
—, isomerization of, 316 
Propyl chloride, dechlorination of, 805 
—, from cracking gas, 302 
Propylcyclohexane, from cyclohexanes, 93, 94 
—, pyrolysis of, 91 

Propylcyclopentyl carbinol, preparation, 765 
Propyl disulphide, effect on color stability, 456, 
924 

Propyl ether, from propyl alcohol, 379 
Propyl fluoride, from propene, 307 
Propyl mercaptan, effect on color stability, 454 
—, from proprae, 462 
—, reaction with cyclohcxene oxide, 472 
p-Propylpropiophenone, preparation of, 447 
Prop}rl sulphide, preparation of, 479 
Proteins, petroleum from, 19 
—.precipitation with formaldehyde, 890, 891 
Prussian-blue coloration, detection of alcohols by, 
371 

Pseudocritical points, definition of, 1318 

—, determination of, 1318, 1319 

Pseudocumene, from acetylene and benzene, 719 

—, from kerosene, 36 

—, from saoropelite tar, 144 

—, from xvienes, 208 

—, in crude oil, 35 

Pseudonitredes. from nitroparaffins, 1093 

—, reaction with aniline. 1094 

Pseudonitrosite, from stilbene, 621 

Pseudo-unimolecular reaction, definition of, 96 

Ptdse, effect of propene on, 1263 

PumicCj catalyst, chlorination of methane, 726 

—,—.decarboxylation of phthalic anhydride, 951 

—, —, dechlorination of ethyl chloride, 805 

—, —, esterification of ethyl alcohol, 304 

—, —, in cracking. 144 

—. —»pyrolysis of natural gas, 223 

—,—.reaction of carbon monoxide, 1241 

—, dr^ng agent for jrer-butyl alcohol, 400 

Pyrazine, from cottonseed meal, 840 

—, from ethanolaroine, 568 

Pyrene, action of aluminum chloride on, 215 

—, chlorination of, 956 

—, from natural gas^ 220, 240 

Pyrethrum, in insecticides, 1078 

Pyridine, as antioxidant, 917 

—, catalyst, hydration of olefins, 282 

—,—.hydrolysis of vinyl aceute, 553 


Pyridine, catalyst, oxidation of oils, 1044 
—,—.reaction of ethylene dichloride and sodium 
acetate. 499 

—,—. — mercaptans and 
—,—. — vinylacetylene 
709 

—,—. sulphation of alcohols, 1085 
—, extraction agent, 977 
—, for hydrogen sulphide removal, 458, 459 
—, from cottonseed meal, 840 
—, from petroleum, 833 
—.peptizing agent for asphalts, 1196 
—, reaction with monochlorocvclohexane. 768 
—, — potassium ethylene trichloroplatinate mouo- 
hydrate. 628 

Pyridine bases, from acetylene. 719 
—, from aldehydes, 885, 886 
—, from pyroschists, 145 
Pyridine homologues, from petroleum, 838 
Pyridine oleate, in motor fuels, 1038 
2-(2'-Pyridyl) ethanol, from 2-methylpyridiue, 623 
Pyrindane, isolation of, 841 
Pyrocatechol, from o-dichlorobenzene, 785 
—, reaction with methylene chloride, 828 
Pyrocatechol ethers, preparation of, 825 
Pyrocatechualdehyde, from heliotropin, 496 
Pyrogallol, absorption of oxygen by, 1124 
—.as antioxidant. 907, 913, 914, 916, 917 
—, catalyst, hydrolysis of alkyl halides, 797, 801 
—, decomposition of, 1124 
—, effect on color stability, 926 
—, inhibitor, polymerization of vinylacetylene, 705 
Pyrogenesis. origin of petroleum, 17 
Pyrolysis, effect of reaction chambers, 58, 63, 151- 
153, 159, 160, 188 
—, free radicals from, 50-52 
—, of acetals, 341 
—, of acetylene, 88, 89 
—, of ally [cyclohexane, 93 
—, of allylcyclobexene, 94 
—, of allylt^uene, 96 
—. of benzene, 95 
—.of H-butane, 61-63, 150, 152 
—,—.mechanism, 61, 62 
—, of M-butenes, 81 
—, of butylcyclopentanes, 91 
—, of cracking gas, 136 
—, of cyclohexane, 92, 93 
—, of cyclohexylallene, 94 
—, of cyclohexylallylene. 94 
—, of cyclopentane. 90 
—, of cylinder oil, 137 
of diallyl. 88 

—, of di-t^-Dutylethylene, 87 
—, of dichlorobutanes, 678 
—, of diisobutylene, 87 
—, of 2,6 dimethylanthracene, 96 
—, of dimethylcyclohexane, 93 
—, of 2,5-dimethylhexane, 72 
—, of esters, 340 

—, of ethane, 55. 56, 150, 151, 158 
—, of ethyl acetate, 341 
—, of ethyl alcohol. 331. 347-353 
—, of ethylbenzene, 95. 96 
—, of ethylcyclohexane, 91 
—, of ethylene, 56. 77 
—.of ethylidene diacetate. 718 
—, of gasoline, 154, 178, 179 
—, of heptane, 71, 154 
—.of n-hexane, 69-71. 154 
—. of isoamylcyclopentane, 91 
—. of isobutane, 65 
—, of isobutene, 84, 85 
—, of isopentane, 68, 69, 154 
—.of kerosene, 137, 154, 155. 171 
—, of Kogasin, 73, 155 
—, of mercaptans, 479 
—, of methane, 52, 53, 149, 158 
—, of methylallene, 88 
—, of methylcyclohexane, 91 
—, of methylcyclopentane, 90, 91 
—, of natural gas, 158-160 
—, of nonane, 72 
—, of octadecane, 73 


ketones. 474 

and hydrogen sulphide, 
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Pyrolytitf, of fi>ocUne, 72 
—, of fi-penUne, 67, 149, 154 
—, of pentenes, 85-87 
—, of phenylcyclopentane, 91, 92 
—, of pinene, 87 

—,of propane, 57-59, 79, 150, 152, 153, 158, 160 
—, of propylcyclohexane, 91 
—, of spindle oil, 36, 37 
—, of tniopbene, 483 
—, of 2{4,4, trimethyl-2-pentcnc, 87 
—, of vinylcyclohexane, 93 
—, of p-xylene, 96 

—stability of paraffins during, 49, 50 
7-Pyrone, from carbon monoxide and hydrogen, 
1244 

Pyrones, from wax acids, 979 
Pyrophosphates, catalysts, reaction of ethylene 
glycol and aldehydes, 889, 890 
Pyroschists, cracking of, 145 
Pyrosulphates, catalysts, reaction of ethylene 
glycol and aldehydes, 889, 890 
—, —, — glycols and ketones, 582 
—. desulphurizing agents, 490, 929 
Pyroxylin, solubility in ketones, 433 
Pyrroles, extractants for asphalts. 1202 
Pyruvic aldehyde, from acetone, 853 

Q 

Quartz, effect, ignition temperatures, 986 
—, —, pyrolysis of methane, 53, 54 
—, —, — propane, 58 

—, in decarboxylation of zinc phthalate. 952 
Quaternary ammonium compounds, from <er-alky1- 
olamines, 572 

Quinaldine, from acetylene and aniline, 719 
—, from petroleum, 838 
Qutnhydrone, color stabilizer, 926 
—, from hydroouinone, 382 
Quinoline, catalyst, hydration of olefins, 282 
—, for hydrogen sulphide removal, 458, 459 
—, from anthracene oil, 839 
—, from cottonseed meal, 840 
—-, from petroleum, 833, 838 
—, in pr«aration of mcthacrylonitrile, 428 
—,—olefins from alkylhalides, 804 
—, reaction with dibromocyclohexane, 772 
Quinolines, extractants, for asphalts, 1202 
Quinone, as antiknock, 1018 
—, from benzene, 942 
—, from hydroquinone, 1277 

Quinoneazine, condensation with cyclopentadiene, 
693 . . ^ 

Quinone compounds, inhibitors, polymerization of 
chloroprene, 681 

Quinones, antioxidants for naphthenes, 937 
—, from naphthalene, 953 

—, reaction with dit^efins, 175, 679, 688, 689, 699 
R 

d-Radiations, action on hydrocarbons, 267 
Radon, action on cyclopentane, 267 
—. — cyclopentene, 267 

Raman spectra, determination of, 1181 1183 
—, in petroleum analysis, 32 
Rangoon paraffin wax, cracking of, 138 
Rapeseed oil, cracking of, 136 
Rapid-ignition point, definition of. 987 
Rate of decomposition, in unimolecular reactions, 
50 

Rate of solution, of methane in oils, 9 
Rayon, action of triethanolamine on, 578 
—, viscose, sizing agent for, 587 
—, —, softening agent for, 588 
—, —, waterproofing of, 569 
/l-Rays, action on gaseous hydrocarbons, 268 
—, — water gas, 268 
Recycling, in cracking. 109 

Red light, effect on lodme-ethvlene reaction, 505 

Red oil, as cleansing agent, 790 . 

Reduced copper, removal of acetylene by, 171 
Reduced equation of state, 1319 
Redu^ pressure, definition of, 1319 
Reduc^ temperature, definition of, 1319 


Reduced volume, definition of, 1319 
Reduction, acetaldd to 1,3-butene glycol, 547 
—, of aldehydes, 885, 889 
—, of benzoquinone, 953 
—, of carbon dioxide, 1247 

—, of carbon monoxide, free energy change, 1303- 
1305 

—, of diolefins to monolefins, 698 

—, of maleic acid, 945 

—, of naphthenic acids, 1118 

—, of nitroparaffins, 1094, 1095 

Reference standards, in knock rating. 1024-1027 

Refining, effect on stability of oils, 940 

—, of paraffin wax. 39 

—, of petroleum, 31 

—, of sulphonates, 1072, 1073 

—, use ot acetic acid, 625 

—, — aldehydes, 625 

—, — carbon tetrachloride, 731 

—, — clay adsorbents, 135 

Refining agent, sulphuric acid as. 1069, 1070 

—-, for gasoline. 927-930 

Refining methods, effect on color stability, 927 
Reforming, of naphtha, 105 
Refractive index, in analysis of gasoline, 144 
Refractivity index, 1178 
Refractivity intercept, 1178 
Refrigerants, chloroethanes in, 745 
—, chlorofluoromethanes, 737 
—, chloromethanes in, 727 
—, dichlorobenzene in, 790 
—, polyethylene glycol derivatives in. 545 
Repressuring, with natural ms, 9 
Residual oils, oxidized to alcohols, 1050 
—, — asphalts, 1043 
Residuum tar, motor fuels from, 136 
Residuums, characterization factor of, 1308 
Resinic acid, glycol ethers from. 543 
Resins, adsorption agents for, 1188 
—, antioxidants for naphthenes, 937 
—.as sizing agents, 1189 
—, by chlorination of tar, 756 
—. by co-polymerization of olefins and diolefins, 
216 

—. by oxidation of petroleum, 1057, 1058 

—, decolonzation of, 216 

—, extraction from oils, 1188, 1189 

—, from acetylene, 701 

—. from aldehydes, 886, 890, 1081 

—, from aluminum chloride sludge, 217 

—, from chlorinated hydrocarbons, 814. 815 

—, from 1-chlorobutadiene, 685 

—, from coniferous wood. 46 

—.from cracked gasoline. 216, 625 

—, from cracking tars, 147 

—, from dichlorobutenes, 685 . 

—, from esters of polyhydric alcohols, 541 
—, from ethane, 257 

—, from ethylene and sulphur chloride. 618, 619 

—, from ethylene chlorohydrin, 525, 526 

—, from indene, 155 

—, from ketones, 453 

—, from monovinylacetylene. 685 

—, from olefins and aldehydes, 625 

—, from olefins and sulphur dioxide, 618 

—, from petrolatum and carbon tetrachloride, 732 

—, from petrolenes, 1202 

—, from phthalic anhydride, 946 

—, from polypropene sulphone, 618 

—, from primary tars. 729 

—.from residual hydrocarbons, 1189 

—.from styrene. 155 

—, from sulphonic acids, 1081 

—, glycol ethers from, 543 

—, in alkali sludge, 1105 

—, in chewing gum bases, 1189 

—.iodine numbers of, 216, 217 

—, oil-soluble, preparation of, 818 

—.oxidised to asphaltenes. 1189 

—, petroleum, uses of. 147 

—.reaction with castor oil, 217 

—. — glycerol, 217 

—, solvents for, 453. 1*188 

—, substitutes for shellac, 625 

Resolution, of azeotropic mixture, 30 
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Resonance iaomeriaation, definition of. 442 
Resorcinol, color aUbilixer, 926 
—. reaction with ethylene chlorohydrin, 52S 
—, — acetylene, 715 
—, — secondary alcohols, 403, 409 
—, stabiliser for methyl chloride, 727 
Rhenium, caulyst, dehydrogenation of alcohols. 
420 

—, inhibitor, decomposition of ketones, 420 
Rhenium hsJides. catalyst, dehydrogenation of hy¬ 
drocarbons, 158 

Rhodanates, as insecticides, 1059 

—, preparation of, 1059 

Rice mechanism, pyrolysis of neopentane, 69 

—, — M'pentane, 68 

Ricinoleic acid, detergent properties of soaps from, 
1113 

—, reaction with isobutyl alcohol, 1086 
Ring formation, inhibitors of, 138 
Roofing compositions, asphalts in, 1213 
Rosin, for stabilizing carbon tetrachlcMride, 730 
—.in emulsifying agents, 1114 
—, in insectiades. 790 
—, purification of. 46 
—, reaction with hydrogen sulphide, 466 
—, soluble oil from, 538 
Rosin soap, in vulcanization of rubber, 1078 
Rosin soaps, detergent properties of. 1113 
—, in asphalt emulsicms, 1218 
—. in emulsifying agents. 1079 
Rubber, autoxidation of, 90S 
—, carbon black in. 246, 249 
—. channel black in, 250 
—. chlorinated, in coating composition. 543 
—, di-n-propyl ketone, solvent for, 443 
—. mastication of, 1078 
—.motor fuel from, 136 
—, synthetic, from acetylene, 701 
—,—, from butadiene, 173, 672, 673, 674 
—, —, uses of, 674 
—. —, vulcanization of. 674 
Rubber, vulcanization of, 468, 1078 
Rubber cement, improving film-breaking tendency 
of. 374 

—, reducing viscosity of, 374 
Rubber latex, use in asphalt emulsions, 1218 
Rubber-like material, from 1,2-dichlorobutadiene. 
687 

—. from polyprene, 682 

Rubber sponge, triethanolamine in manufacture of, 
577 

Rubidium carbonate, promoter, reduction of carbon 
monoxide, 1228 

Rubrene, oxidation of, 848, 849 
Ruthenium, caulyst, reduction of carbon dioxide. 
1242 

S 

Salicylaldehyde, in determination of acetone, 424 
Salicylic acid, color stabilizer for gasoline, 926 
—, in asphalt emulsions, 1219 
—. reaction with ketene, 438 
—, reaction with propene, 308, 607, 609 
—, solubility of, 959 

.Samarium oxide, catalyst, oxidation of aromatic^. 
942 

.Sand molds, preparation of. 731 
.Saponifiable substances, adsorption of. 732 
Saponification number, determination of. 1166. 
1167, 1195 

Saponin, use, in cleaning agents. 543 

Sapropelite tar, cracking of, 135, 143-145 

—, polymerization of olefins from, 211 

Sapropels, definition of, 975 

—. oxidation of, 975 

Saturates, as antiknocks, 1016 

Sawdust, use in cracking. 111 

Scouring agents, dichloroethane in, 745 

—. triethan^amine in. 577 

Sea water, bromine from, 504 

Scbacic acid, alkox 3 ralkyl ester, use as plasticizer. 

. 544 

5^ond order reaction, definition of, 501 


Selenious acid, use in preparation of unsaturated 
ketones, 446 

Selenious oxide, in oxidation of acetone, 432 
Selenium, catalyst, bromination of benzene, 790, 
791 

—,—, crackini', 113 

—»—, pyrolysis of hydrocarbons, 94, 158, 189, 
191 

—, reaction with acetylene, 720 
—, use in lubricants, 469 
—, use in refining gasoline, 669 
Selenium charcoal, dehydrogenation catalyst, 94 
Selenium dioxide, as oxidizing agent, 852, 853, 895, 
900, 957 

—, reaction with ketones, 853 
—, — aromatics, 957 
—, — olefins, 895, 900 

Selenium oxide, catalyst, oxidation of olefins. 553 
Selenium oxychloride, catalyst, oxidation of ben- 
^dehyde, 957 

.Selenophene. preparation, 720 
Semenov's law, 997, 998 
Semicarbazides, as antioxidants, 915 
Sesouiterpenes, preparation of, 688 
Shale oil, aquolysis of, 132 
—, green oil from, 242 
—, hydrocarbons in, 32, 33, 35 
—, medicinal products from, 1080 
-. substitute for petroleum, 9 
Shale-oil gasoline, x-heptane from, 32 
Shale-oil tar, carboids from, 1194 
—, reaction with sulphuric acid, 1069 
Shaving preparations. 540, 1081 
Shukhov-Kapelyushnikov cracking process, 123 
Silent discharge, action on acetylene, 258 
—, — aromatics, 259, 260 
—. — olefins, 258, 259 

— paraffins, 257, 258, 263 
—, dehydrogenation by, 256 
—, in dewaxing. 263, 264 
—, in methane oxidation, 264 
—, in vapor-phase cracking, 263 
—, polymerization with, 210, 256, 263 
—, reduction with, 264 
Silica, catalyst, chlorination of toluene, 793 
—.—.cracking, 128 

—, —, hydrolysis of chlorobenzene, 782, 783 
—. —, oxidation of aromatics, 942 
—, ozonization of gasoline, 1045 
—. —. polymerization of olefins, 1042 
—.—.pyrolysis of hydrocarbons, 71, 180, 227 
—. —, reaction of methane and carbon monoxide, 
1050 

—, —. — olefins and sulphuric acid, 323 
—,—.reduction of carbon monoxide, 1228, 1239, 
1240. 1241j 1249 

—. impurity in acetylene black, 244 
Silica dust, effect, on inflammability limits, 985 
Silica gel, caulyst, cracking, 112 
—,—.hydrolysis of mesityl oxide. 423 
—, —, isomerization of propene oxide, 586 
-. —, nitration of benzene, 1092 
—. —, oxidation of hydrocarbons. 444. 882. 949 
.—.polymerization of diolefins, 171, 667 
—. —, — olefins, 642, 666 

—. pyrolysis of alipbatics, 189 
—. — 2-butene, 17z 

—, reaction of acetylene and acetic acid, 717 
, — ethyl chloride and carbon monoxide, 830 
—, —. — ketene and hydrogen chloride, 439 
—, —. — phenol and lead tetraethyl, 823 
—. —, — propene and hydrogen halides, 306, 307, 
316 

—. desulphurizing agent, 398, 489 
—.selective adsorbent, 31, 165, 732, 1046. 1155, 
1188 

Silicates, catalyst, ozonization of gasoline. 1045 
—. —. reaction of amines and alcohol, 614 
Silicic-acetic anhydride, reaction with acids, 1116 
.Silicic acid, use in refining gasoline, 669 
Silicon, acid atlta at eatafy^, reaction of olefins 
and carbon monoxide, 626 
—, caulyst, chlorination of benzene, 778 
—. —, cracking, 115 

—. —. dehydrogenation of acenaphthene, 955 
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Silicon, catalyst, i)olymcrizatiun o( acetylene, 89 
—*—.pyrolysis oi aliphattcs, 189 
’—, —, — benzene, 191 
- —, — saturated hydrocarbons, 159 

—, —, reaction of carbon disulphide and chlurinc, 
730 

—, 7—, reduction of carbon monoxide, 1228 
—, in alloys, to reduce corrosion, 134 
Silicon carbide, catalyst, oxidation of naphthalene, 
946 

—, in pyrolysis reactions, 167, 168, 189, 192 
Silicon carbuxylates, catalysts, hydrogenation, 1116 
Silicon halides, catalyst, dehydrogenation of hy¬ 
drocarbons, 158 

Silicon tetrachloride, in refrigerants, 738 
~, reaction with cyclohexane, 1102 
Silicon tetrafluoride, fluorinating agent, 736 
Silicotungstic acid, catalyst, ethylene oxidation, 
894 


—7, test for nitrogenous substances, 925 
Sillimanite, use in dehydrogenation of alcohol, 1051, 
1052 

Silver, catalyst, combustion of cnrl)ot. monoxide, 
1000 

—, —, cracking, 112 
—, —, dimerization of acetylene, 705 
—,—.ethers from acetals, 715 
—,—.ethyl alcohol from ether, 333 
—,—, fluorination of benzene, 791 
—, —, higher alcohols from ethanol, 340 
—, —, hydrolysis of chlorobenzene, 782 
—, —, hydrolysis of o-dichlorobenzenc, 785 
—.—.oxidation of alcohols, 420, 421, 844. 878- 
880, 1051 

—,—.—ethylene, 552, 553, 893 
—^ , — methane, 869 

olefins, 552, 553, 586, 893 
—, —, — paraffins, 874 
—, —, — propene, 586 
—, —, sulphation of ethylene, 323 
—, — propene, 358, 360 
—, —, reaction of ketones and alcohols. 443 
—,—, reduction of carbon monoxide. 1229. 1241 
—, effect, on ignition temperature, 986 
—.in estimation of sulphur, 1162, 1163 
—7. in test for aldehydes, 885 

Silver acetate, in preparation of cycloolefin oxides. 
589 


Silver bromate, solubility in isopropyl alcohol. 370 
Silver cyanide, catalyst, preparation of /cr-butyl 
alcohol, 391 

—. for hydrogen sulphide detection, 466 
Silver fluoride, reaction with choloroform and cal¬ 
cium fluoride, 737 

Silver halide,. catalyst, dehydrogenation of hydro¬ 
carbons. 158 

—, —, dichloroethane-hydrogen fluoride reaction, 
747 

Silver hydroxide, reaction with fer-bromides, 413 
—, stabilizer, for ether, 336 

Silver nitrate, extraction agent for butadiene, 174 
in estimation of acetylene, 1144, 1145 
—, — mercaptans, 1158, 1159 
—. — sulphur, 1157 

—, promoter, hydration of isobutene, 296 
-. reaction with asphaltogenic acids, 1195 
Silver oxalate, oxidation catalyst from, 553 
Silver oxide, carbon monoxide estimation with, 1125 
—. catalyst, ketone-alcohol reaction, 443 
—. - -. oxidation of alcohols, 844 
—. —. — methane, 869 
—. —,—olefins, 553 

, — d-a-pinene, 905 
—. —, — toluene, 950 
—. .stabilizer, for ether, 336, 381 
Silver perchlorate, catalyst, iodination of cyclo¬ 
hexene. 774 

Silver salts, catalysts, hydration of vinylacetylene. 


, oxidation of toluene, 950 
—, —, polymerization of olefins, 434 
—^ , sulphation of isoolefins, 30t 

, —, — propene. 357, 358 
—, effect on stability of lubricants, 938 


Silver 

283, 


358 


Silver 

952 


sulphate, catalyst, hydration of ethylene, 
286 

hydration of propene, 291, 292 

reaction of propene and phosphoric acid. 

sulphation of butene, 387 
, — ethylene, 322, 323 
— propene, 358 

estimation of olefins, 1124, 1135 
vanadate, catalyst, oxidation of anthracene. 


Sizing agents, from propene oxide, 587 
—, from triethanolamine, 577 
—.petroleum resins in, 1189 
—, sulphonaphtbenic acid salts as, 1118 
—, urethans as, 569 
Slack wax, polymerization of, 212 
Slop wax, extraction of, 972 
—, oxidation of, 972 
Sludge formation, in oils, 937, 939, 940 
Sludge value, of lubricants, determination of, 934 
Soap powders, wax acids in, 978 
Soaps, from wax acids, 970 
—, m asphalt emulsions, 1219 
—in fungicides, 969 
—, in insecticides, 969, 1077 
—•, in lubricants, 968 
—. water-insoluble, preparation of, 1055 
Soda-lime, as extraction a^ent, 1106, 1107 
—, catalyst, dcpolymerization, 1040 
—. —, polymerization of dichlorobutenes, 685 
Sodamide, desulphurizing agent, 489 
—, in preparation of ethyl propiolic acid, 511 
—, reaction with 1,2-dibromobutane, 829 
Sodium, catalyst, alkyl halides-aromatics reaction. 
827 

—,—.cracking, 113 

—. —, ethylene oxide from chlorodimethyl ether, 
551 

—.—.polymerization of butadiene, 651, 673 
—. pyrolysis of olefins, 76 
—. desulphurizing agent, 489 
—. in estimation of lubricating greases, 1164. 1165 
—. — sulphur, 1162 
—.—water in gasoline, 1168 
—, in refining gasoline. 669 
—.reaction with alkyl bromides, 826 
—, — aryl bromides, 827 
—, — <er-butyl alcohol, 418 
—,—halogenated hydrocarbons, 722 
—, — methylacetylene. 722 
—, — naphthalene, 957, 958 
Sodium acetate, dehydrating agent, 329 
—, from ethyl alcohol, 342 
—, in estimation of mercaptans. 1159 
—. reaction with benzyl chloride and acetic acid, 
794 

—, — ethvlene dichloride, 499 
—. to stabilize acetaldehyde, 713 
Sodium acetylide, reaction with iodine. 711 
—. — methyl iodide, 722 

Sodium acid sulphate, catalyst, ethers from ter- 
alcohols, 413, 414 

—, —•, reaction of ethylene glycol and paraformal¬ 
dehyde, 582 

—. —, — propene and acetic acid, 308 
Sotlium alcoholates, catalysts, alcohol-vinylacetylenc 
reaction, 705 

—, reaction with alkyl halides, 826 
Sodium-aluminum-borotitanate, catalyst, decomposi¬ 
tion of ether, 335 

Sodium amalgam, in reduction of nitroUc acid.s. 
1094 


Sodium arsenate, absorption of chlorine by, 744 
—, inhibitor, corrosion of iron, 574 
Sodium bicarbonate, reaction with ethylene di¬ 
chloride. 532 

—, — propene dichloride, 546 
Sodium bisulphite, autoxidation of, 905 
—, catalyst, i,5-dihydroxynaphthalcne-ethanolamiiic 
reaction. 569 

—, —. oxidation of petroleum. 966 
—, reaction with ethylene oxide, 565 
—, — ketones, 448 
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Sodium bisulphite, reaction with tetralin peroxide, 
906 

—, — vinyl sulphones, 618 

Sodium borate, effect on asphalt emulsions, 2216 
Sodium ter*butylate, formation of, 418 
Sodium carbonate, caUlyst, cracking, 112 
—,—, oxidation of paraffin wax, 971 
—, — reduction of carbon monoxide, 1229 
—, effect on as|dialt emulsions, 1216 
—, — naphthenic acid soaps, 1113 

extraction a«nt, naphthenic acids. 1105, 1107 
—, inhilHtor, dehydration of alcohols, 420 
—, reaction with ethylene chlorohydrin, 533, 534 
—, — ethylene dichloride, 532, 533 
—, — propene dichloride, 546 
—.sulphur estimation by, 1127 
Sodium chloride, as demulsifying agent, 1108, 1111, 
1112 

—.catalyst, cracking, 112 

—, —, decarboxylation of phthalic anhydride, 950 
—.effect on asphalt emulsions, 1215, 1216, 1218 
—, — methane pyrolysis, 54 
—, in estimation of olefins, 1143 
—, in refining of ^soline, 216 
—, in rehnini^ of isopropyl alcohol, 365 
—, solubility in isopropyl alcohol, 370 
Sodium copper silicate, catalysts, hydrolysis of 
cUorobenzene, 783 ^ 

Sodium cyanide, reaction with amyl chloride, 822 
—, — olefins, 305 
—, — propene dichloride, 507 
Sodium deutroxide, reaction with chloral deuterate, 
729 

Sodium dii^enylmethyl, catalyst, polymerization of 
butadiene, 651 

Sodium ethoxide, catalyst, reaction of mercaptans 
and ketones, 474 

Sodium ethyl sulphonate, preparation of, 819 
Sodium formate, in hydrolysis of o*dichlorobenzene, 
785 

Sodium hydride, catalyst, cracking, 115 
Sodium hydrosulphide, oxidation of, 465 
—, reaction with mercaptans, 480 
Sodium hydroxide, bromine absorption by, 1143 
—, catalyst, condensation of acetone, 427 
—, —, — dichlorobutenes, 685 
, —, cracldng, 136 
—t—.hydration of ethylene, 291 
—,—.oxidation of paraffin wax, 971 
—, —, reaction of eOiylene oxide and alcohols, 558 
—, —, — oxidized paraffin and pentaerythritol, 1055 
—, demulsifying agent, 1111, 1112 
—, desulphurizing agent, 489 
—.effect on naphthenic acid soaps, 1114 


—, effect on naphthenic acid soaps, 1114 
—.extraction agent, naphthenic acids. 1105-1107 
—, in dechlorination of 1,2,3,4-tetrachlorobutane, 
687 

—, in determination of naphthenic acids, 1104 
—, in drying of isopropyl alc(^ol, 364 
—, in estimation, of sulphur, 1162 
—, in formation of keto-alcohols, '433 
—, in preparation of asphalt emulsifiers, 1217 
—, in preparation of ethvlcnediaminc, 497 
—, in refintn||[ gasoline. 669, 670 
—, in separation of wax acids. 976 
—, reaction with benzyl chloride and ethylene 
glycol, 543 

—, — jec-butyl alcohol, 407 
—, — cyclohexene peroxide, 898 
—, — ethyl alcohol, 342 
—. — ethylene dibromide, 533 
—, — ethylene dihalides and carbon dioxide, 532 
—, — ethylene halohydrins and carbon dioxide, 
532 

—, — ethyl hypochlorite, 551 
—,—olenn halohydrins. 588 
—, — polypropene sulphone, 618 
—, — sulpnur, 828 
—, sweetening agent, 475, 477 
Sodium hypochlorite, in diisobutylene oxidation, 
895 

—, reaction with mercaptans. 470 
—, — moooyinylacetylene, 687 
Soidium hypotodide, reaction with acetvlene. 711 
Sodium iodide, reaction with triethanolamine, 572 


Sodium isopropylxanthate, utilization of, 378 
Sodium lauryl sulphate, as detergent, 1084 
—, in fireproofing, 1086 
—, in de-inking agents, 1086 
Sodium mahonny sulphonate, use in grease, 1079 
Sodium metaphosphate, catalyst, hydration of ethyl¬ 
ene, 287 

Sodium metasilicate, emulsifying agent for asphalts, 
1217 

Sodium methoxide, catalyst, reaction of mercap¬ 
tans and olefin oxides, 472 
—, reaction with difuroyl peroxide, 1152 
—.—chlorocyclohexane, 768 
Sodium naphthenate, catalyst, oxidation of k- 
troleum, 964 
—.uses of, 1113. 1114 

Sodium naphtholate, reaction with ethylene di¬ 
chloride, 500 
—, — glycols, 543 

Sodium nitrate, in heat-transfer, 861, 862 
Sodium nitrite, reaction with acetic acid and /^-phel- 
landrene, 620 

Sodium nitroprusside, for hydrogen sulphide de¬ 
tection, 466 

—, in estimation, of alkyl sulphides, 1159 
—, — thiophenol, 1159, 1160 
—, reaction with asphaltogenic acids. 1195 
Sodium oleate, catalyst, hydrolysis of amyl chloride. 
801 

—.detergent properties of, 1084 
—, in hydrolysis of chlorobenzene, 783 
—, surface tension of, 1065, 1066 
Sodium oleyl sulphate, as detergent, 1084 
Sodium oxide, extraction agent, naphthenic acids, 
1105 

Sodium palmitate, catalyst, oxidation of petroleum, 
964 

Sodium peroxide, in estimation of sulphur, 1161, 
1162 

—.oxidizing agent, for cracked hydrocarbons, 490 
—, sweetening agent, 476, 478 
Sodium persulphate, oxidizing agent for cracked 
hydrocarbons, 490 

Sodium phenolate. reaction with carbon monoxide 
and alcohols, 957 

—, — chlorobenzene and phenol, 784, 785 
—, — ethylene dichloride, 825 
—, — naphthenic esters and acids, 1120 
Sodium phenyl, reaction with ethylene oxide, 563 
Sodium phosphate, effect on asphalt emulsions, 1216 
Sodium plumbite, in ozonization of gasoline, 1045 
—, in purification of isopropyl alcohol, 365 
—, reaction with ethyl iodide. 829 
—, — mercaptans, 397, 408, 474, 475 
—, sweetening agent, 457, 475, 476, 926 
Sodium polysulpnide, reaction with ethylene and 
sulphur cbloride, 618, 619 
—, — ethylene dichloride, 499, 828 
—.sodium thiosulphate from, 465 
—. sweetening agent. 477 

Sodium pyrosulpbate, catalyst, hydration of ethy¬ 
lene, 288 

Sodium silicate, catalyst, hydration of acetylene, 

—, in asphalt emulsions, 1216, 1220 
—, inhibitor, dehydration of alcohols. 428 
Sodium stannate, in fireproofing agents. 1086 
Sodium stearate, detergent properties of. 1084 
—, in hydrolysis of chlorobenzene, 783 
—, in lubricating oils, 1114 
—. reaction with ethylene dichloride, 499 
Sodium sulphate, confining agent in gas analysis, 
1124 

—.effect on naphthenic acid soaps, 1114 
—, in cleaning agents. 1112 

Sodium sulphide, catalyst, ripening of alkali cellu¬ 
lose, 464 

—, in insecticides, 1060 

—, reaction with chlorobenzene, 785 

—, — ethylene dichloride,* 499 

—, — ethyl iodide, 819 

—, sodium thiosulphate from. 464-466 

.Sodium sulphite, reaction with benzal chloride, 794 

—, sodium thiosulphate from, 465 
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Sodium sulphonates, in demuUifying agents, 1075 
—, in detergents, 1069, 1073 
—, in dust Bxatives, 1079 
—, in oxidation of aromatics, 953 
—, surface tension of, 1065*1067 
Sodium thiocyanate, reaction with dodecyl chloride, 
822 

Sodium thiosulphate, from sodium sulphides, 464* 
466 


—, from spent doctor solution, 476 
—, in estimation of acetone, 424 
—, — gum. 912 
—, — sulphur, 1162 
—, reaction with ethylene chloride, 829 
Sodium triphenylmethyl, catalyst, polymerization 
of butadiene, 651 

Sodium vanadate, inhibitor, corrosion of steel, 574 
Sodium zincate, in ozonization of gasoline, 1045 
Softening agents, ethylene glycol ethers in. 558 
—, from paraffin wax, 1054 
—, naphthenic acids in, 1112 
—, sulphuric acid esters in, 1112 
—, urethans in, 569 
—, wax acids in, 975 

Softening point, of asphalts, determination of, 
1206 


Softening point-penetration index, of asphalts, 1208, 
1209 

Solar oil, oxidation of, 940, 964, 965 
Soligen driers, definition of, 1115 
Sols, metallic oxides, preparation of, 560 
Sorbitol, reaction with ethyl chloride, 826 
Soybean oil, cracking of, 136 
Soy beans, lecithin from, 728 
Sovprene, definition of, 681 
Specific dispersion, definition of, 1177 
Specific gravity, characterization factor from, 1307, 
1309, 1310 

—.critical temperature from, 1311, 1312, 1313 
—, heat content from, 1327 
—, in analysis of gasoline, 144 
—.molecular weight from, 1311 
—.specific heat from, 1323, 1325 
Specific heat, definition of, 1306 
—.determination of, 1323, 1325 
—.entropy change from, 1277 
Specific refraction, determination of, 1177, 1178 
Specific parachor, effect on octane number, 1030, 
1031 

Spectroscope, in estimation of lead tetraethyl m 
gasoline, 1165 

Spindle oil, in detergents, 1073 
—, sulphonic acids from, 1074 

S^rillum aestuari, decomposition of sulphur com¬ 
pounds by, 490 

Spreading coefficient, of asphalts, 1213 
Stability number, of lubricants, 933 
Standard reference state, definition of, 1278 
Squalene, from naphthenic residues, 21 
Stannic chloride, catalyst, polymerization of iso¬ 


butene, 642 

—^ ^ polymerization of styrene, 647 

—. —, reaction of acetylene and hydrogen chloride. 


—, —, — alkylacetylenes and acetyl chloride, 724 

—,—,—olenns and acid chlorides, 613 

—, reaction with cyclohexane, 1102 

—, to determine instability of motor fuel. 911 

Stannic oxide, catalyst, methane oxidation, 871 

—,—.preparation of cuprene, 704 

SUnnous chloride, catalyst, chlorination of dioxane. 


—, nitromethane reduced by, 1094 
Stannous phosphate, catalyst, hydrolysis of methyl 
chloride, 796 

Starch, in asphalt emulsions, 1219 
—, in gum estimation, 912 

_, promoter, reduction of carbon monoxide, 1229. 

1230 

.Stationary flame, theory of, 1006, 1007 
Steam, diluent, conversion of propene oxide to 
allyl alcohol. 586 

_,—.oxidation of ethylene, 552, 553, 893 

_1 —, — kerosene, 860 

_, —, — petroleum oils, 1054 


Styrene 

Steam, diluent, pyrolysis of hydrocarbons, 93, 156, 
17^ 190, 192 

—, effect on cracking, 127, 128, 131*133 
—,—electrical decomposition of methane, 255 
—, in activation of carbon, 165, 232 
—, in debydr(^enation of menthol, 444 
—, in desorption of olefins from charcoal, 164 
—, in refining asphaltic residues, 1199 
—, pressure-volume-temperature relations of, 1321, 
1322 

—, reaction with aromatics, 273 
—, — butane, 275, 280 
—, — carbon monoxide, 871 
—. — coke, 1247 
—, — coke-oven gas, 1247, 1248 
—,—ethyl alcohol, 421 
—, — ethyl ether, 421 

-hydrocarbons, 273, 277, 278, 280 
—, — mesityl oxide, 423 

—methane, 220, 270-273, 276-279, 870, 1246, 
1247 

—, — natural gas, 276 
—olefins, 270, 271, 273 
—, — olefins and carbon monoxide, 446 
—, — petroleum oils, 272, 273 
—, — propane, 275, 280 

Stearates, catalysts, oxidation of paraffin wax, 971 
Stearic acid, bacterial action on, 19 
—, catalyst, preparation of ethyl acetate, 304 
—, foam-preventing agents from, 1080 
—, in candle wax, 543 
—, in shaving preparations, 1081 
—, reaction with olefins, 588 
—, voltolization of, 261 

Stearine pitch, in asphalt emulsion preparation, 

Steel, catalyst, polymerization of ketene, 441 

—,—.pyrolysis of hydrocarbons, 149, 159, 181 

Steric hindrance, effect in polymerization, 632 

.Stilbene, bromination of, 514 

—, formation in selenium-acetylene reaction, 720 

—, hydrogenation of, 207 

—, oxidation of, 895 

—, reaction with nitrogen oxides, 621 

—, — ozone, 902 

Strecker reaction, 819, 820 

Strontium boro-phosphate, catalyst, hydration of 
ethylene, 285 
—, —, — propene, 292 

Strontium carbonate, catalyst, ketones from ethyl 
acetate, 423 

—, —, polymerization of ethylene oxide, 562 
Strontium naphthenates, in inks, 1117 
Strontium nitrate, solubility in isopropyl alcohol, 
370 

Strontium oxide, catalyst, polymerization of ethy¬ 
lene oxide, 562 

—, —, reduction of carbon monoxide, 1240 
Strontium phosphate, catalyst, hydration of ethyl¬ 
ene, 287 

—. —, — pre^ne, 292 

Structure, effect on entropy change, 1286. 1288- 
1293 

—, — free energy of formation, 1281, 1284, 1286. 
1288 

—, — stability of aromatics, 1285 

Styrene, effect of lead tetraethyl on. 1022 

—, ethylcyclohexanc from, 1154 

—, from acetvlene, 718 

—, from a-chloroethylbenzene, 805 

—from cracking gases, 645, 646 

—. from ethylbenzene, 96, 156, 159 

—, from ethylene and benzene. 645 

—, from natural gas, 155, 183 

—, from propane, 60, 182 

—. from vinylacetylene, 705, 706 

—, hydrogenation of, 1154 

—, mechanism of formation, 156 

—, 2 phenyl-1,3-propanediol from, 625 

—, polymerization of. 647, 648. 805 

—, reaction with aniline hydrochloride, 614 

—, — formaldehyde, 625 

—, — hydrogen bromide. 318 

—, — hydrogen chloride, 311 
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Styrene, reaction with phenol, 606 
—, — t^uidine, 614 

^•otyrylacrylic acid anhydride, from ketene-cin« 
namic aldehyde reaction, 439 
Submerged combustion, 1061 

Succinic acid, catalyst, hydrogenation of olefins, 
900 

—, from acetylene hydrocarbons, 904 
—, from cyclopentane. 876 
—, from dibromocyclooutane, 763 
—, from maleic acid, 945 
—, from paraffin wax, 971 
—, solubility of, 959 
Succinic anhydride, as antioxidant, 941 
—, reaction with thionyl chloride, 945 
Succinimide, antioxidant, cracked hydrocarbons, 
915 

Succinyl peroxide, catalyst, hydrogenation of ole¬ 
fins, 900 

Sucrose, 2,3-butene glycol from, 547 
Sxilphate-bearing waters, reduction by oils, 48 
Sulphates, as demulsifying agents, 1085, 1086 
—, as detergents, 1073, 1074, 1082-1086 
—, as emulsifying agents, 1085, 1086 
—, as wetting agents, 1085, 1086 
—, from aliphatic acids. 1086 
—, from coconut oils, 1084 
—, from paraffin wax, 1086 
—, in de-inking paper, 1086 
—, in shaving preparations. 1081 
—, metallic, hydration catalysts, 288 
Sulphinic esters, from ethylene, 617 
Sulphites, reaction with olefins, 616 
Sulphoaroraatic stearic acids, catalysts, absorption 
of propene by sulphuric acid. 358 
Sulphobutyric acid, preparation of. 819 
0-sulphoethylsulphones, from vinyl sulphones, 61H 
Sulphonal, preparation from mercaptol. 822 
Sulphonated naphthenic acids, as dyes, 1117, 1118 
—. in cleaning agents, 1112, 1118 
Sulphonated oil, in brake fluid mixtures, 539 
Sulphonates, as detergents, 1082-1086 
—, as dust fixatives, 1079 
—, as emulsifying agents, 1219 
—, as siccatives, 1081 
—, as tanning agents, 1078 
—, classification. 1065 
—, from alkyl halides, 804 
—, in fungicides, 1078 
—, in insecticides, 1078 
—, in medicinal preparations, 1080 
—, in polishing compositions, 1079 
—, in rubber compounding, 1078 
—, in shaving preparations, 1081 
—, refining with ammonia, 1072, 1073 
—, separation of. 1065. 1072, 1073 
—, solubility of, 1065 

Sulphones, from butadiene homologues, 694-696 
—.from olefins, 616, 617 
—, from thioethers, 479, 480 
Sulphonic acids, as adsorbents. 1080 
—, as demulsifying agents. 1074, 1075, 1116 
—, as deteri^tnts, 1073, 1074 
—, as emulsifying agents, 1074, 1075 
—. as hydrolyzing agents, 1069 
—, as insecticides, 1077, 1078 
—. as wetting agents. 1075-1077 
--.catalysts, cracking, 114 
—, —, dehydration of hydroxy-acids, 968 
—.—.esterification of alcohols, 1080, 1081 
—. —, reaction of isopropyl alcohol and acetic acid. 
376 

- — reaction of propene and sulphuric acid. 358 
—, effect of naphthenic acids on, 1069 
--.estimation of, 1065 

—. from aromatics, 1065 
--.from cracked distillates, 1075, 1076 
-.from halogenated hydrocarbons, 819. 820 
-, from mineral oils, 1074, 1076 
—, from olefins, 616 
, from petrolatum, 1069 
—. from petroleum distillates, 1069, 1076 

- from shale-oil tar, 1069 

-. from sulphurated paraffins. 1083 
—. from sulphur dioxide extract. 1076 


Sulphonic acids, from thiosulphates, 1083 
—.hydrolysis of, 1081 
—, in coagulation of carbon, 1081 
—. in refining gasoline, 670 
—, in treating textiles, 1075-1077 
—, properties of, 1064-1068 
—.reaction with aldehydes, 1081 
—, — aromatic amines, 1068 
—, — benzotrichloride, 794 
—, — ferric salts, 1065 
—, — mercapuns, 472 
—. — olefins, 393 
—, resins from, 1081 
—, separation of, 1065, 1070-1073 
Sulphonyl chloride, promoter, bromination of ben¬ 
zene, 790, 791 

—, reaction with o-dichlorobenzene, 782 
Sulphoricinoleic acid, catalyst, sulphation of ethyl¬ 
ene, 323 

—,—, sulphation of propene, 358 
Sulphovinic acid, formation of, 320 
Sulphoxides, from thioethers, 479, 480 
Sulphur, as heat-transfer medium, 861 
catalyst, amines from acetone, 428 
—.—.bromination of benzene, 790, 791 
—. —, chlorination of toluene. 793 
—. —, pyrolysis of benzene, 192 
—, —, — paraffins, 158 
—, colloidal, preparation of, 467, 468 

- , corrosive action ofj 466 

—.effect on catalysts in Kogasin synthesi*;, 1236 
. — color stability, 455 
—, — light stability, 924 
—, — pyrolysis of methane, 54 
—.estimation of, 1127, 1128, 1 156. 1157, 1160- 
1163 

—. from hydrogen sulphide, 460, 401 

- . in fungicides, 1078 

. inhibitor, polymerization of chloroprene, 6.81 
-.in insecticides, 1114 
• in lubricants, 469, 486, 1116 
. in petroleum. 454 

- . mercaptans from, 1157 

. reaction with acetonaphthone, 469 
. — acetylene, 467, 485, 720 
. — asphalt oil, 467 
—. — benzene, 468 

— benzophenone, 468 

-. — carbon tetrachloride, 4o9 
-.—cracked distillates, 467 

- . - hydrocarbon oils, 467, 468 
—. — hydrogen, 1157 

. - - mercaptans. 470 
—, — mercury, 1156 
—, — potassamide, 469 
-.--saturates, 455. 456, 1102 
—, — unsaturates, 455, 456, 467. 468 
. removal by alkalies. 115. 489. 1249 
- alkali polysulphides, 467 
. - brass, 397 
—. — cobalt oxide, 397 

- . — dichloroethane, 745 
—.halogenation, 490 

. — hydrogenation. 115, 964, 1248. 1219 
--.--iron oxide. 1248, 1249 
. — iron sulphide, 397 
—. — metallic compounds. 488, 489 

. -oxidation. 489, 490, 964, 104.3, 1044 

- . — phenol, 134 

Sulphurated paraffins, sulphonic acids from. 1083 
.Sulphur chloride, catalyst, chlorination of ethylene, 
495 

—. —, — proi^ne, 507 
-.in estimation of lead tetraethyl, 1165 
reaction with diolefins and oxygen. 696 

— ethylene and sodium polysulphide, 618, 619 

— mercaptans, 481 

- . — olefins, 618, 619 

-. — saturated hydrocarbons. 1102 

- ~. refining agent, gasoline. 929 
Sulphur compounds, autoxidatiun of, 905 

- , corrosion by, 456 

- decomposition by bacteria. 490 
--.effect of distillation on. II 
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Sulphur cumpouiids, effect ou asphaltene formation, 
1190 

- —color stability, 454-456 
—, — lead susceptibility, 456 
—, — light stability, 924 

—, in crude oils, 11, 12, 17 
—, in gases, estimation of, 1125 
—, inhibitors, polymerization of chloroprene, 681 
Sulphur content, of commercial propane, 25 
—, of petroleum, 454 

reduced during aquolysis, 133 
Sulphur dichloride, carbon tetrachloride from, 730 
Sulphur dioxide, effect on ethylene polymerization, 
039 

—.estimation of, 1125 
—, extraction agent, acetylene, 169 
—, — aromatics, 30, 35, 36 
—, — naphthenic acids, 1107 
—, — nitrogen bases, 832, 838 
—,—olefins, 163, 213 

—,—.petroleum distillates, 41, 42, 925, 1070, 
1076, 1205 

—, —, petroleum oxidation products, 862, 977 
—, —, phenols, 1107 
—, —, polymerized hydrocarbons, 397 

- . in desulphurizing oils, 1044 

in insecticides, 1077 

-in separation of butenes and butanes, 1141 
—, inhibitor, deposition of carbon, 192 

. oxidation of sodium hydrosulphide with, 465 
, — sodium sulphide with, 465 
, reaction with allyl ethers, 616 
, — cycloolefins, 616-618 
, — diolefins, 176, 694-696 
- hydrogen sulphide, 457, 459 
-olefins, 616-618 
. reduction to hydrogen sulphide, 128 
Sulphur trioxide, as sulphonating agent, 1069 
--.reaction with ethylene dichloride, 517, 518 
Sulphuric acid, ammonium sulphate from, 320 
. catalyst, acetylation of cellulose, 496 
, alkylation of alcohols, 606, 607 

— aromatics, 591-593, 598 

— phenols, 603, 604 
condensation of dichlorobutenes, 685 
cracking, 114 

dehydration of alcohols, 331, 410 
electrolytic oxidation of cyclohexanone, 451 
esterification of tcr-alcohols, 409, 412 
-ethylene glycol, 541 

— olenns; 304, 307, 314 

— phthalic anhydride, 541 
ethers from alcohols, 413 
hydration of acetylene, 712 

-butenes, 294 
-ether, 332-334 

-ethylene, 282-284, 1302, 1303 

— ethylene oxide, 557 

— olefins, 297, 410 
—propene, 291 

hydrolysis of isopropyl sulphates. 363 
nitration of acetic anhydride, 1090 
oxidation of asphalts, 1205 
polymerization of aldehydes, 579 

— dicdefins, 171 

-olefins, 255, 634, 635, 642, 672 
- styrene, 647 

, reaction of acetic acid and cyclohcxaiiol. 
405 

— acetic acid and diisopropyl ether, 377 

— acetic acid and isopropyl alcohol, 376 

— alcohols and acetylene, 715 

— alcohols and alkene oxides, 558, 589 

— zrc-alcohols and aromatics, 382, 401, 409, 
412 

— ter-alcohols and phenols, 409, 412, 416 

— butyl alcohol and phthalic anhydride, 

— ethylene glycol and olefins, 544 

— glycols and formaldehyde, 543 

— isopropyl alcohol with p-nitrotoluene, 382 

— ketene and phenol, 438 
. — monoalkyl ethers and monohydric al¬ 
cohols, 544 

, desulphurizing agent, 488 


411 


501 


Sulphuric acid, extraction agent, aromatics, 30, 
1081, 1149, 1150 
—, —, naphthenic acids. 1107 
—,—, nitrogen bases, 832, 813 
—,—, olefins, 161, 389. 390, 1135 
—, from hydrogen sulpoide, 464 
—, in analysis of gasoline, 30, 31 
—. in bleaching montan wax, 1057 
—, in detecting /er-butanol, in isopropyl alcohol, 365 
—, in estimation of alcohol in blended fuels, 1185 
—, — lead in greases, 1165 
—, — lead tetraethyl in gascdine, 1165, 1166 

— —olefins, 1141. 1142, 1151, 1154 

—, in extracting bromine from sea water, 504 
—, in oxidation of isopropyl ethylene glycol, 548 
—, reaction with alcohols, 1085 
—, — j^c-alcohols, 400, 406 
—,t^r-alcohols, 410, 411, 417 
—, — aliphatics, 1082 
—, — aromatics, 1154 
—, — asphaltenes, 1191 
—, — benzene, 669 

—, — butenes, 308, 309, 385-387, 389-392 

—, — calcium butyrate, 443 

—, — carbenes, 1193 

—, — carboids, 1193, 1194 

—, — ceresins, 39 

—, — chloroethanes, 746, 829, 830 

—, — cracked distillates, 1075, 1076 

—. — cracking gases, 359 

—, — cycloaliphatics, 1082 

—. — cyclohexcne, 392 

—, — cyclohexene peroxide, 898 

—, — diethanolamine, 583 

—, — diethylene glycol and nitric acid, 546 

—. — di-^-hydroxypropylamine, 585 

— ethers, 3/8, 379 
—, — ethyl alcohol, 343 

—, — ethylene, 161, 298, 319-325, 1081, 1U82 
—* — glycols and naphthol, 543 
—, — hexenes, 308, 388, 389 
—. — hydrocarbon oils, 134 
—, — isobutene, 308, 385, 386, 39] 

—, — isonitrosoetbyl methyl ketone. 452 
—, — isopropylethylene, 309 
—, — methylethylpinacone, 678 
—, — naphthalene, 409 
—, — naphthenic acids, 1117, 1118 
—, — naphthenic alcohols, 1120 
—, — nitroethane, 1096 
—, — nitrolic acids, 1094 
—, — nitromethane, 1096 

— octenes, 1083 

—, — pentenes, 308, 310, 318, 387, 388, 391 
—, — polyglycols, 545 

— —propene, 161, 305, 306, 323, 356, 357. 359. 
362, 363, 392 

—, — shale-oil Ur, 1069 
—, — triraethylethylene, 308, 391 
—.refining agent, asphalts, 1192 
—,—.cracked distillates, 214 
—. —, diaryl hydrocarbons, 193 
—, —, ether, 336 
—- —. preen oil, 242 
—. —, isopropyl alcohol, 365 
—,—, naphthenic acids, 1110 
—• —. petroleum distillates, 35, 263, 668. 669. 
1069, 1070 

—, solubilities of ethers in, 378, 379 
Sulphuric acid esters, caUlyst, absorption of ole¬ 
fins, 392 

—, formation of, 298 
—.reaction with naphthenic acids, 1112 
-—.utilization, 1112 

Sulphurous acid, reaction with olefins, 616 
Sulphuryl chloride, catalyst, condensation of cyclo¬ 
hexane, 205 

—, —, nitration of acetic anhydride, 1090 

methylene chloride and formal¬ 
dehyde, 728 

—.reaction with cyclohexane, 1102 

Sunhght, inhibitor, polymerization of acetylene, 

—, to accelerate gasoline oxidation, 909 
—, use in refining gasoline, 669 
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Surface tension^ determination of, 1180 
Susceptibility factor, of asphalt, 1210 
Sweetening, defined, 474 
—, with alkalies, 477 
—, with bauxite, 478, 488 
—, with chromite ore, 479 
—, with chromium-lead ore, 479 
—, with copper oxide, 667 
—, with copper salts. 476, 477 
—, with fuller’s earth, 479 
—, with hypochlorites, 478 
—, with lead compounds, 475, 476 
—, with peroxides, 476, 478 
Synthetic index, in knock rating, 1027 
Synthin, from carbon monoxide and hydrogen, 
1223 

Synthol, from carbon monoxide and hydrogen, 
1223 

—, olefins from, 1252 

T 

Tannic acid, in asphalt emulsions, 1219 
Tanning agents, ammonium sulphate in, 1078 
—, sulphonates in, 1078 

Tantalum, promoter, oxidation of toluene, 949 
Tantalum oxide, catalyst, oxidation of aromatics, 
942 

Tantalum pentachloride, catalyst, alkylation of 
aromatics, 596 

Tar formation, during aquolization, 131 

—, pyrolysis of n-hcxanc, 71 

Tar oils, lampblack from, 242 

Tar stripper, function of, 120 

Tars, acetylene from, 254 

—, aquolysis of, 132 

—.chlorination of, 756 

—.electrical cracking of, 131 

—.extraction with choloroforni, 729 

—.inhibitors, gum formation in gasoline, 914 

—, monomethyl naphthalene isomers in, 40 

—, motor fuel from, 1046 

—.viscosity of, 1174 

Tartaric acid, discolorizing agent, 958 

—, from fumaric acid, 547 

—, from furfuraldehyde, 945 

—, from maleic acid, 547 

—, inhibitor, alligatoring effect of paint, 576 
Tellurium, catalyst, bromination of benzene, 790, 
791 

—, — dehydrogenatiop of paraffins, 158 
—, use in lubricants, 469 

Tellurium oxide, catalyst, oxidation of aromatics, 
942 

—, —, oxidation of olefins, 553 
Tellurium phosphate, catalyst, hydration of ethyl¬ 
ene, 287 

Telluroformaldehyde, polymerization of, 51 
—, stability of, 53 
Tellurophene, formation of, 720 
Telsa discharge, action on aromatics, 2(i(i 
Temperature, effect on combustion of hydrocar¬ 
bons, 1005 

—cracking, 105, 139, 143, 150, 152, 188 
—, — heat content change, 1293 
—, — ignition of safety fuel, 1002 
—, — inflammability limits, 980-982 
—, — knock rating, 1030 
—, — polymerization of olefins, 664 
—, effect on free energy change, 1293-1295 
—,—, all^lation of isobutane, 1301 
—,—.hydration of ethylene, 1302, 1303 
—,—.hydrogenation of benzene, 1298, 1299 
—,—.hydrogenation of olefins, 1299, 1300 
—,—.isomerization of cyclohexane, 1301, 1302 
—, —, polymerization of isobutene. 1300 
—,—.reduction of carbon monoxide, 1304, 1305 
—, effect on free energy of formation of acetalde¬ 
hyde, 1304 

—, — acetylenes, 1294 
—alcohols, 1294, 1295 
—, — carbon monoxide, 1304 
—, — naphthenes, 1294 
—. — olefins, 1294, 1295 


Temperature, effect on free energy of formation of 
paraffins, 1294, 1295 
—, ■—water, 1304 
—, heat content from, 1327 
—.relation to free energy change, 1275, 1276 
—, specific heat from, 13z3, 1325 
Temperature-entropy relations, 1335-1341 
Temperature-pressure-enthalpy relations, 1332-1335 
Temperature-volume-pressure data, correlation, 
1320-1322 

Terpenes, as antiknocks, 1017 
—, by diene reaction, 688 
—, from carbon monoxide and hydrogen, 1244 
—, from coniferous wood, 46 

Terephthalyl chloride, reaction with isopropyl hy¬ 
droperoxide, 382 
Terpineol, as antiknock, 1017 
•—, as blending agent, 1035 
—reaction with formaldehyde, 624 
Tertiary alcohols, condensation with phenols, 416 
—, dehydration of, 410 
—, esters of, 412 
—, ethers from, 413 
—, from ketones, 452 
—.oxidation of, 410 
—.reaction with aromatics, 411 
—, — phenols, 412 

Tertiary alkyl hypohalites, preparation of, 418 
Tertiary olefins, from tertiary alcohols, 410 
—.reaction with hydrogen halides, 310 
—, — ethylene glycol, 544 
—.separation from secondary olefins, 314 
Tetra-alkylphenols, antioxidants for gasoline, 916 
Tetrabromobenzene, from benzene. 790, 791 
Tetrabromocyclobutane, preparation of, 763 
Tetrabromocycl(^exane, preparation of, 770 
Tetrabromocyclohexanonc, preparation of, 770 
Tetrabromocthane, preparation of, 747 
Tetrabromopentane, from amylene. 513 

1.2.4.5- Tetrachlorobenzcne from dichlorol>enzenes, 
781 

Tetrachlorobutadiene, from butadiene, 685 
Tetrachlorobutane, preparation of, 811 
—, 2,3-dichlorobutadicnc from, 686, 687 
Tetrachlorocyclopcntane, preparation of, 763 
Tetrachloroethane, as cooling medium, 746 
—.dechlorination of, 805 
—, from carbon tetrachloride, 731 
—, in cleaning fluids. 746 
—, in insecticides, 747 
—, in manufacture of films. 746 
—, reaction with sulphuric acid, 746. 829 
—, stabilization of, /43 
Tctrachloroethylene, purification of, 745 
Tetrachloromethane, see Carbon tetrachloride 
Tetrachloropentane, formation of. 511 
Tetrachloropyrene, oxidation of. 956 
Tetracosene, from isobutene, 643 
Tetradecane, cracking of, 100, 101, 1297 
—,—.free energy change, 1297 
—.from di-n-heptyl mercury, 71 
Tetradecene, in kerosene, 145 
Tetraethylene glycol, from ethylene oxide. 557 
Tetraethanol ammonium hydroxide, preparation 
of, 572 

Tetraethyl lead, see Lead tetraethyl 
Tetrahexacontane, synthesis of, 40 
Tetrahydrobenzene, from cyclohexane, 93 
Tetrabydrofurfuryl alcohol, as extraction agent, 

Tetrahydronaphthalene, corrosion inhibitor, 477 
—, in dewaxing lubricants, 433 
—. in motor fuel, 1039 

—.reaction with chlorinated Kogasin, 1253, 1254 
—, — ethylene, 594 

Tetrahydro-a-naphthol, from tetralin peroxide, 906 

1.2.4.5- Tetraisopropylbenzene, synthesis of, 382 
Tetraisopropyl nydroferrocyanate, antiknock, 1018 
Tetralin, absorbent for butadiene, 174 

—, autoxidation of. 905. 906 

—, ethylation of, 209, 210 

—, preparation of, 649 

Tetralin f^roxide. as antiknock, 1017, 1018 

—, formation of, 905 

—, reaction with iron carbonyl, 906 
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Tetralin peroxide, reaction with potassium per¬ 
manganate, 905 
—, reduction of, 906 
Tetramethylbenzene, from petroleum, 35 

1.2.3.4- Tetramethyl-l,3-butadiene, from methylethyl- 
pinacone, 678 

Tetrametbylethylene, dinitrate from, 621, 622 
—, dinitrite from, 621 
—, from di-fer-butylethylene, 87, 411, 645 
—, nitro-nitrate from, 621, 622 
—, polymerization of, 643, 645 
—, reaction with nitrogen tetroxide, 621 
—,1,1,2-trimethyl propanol from, 388 
Tetramethylene bromide, reaction with mercaptans, 
485 

Tetrametbylethylene chlorohydrin, preparation of, 
520 

3.4.5.5- Tetramethylhexene-2, from 1,2-dimethylpro- 
panol-1. 400 

Tetramethylmethane, ste Neopentane 

2.2.3.4- Tetramethylpentanol-3, dehydration of, 411 

2.2.4.4- Tetramethylpentanol-3, dehvdration of, 401 

1.2.3.3- Tetramethylpentene-2, synthesis of, 411 

2.3.4.4- Tetramethylpentene-2, synthesis of, 411 
Tetranitromethane, synthesis of, 1090 
Tetranitromethylaniline, as antiknock, 1017 
Tetrasulphides, preparation of, 481 

—, use in Diesel fuels, 486 
Tetryl, purification of, 496 
T-gas, definition of, 556 

Thallium, catalyst, chlorination of ethane, 741 
Thallium alkvls, as antiknocks, 1018 
Thallium aryls, as antiknocks, 1018 
Thallium halides, catalyst, dehydrogenation of hy¬ 
drocarbons, 158 

Thallium oxide, catalyst, oxidation of aromatics, 
942 

—, catalyst, oxidation of pincne, 905 
Thermatoroic process, for carty>n black, 219, 220 
Thermax carbon black, 235 

Thermodynamic variables, engineering, definitions 
of. 1306, 1307 
—.units of, 1272 

Thermodynamics, application to petroleum tech¬ 
nology, 99 

—.limitations of. 1276, 1295-1297 
—, nomenclature, 1272, 1273 
—, of cracking, 99 
—.third law of, 1277 
Thianthrcne, from benzene, 468 
Thioacetaldehyde, from acetylene, 720 
Thioalcohols, reaction with ketene, 438 
Thiocarbamides, for stabilizing carbon tetrachloride, 
730, 731 

Thiocarbonates, preparation of. 487 
Thiocresol, reaction with acetylene, 473 
—, — divinylacetylene, 709 
—. — formaldehyde, 473. 474 
Thiocyanates, extraction agents, 44 
Thiocyanogen, preparation of, 629 
—, — butadiene, 698 
__ ^olefins, 629, 1152. 1153 
Thiodiarvlamines. antioxidants for gasohue. 918 
Thiodiethylene glycol, formation of, 564 
Thioethers, boiling points of, 479 
—, effect on lead susceptibility, 1031 
—, from mercaptans. 477, 473, 479 
—, heats of vaporization, 479 
—, in petroleum, 454 
—, oxidation of, 479, 480 
—', reaction with ammonia and sulphur, 481 
—, — mercuric chloride, 479 
—, solvents for rubber. 486 
Thioethylene glycol, from ethylene oxide, 563 
Thioindigo, preparation of. 469 
Thicnaohthene, from acetylene, 720 
Thionylaniline, reaction with mercaptans, 481 
Thionyl chloride, reaction with alcohols, 413 
—, — acid anhydrides. 945 
—, — cyclohexane, 1102 
—, ^ 1,4-cyc1ohexanediol, 766 
—. — cyclohexanol, 766 
—, — ethanolamines, 570 
—, — ethylene chlorohydrin. 525 
—^... hydroxy thioethers, 526 


Thionyl chloride, reaction with mercaptans, 481 

—, trichloroacetyl glycol, 541 

Thiophanes, dehydrogenation of, 484 

—, isolation of, 484 

—.oxidation of, 1043 

—, preparation of, 484 

Thiophene, from acetylene, 467, 720 

—, from cracked distillates and sulphur, 467 

—, hydrogenation of, 484, 485 

—, in petroleum, 454, 483 

—, pyrolysis of, 483 

—.reaction with acetyle chloride, 611 

—, — acetyl iodide, 611 

—, — hypochlorous acid, 490 

—, — mercuric chloride, 483 

—, removal by carbon monoxide, 483 

—— oxidation, 1043 

Thiophenol, estimation with sodium nitroprusside, 
1159, 1160 

—, from chlorobenzene, 785 

—, separation from phenols, 476 

Thiophthene, preparation of, 467, 484, 485, 720 

Thiophthene, properties of, 484 

Thiosulphates, oxidation of, 1083 

—, reaction with alkyl halides, 829 

—, sulphcmic acids from, 1083 

Thiourea, in fungicides, 569 

—, in synthetic resins, 890 

—, reaction with amines, 587 

—. — ethylene oxide, 564 

Thiuram disulphide, inhibitor, polymerization of 
chloroprene, 681 

Thoria, catalyst, decomposition of ether, 335 
—, —, dehydration of alcohols. 399 
—,—.dehydration of glycol ethers, 174 
—, —, dehydrogenation of paraffins, 159 
—. —, esterification of alcohol, 339 
—,—.ether from ethyl alcohol, 331 
—, —, hydration of ethylene, 289 
—, —, isomerization of propene oxide. 586 
—,—.methane-steam reaction, 272, 278 
—,—.oxidation of ethylene, 553 
—, —, pyrolysis of olenns, 190 
—, —, — oxygenated hydrocarbons, 340 
—.—.reduction of carbon monoxide, 1228, 1235, 
1236, 1237, 1240 

Thoria aerogel, catalyst, pyrolysis of propionic 
acid, 446 

Thorium, catalyst, pyrolysis of acetals, 715 
—, promoter, oxidation of methyl alcohol. 878. 879 
—. —, reduction of carbon monoxide, 1228, 1229, 
1230, 1232, 1236, 1249, 1250 
Thorium compounds, catalysts, acetylene-ammonia 
reaction, 719 

Thorium dioxide, catalyst, cracking of petroleum, 

—,—.reduction of carbon monoxide. 1228, 1229 
Thorium oxide, catalyst, dechlorination of propyl 
chloride. 805 

—, —, decomposition of acids to ketones, 443, 446 
—, —, hydration of acetylene, 714 
—. —, hydration of glycols, 548 
—,—.hydrogen-carbon monoxide reaction, 661 
—, —, hydrolysis of chlorobenzene. 782 
—. —. methane-steam reaction. 270, 278, 279 
—,—.nitration of paraffins, 1091 
—•. —, oxidatjon of aromatics, 942 
—,—.oxidation of hydrocarbons, 850, 851 
—. —, — methyl alcohol, 878 
—.—.production of biphenyl, 192 
—, —, pyrolysis of isobutyl bromide, 806 
—. —, — mesityl oxide, 423 
—. —. reaction of amines and alcohols, 614 
Thorium nitrate, promoter, reductfon of carbon 
monoxide. 1232 

Thymol, reaction with isoamylene. 606 
Thymol monosulphide, as antioxidant, 941 
Time factor, in cracking, 105, 139 
Time-temperature index, use of, 105, 106 
Tin, alloys of. in cracking, 113 
Tin, antioxidant, for insulating oils. 939 
—, catalyst, oxidation of ethylene, 552 * 

—, —, — lubricants, 933 
—, —, — naphthenes. 939, 940 
—, —, — paraffins, 660 
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Tin, catalyst, ^lymerizatiun of olefins, 665 
—,—, pyrolysis of hydrocarbons, 160, 189, 191 
—, effect on sludge formation, 939 
—, use in re 6 ning gasoline, 668 ' 

Tin chloride, catalyst, chlorination of ethylene, 
495 

—, —, — propene, 507 
—,—, ether from ethyl alcohol, 331 
—, desulphurizing agent, 488 
Tin dioxide, catalyst, decomposition of natural gas, 
227 

Tin halides, catalyst, dehydrogenation of hydro¬ 
carbons, 158 

Tin iodide, catalyst, acetone-amine reaction, 429 
Tin naphthenate, as antioxidant, 1116 
Tin oleate, as antioxidant, 938 
Tin oxide, catalyst, acetone from ethyl alcohol, 422 
—,—, acetylene-steam reaction, 714 
—, —, oxidation of aromatics, 942 
—, —, — methyl alcohol, 878 
—, effect on ignition temperatures, 1000 
—, for hydrogen sulphide removal, 458 
—, for refining gasoline, 929 
Tin phosphate, catalyst, hydration of ethylene, 287 
—, —, hydrolysis of methyl chloride, 727 
— 7 , —, — methylene chloride, 728 
Tin ricinoleate, antioxidant for lubricants, 933 
Tin tetrachloride, catalyst, polymerization of ole¬ 
fins, 195 

—, —, preparation of gasoline, 195 

Tin tetraethyl, antioxidant for lubricants, 933 

Tin tetraphenyl, antioxidant for lubricants, 933, 938 

Titania, catalyst, esterification of alcohol, 339 

—. pyrolysis of propene oxide, 586 

Titanic acid, promoter, pyrolysis of alcohol. 351 

Titanium, use in alloys, 134 

Titanium carbide, catalyst, oxidation of naphthalene, 
946 

Titanium chloride, catalyst, polymerization of ole¬ 
fins. 636, 665 

—. —. preparation of gasoline, 203 

—, desulphurizing agent, 488 

Timnium dioxide, catalyst, cracking of petroleum, 

Titanium halides, catalyst, dehydrogenation of hy¬ 
drocarbons, 158 

—. —, reaction of olefins and carbon monoxide, 
625, 626 

Titanium naphthenate. as wetting agent, 1117 
Titanium oxide, catalyst, hydration of acetylene, 
714 

—I —» hydroly^ of chlorobenzene, 782 
—, —, methane-steam reaction, 279 
—. —. methyl alcohol-carbon monoxide reaction, 
1050 

—, —, oxidation of hydrogen sulphide, 460 
—.—, — aromatics, 942 

—. —, preparation of monovinyl acetylene, 705 
- 7 . pyrolysis of methane, 228 
Titanium phosphate, catalyst, hydration of ethyl¬ 
ene, 287 

Titanium tetrachloride, catalyst, alkylation of aro¬ 
matics. 596 

—,—.polymerization of isobutene, 204, 210, 642 
. in refrigerants, 738 
Toluene, acetylene from. 260 
—, action of aluminum chloride on, 208 
—. — silent discharge on, 260 
—. — Tesla discharge on, 260 
as antiknock, 1017 
, as blending agent, 1035 
—. bromination of, 794, 795 
—, by polymerization of cracking gas, 646 
—, by pyrolysis of alcohol, 173, 177 
—, — cylinder oil, 137 
—. — gas oil, 178 
—, — gasoline, 136 
—, — kerosene, 137, 144 
— natural gas, 183 
—. chlorination of, 793, 794 
—.coloring matter prepared from, 215 
—, (letecti<m in alcohol, 354 
—.for estimation of water in oils, 1168 
—, for extraction of olefins, 163 


Toluene, from allyltolucne, 90 
—, from benzene, 206 

—, from carbon monoxide and hydrogen, 1243 

—, from cycloheptane, 94 

—, from 2,6-dimethylanthracene, 96 

—, from ethylbenzene, 96 

—, from ethylcyclohexane, 93 

—, from ethylene, 77, 186 

—, from n-heptane, 73 

—, from isobutene, 85 

—, from pinene, 88 

—, from propane, 60, 182 

—, from xylene, 96, 208 

—, hydrogenation o^ 347 

—, in dehydration of isopropyl alcohol, 364 

—, inflammability limits of, 980, 981 

—, in gasoline, 34, 35, 144, 196 

—, in motor fuel, 1039 

—, molal entropy, 1290 

—, nitration of, 954, 1091 

—.oxidation of, 843, 942-944, 947-950, 953, 954 
—, reaction with acetic acid, 448 
—, — acetylene, 718 
—, — amyl alcohols, 411 
—, — Jcr-butyl alcohol, 402 
—,—tcr-butyl alcohol, 411 
—, — chlorinated Kogasin, 1253, 1254 
—, — isopropyl alcohol, 382, 401, 402 
—, — nitrosyl chloride, 794 
—, — propene, 594, 596 
—, toluquinone from, 953 

Toluene sulphonamide, alkyl derivatives in brake 
fluids, 542 

P-Toluenesulphonic acid, catalyst, dehydration of 
tertiary alcohols, 410 
—, —, hydration of olefins, 297, 410 
Toluidine, as antiknock, 1018 
m-Toluidine, from m-cresol, 788 
c-Toluidine, reaction with ethyl chloride, 808 
—, — sulphonic acids, 1068 
P-Toluidine, reaction with sulphonic acids, M 
—, — styrene, 614 
Toluquinone, from toluene, 953 
o-Tolyl ammonium chloride, preparatior 'H 

Tolylenediamines, antioxidants for ga? 7 

/3-p-Tolylethyl alcohol, preparation of 
^Tolyl-^-sulphoethylsulphone, prepai 
Tonsil, catalyst, hydrolysis of chlorc. . 

Top oils, preparation of, 968 
Total heat, definition of, 1306 
—, of naphtha, 15 
—, of pentane, 15 

Transformer oil, antioxidants for, 941 
—, oxidation of, 963 
—, sludge formation in, 940 
—, sulpnonation of, 1065 
Transition reaction, definition of, 56 
Triacetin, in brake fluids, 546 
—.methane from, 19 
Tribromobenzene, from benzene. 791 
Tribromopentane, from amylene. 513 
Tri-ter-butylbenzene, preparation of, 592 
Trichloroacctaldehyde, see Chloral 
Trichloroacetic acid, promoter, alcohol-vinylacety- 
lene reaction, 706 
—. —, alkylation of benzene, 596 
—.reaction with cyclohexene, 313 
—, — ethers, 345 
—, — ethylene oxide, 540 
—, — isopropyl alcohol, 376 
—, — propene, 308 
—— trimethylethylene, 313 

Trichloracetyl chloride, reaction with methoxy- 
methanol, 541 

Trichloroacetyl glycol, preparation of, 540 
—, reaction with acetyl chloride, 541 
—, — ammonia, 541 
—. — diazomethane, 540 
—, — ethyl alcohol. 541 
—, — thionyl chloride, 541 
—, structure of, 540, 541 

Trichloroacetyl glycol methyl ether, preparation 
of, 541 

—. reaction with ethyl alcohol, 541 
Trichlorobenzene, in dielectrics, 789 
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1,2,4‘Trichlorobenzene, in lubricating oil, 790 
Trichlorobenzyl chloride, reaction with benzene, 
816 

Trichlorobutane, preparation of, 811 
Trichloro-fer-butyl alcohol, from chloroisobutene, 
522 

1.2.3- Trichloro-2'Chloromethylbutane, formation of, 
513 

Trichlorocyclopentane, preparation of, 763 
Trichlorocyclopropane, formation of, 761 
Trichlorodiphenylmethane, as transformer oil, 816 
—, preparation of, 816 

Trichloroethane, iluorodichloroethane from, 747 
—, from ethylene dichloride, 501 
—, from vinyl chloride, 716 
Trichloroethylene, action of light on, 710 
as anesthetic, 711 
—, as solvent, 710 
—, corrosive action of, 710, 711 
—, decaffei nation agent, 710 
—, detection of, 710 
—. for dewaxing oils, 710 
—, from acetylene tetrachloride, 710 
—, in alcohol distillation, 327, 328 
in insecticides, 747 

—, separation of acids with, 967, 968 
—, stabilization of, 328, 710 
—, toxicity of, 710 

Trichloronuoromethane, from carbon disulphide, 
737 

—. from carbon tetrachloride, 734 
Trichloromercuriacetaldehyde, formation of, 702 
Trichloromethane, see Chloroform, 

1.2.3- Trichloro-2-methylbutane, formation of, 513 

1.2.3- Trichloro-2-methylpropane, hydrolysis of, 797, 
798 

Trichloropentane, formation of, 511, 512 
Trichloropropane, preparation of, 506 
—, as cleaning agent, 751 

1.1.2- TrichIoropropane, from propenc dichloride, 
508 

1.2.3- Trichloropropanc, from propenc dichloride, 
507, 508 

Trichlorotrifluorobcnzene, as solvent, 792 
Trichlorotrifluoroethane, diluent, fluorination of 
benzene, 792 

n-Tridecane, reaction with benzene, 1254 
Tridcccnc, from tetradccanc, 100 
—, in kerosene, 145 
Tridecylxylcne, preparation of, 1254 
Tri-(2,5-dichlorophcnyl) methane, from dichloro¬ 
benzene, 729 

Triethanolamine, as pour depressant, 577 
—, dehydration agent, 538, 578 
—, estimation of, 572 
—, inhibitor of gum formation, 915 
—, miscellaneous uses of, 575-576 
—. preparation of, 567 
—. reaction with carbon dioxide, 578 
—, — fluorochloromethanes, 737 
—. — metallic salts, 570-572 
—.—trinitrotoluene, 570 
—, — wood rosin, 578 

—, removal of hydrogen sulphide by,* 458, 574, 575 
—. use in decarbonizing, 790 
—. — electrodeposition of metals, 571 
—. — ethylene dichloridc-sodium polysulphide re¬ 
action, 499 

—, — ethylene oxide-benzene reaction, 563 
Triethanolamine bicarbonate, for carbon dioxide 
removal, 574 

Triethanolamine hydrochloride, solubility in al¬ 
cohols, 568 

Triethanolamine hydroxyabietate, preparation of, 
578 

Triethanolamine lactate, uses for, 578 
Triethanolamine oleate, in emulsifying agents, 
1074, 1217 

—, in wetting agents, 1076 
Triethanolamine soaps, uses of, 575, 576 
Triethylamine, stabilizing agent, 328 
Triethylbenzene, from ethylbenzene, 208 
Triethyl carbinol, from diethyl ketone, 452 
Triethylene glycol, from glycol, 557 


INDEX Trinitrophenol 

Triethylene glycol propionate, in cellulose compo- 
sitiohs, 546 

Triethylethylene, from isobutene, 85 
Triethylmethane, in motor fuel, 501, 1039 
—, oxidation of, 876 

Triethylolsulphonium hydroxide, preparation of, 
564 

Triiluorotrichloroethane, preparation of, 735 
Trihydroxyethyl sorbite, reaction with isopropyl 
urea, 587 

TriisobutylenCj from isobutene, 591, 642 
—, reaction with benzene, 592 
—, — hydrogen chloride, 311 
—, — phenol, 60S 

Triisopropanolamine, preparation of, 587 
Triisopropylbenzcnc, preparation of, 382 
Triisopropyltoluene, preparation of, 382 
Trimcthylacctic acid, from acetone, 432 
—, from M-butane-carbon monoxide reaction, 1100 
—, from 2-butene, 626 
—, see also Pivalic acid 
Trimethylbenzene, in petroleum, 34, 35 
—, molal entropy, 1290 
—, see also Pseudocumene 

2.2.3- Trimethylbutane, molal entropy, 1292, 1293 
Trimethylcarbinol, see also t^r-Butyl alcohol 

1.1.4- Trimethylcycloheptanc, pyrolysis of, 94 

1.1.4- Trimethylcycloheptcnc, dehydrogenation of, 
94 

—, isophthalic acid from, 94 
Trimethylcyclohexane, in petroleum, 34 
—, chlorination of, 775, 776 
Trimethylene, extraction agent, 44 
Trimethylene glycol, reaction with 2,3-dichloro-l,4- 
dioxane, 549 

Trimethylene glycol diacetate, as solvent, 549 
Trimethylene mercaptan, reaction with methylene 
chloride, 485 

—. tetramethylene bromide. 485 
Trimethylethylene, ter-amyl alcohol from, 387, 391 
—, ter-amyl nitrate from, 623 
—, co-polymerization with hexadiene. 216 
—, from 2,2,4,4-tetramethylpentanol-3, 401 
—, glycols from, 547, 895 
—, in gasoline, 144 
—, polymers of, 203, 210, 633 
—, reaction with chlorine, 513 
—. — hydrogen chloride, 310 
—. — hydrogen peroxide, 547 
—. — nitric acid, 623 
—, — nitric acid and amyl nitrite, 621 
—, — nitrogen pentoxide, 621 
—, — nitrogen tetroxide. 621 
—, — sulphuric acid, 308, 391 
—, — trichloroacetic acid, 313 
—. see also Isoamylene and 2-Mcthyl-2-butene 
Trimethylethylene bromide, glycol from, 547 
Trimethylethylene chlorohydrin, preparation of, 
520 

Trimethylethylene glycol, preparation of, 895 

3,5,5-Trimethylheptene-2, from 1,2-dimethylpro- 
panoM, 400 

2.2.4- Trimethylhexene-2, preparation of, 411 

3.3.5- Trimethylhexene-2, preparation of, 411 

2.4.4- Trimethylhexene-3, preparation of, 411 
Trimethylmetbane, in motor fuel, 501, 1039 

2.2.4- Trimethylpentane, action of aluminum chlor¬ 
ide on, 199-201 

—, formation of, 417 
—, isomers, molal entropy of, 1289 
—, reaction with benzene, 602, 603 
—, — ethylene, 599 
—, see also Isooctane 

2,4,4,-Trimethyl-2-pentene, pyrolysis of, 87 
1,1,2-Trimethylpropanol, from tetramethylethylene, 
388 

Trimethylpyridine, preparation of, 719 
2,3,8-Trixnethylquinoline, from petroleum, 834 
Trinidad asphalt water-white hydrocarbons from, 
1187 

Trinitrophenol, estimation of aromatics with, 1154, 
1155 

Trinitrotoluene, reaction with diethanolamine, 570 
—, separation from dinitrotoluene, 496 
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TriphenyUmine, preparation of, 787, 810 
Triphenyi bismuth, antioxidant for lubricants, 938 
Triphenylcarbinol, from triphenylmethane, 957 
Triphenylchlormnetbane, reaction with cyclohexa* 
diene, 694 

Triphenylene, from cyclohexanone, 451 
Triphenylethane, from stilbene. 207 
Triphenylethylene, reaction with orone, 902 
Triphenylmethane, molal entropy, 1289 
—, oxidation of, 943, 957 

Triphenyl phosphate, antioxidant for gasoline, 917 
Triple point, definition of, 743 
Tripropanolamine, reaction with cobalt chloride, 
587 

Trisodium phosphate, catalyst, dehydration of 1,3- 
butene glycol, 174 

—, emulsifier for asphalts, 1217-1219 
£ym-Trithiane, from formaldehyde, 463 
Trouton’s law. defined. 479 
Tube and Tank process, for cracking, 117 
Tungsten, catalyst, hydration of ethylene, 291 
—,—, pyrolysis of acetals, 715 
—paraffins. 160, 169, 189 
—, —, reaction of butene with sulphuric acid, 387 
—, in cracking^ 114 
—, in preparation of amines, 428 
—, promoter, oxidation of methyl alcohol, 879 
—, —, — toluene, 949 

Tungsten carbonate, catalyst, oxidation of meth¬ 
ane, 881 

Tungsten compounds, catalyst, acetylene-ammonia 
reaction, 719 

—, —, (defin-carbon monoxide reaction, 626 
Tungsten halides, catalyst, dehydrogenation of 
hydrocarbons, 158 

Tungsten oxide, catalyst, aromatics from paraf¬ 
fins, 189 

——, cracking of ethylbenzene, 159 
—, —cracking of heavy oils, 115 

—.dehydrogenation of paraffins, 158 
—,—.hydration of acetylene, 712 
—, —, hydrolysis of chlorobenzene, 782 
—, —, methane-steam reaction, 279 
—,—.methanol-carbon monoxide reaction, 1050 
—, —, nitration of toluene, 954 
—,—.oxidation of aromatics, 942, 945 
—, —, — hydrogen sulphide, 460 
—,—, — methane, 881 
—• —. pyrolysis of benzene, 192 
—, —, — methane, 228 

—,—.reaction of amines and alcohols, 614 
—,—, reduction" of carbon monoxide, 1228 
Tungsten salts, catalyst, oxidation of olefins, 894 
—, —, prop^e absorption by sulphuric acid, 357 
Tungstic acid, catalyst, hydration of acetylene, 712 
—, —, — ethylene, 288-291 
—, —j methanol-carbon monoxide reaction, 1050 
Tungstic acid salts, catalyst, hydration of ethylene, 
288 

Tungstic sulphide, catalyst, hydration of acetylene, 
712 

Turkey-red oil, promoter, ethyl alcohol from ether, 
333 

Turpentine, absorbent for butadiene, 174 
Turpentine, autoxidation of, 905 
T.V.P. process, of cracking, 122 

U 

Ultraviolet absorption, change in, 15 
Ultraviolet b'ght, action on acetylene, 266, 703 
—, effect on decalin autoxidation, 907 
—, — gum formation, 922, 924 
—, — nitration of paraffins, 1091 
—, — peroxide formation, 922 
—, in chlorination of ethane, 741 
—, in estimating gum in gasoline, 910 
Undecane, from carbon monoxide and hydrogen, 
1243 

Undecene, in gasoline, 144 
—, in kerosene, 145 

Undecenoic acid, reaction with hydrogen bromide, 
318 

—, — hydrogen fluoride, 307 
Undecyf ketol, preparation of, 443 


Unimolecular law, in cracking of hydrocarbons, 
102 

Unsaponifiable substances, adsorption by silica, 
732 

Vnsaturates, bromination of, 1150 
—, effect of lead tetraethyl on, 1019 
—.estimation, by hydrogenation, 1153, 1154 
—, —, in gasoline, 1150 
—.—.with bromine, 1150, 1152 
—,—.with iodine, 1152 
—,—.with iodine bromide, 1152 
—,—.with iodine chloride, 1152 
—,—, with tbiocyanogen, 1152, 1153 
—, from wax acids, 979 
—.reaction with Kattwinkel’s reagent, 1150 
—, — platinic halides, 628 
—, — sulphuric acid, 1150 
—, see also Olefins 
Unsaturation, effect on viscosity, 37 
Urania, promoter, esterification of alcohol, 339 
Uranic salts, catalyst, oxidation of ethylene, 894 
—,—, hydration of acetylene, 712 
Uranium, acid salts, catalyst, olefin-carbon mon¬ 
oxide reaction, 626 

—. catalyst, reaction of butene with sulphuric 
acid, 387 

—, promoter, oxidation of methyl alcohol, 878 
—.—.reduction of carbon monoxide, 1228, 1229, 
1230 

Uranium boro-phosphate, catalyst, hydration of 
propene, 292 

Uranium chloride, as antiknock, 1018 
—catalyst, polymerization of isobutene, 204 
Uranium fluoride, catalyst, cyclization of aliphatic 
hydrocarbons, 74 

Uranium halides, catalyst, dehydrogenation of hy¬ 
drocarbons, 158 

Uranium molybdate, catalyst, oxidation of tolu¬ 
ene, 948 

Uranium oxide, catalyst, cracking of ethylbenzene, 
159 

—, —, cyclization of aliphatic hydrocarbons, 74 
—, —, dehydration of alcohols, 420 
—, —, oxidation of aromatics, 942 
—, —, — gas oil, 863 
. ^ — kerosene, 966 

—,—, — methane, 871 
—, —, polymerization of acetylene, 705 
—, —, pyrolysis of oxygenat^ hydrocarbons, 340 
—, effect on ignition temperatures, 1000 
—, promoter, reduction of carbon monoxide, 1228 
Uranium phosphate, catalyst, hydration of ethy¬ 
lene, 284 

—, —, — propene, 292 

Uranium salts, catalyst, sulphation of propene, 357 
Uranium tungstate, catalyst, oxidation oi toluene, 
948 

Uranous-uranic oxide, promoter, reduction of car¬ 
bon monoxide, 1229 

Uranyl oxide, catalyst, cracking of petroleum. 111 
Urea, as antiknock, 1018 
—, color stabilizer for gasoline, 926 
—, in detergents, 1073 
—, in fungicides, 569 
—, in synthetic plastics, 890 
—reaction with amines, 587 
—, — ethylene chlorohydrin, 525 
—, — monoethanolamine, 569 
Ureides, stabilizers for carbon tetrachloride, 730, 
731 

Urethans, inhibitors, gum formation, 915 

—, preparation of, 569 

Useful work, definition of, 1275 

Utah wax, oxidation of, 1057 

Uvitic acid, from mesitylene, 954 


Vacuum distillation, effect on corrosive sulphur, 11 
Valeric acid, from w-amylsulphonic acid, 1067 
—, from butylacetylene, 903 
—, from paraffin wax, 971 
7 -Valero-lactonc, solvent for acetylene, 169 
Vanadic acid salts, catalyst, hydration of ethylene, 
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Vanadic ions, catalyst, nitration of toluene, 954 
Vanadic oxide, catalyst, oxidation of butyl alcohol, 
880 

—,—»— cracking gas, 881 
—, —, — fluorene, 954 
—, —, — kerosene, 946, 1047 
Vanadium, acid salts, catalyst, olefin-carbon mon¬ 
oxide reaction, 626 

—, catalyst, esterification of propene, 307 
—,—, hydration of ethylene, 291 
—, —, oxidation of ethane, 872 
—, —, — methane, 869 

—, —, reaction of butene with sulphuric acid. 387 
—, in asphalt, 47 
—, in asphaltite, 46 
—, in lignite, 47 
—, in petroleum, 46, 47 
—, in shale, 47 

—, promoter, oxidation of methyl alcohol, 879 
—, use in cracking, 114, 128 
Vanadium carbonate, catalyst, oxidation of me¬ 
thane, 881 

Vanadium chloride, as antiknock, 1018 
Vanadium compounds, effect on stability of lubri¬ 
cants, 938 

—, use in acetylene-ammonia reaction, 719 
—. — purification of isopropyl alcohol, 365^ 
Vanadium halides, catalyst, dehydrogenation of 
hydrocarbons, 158 

—, —, dichloroethane-hydrogen fluoride reaction, 
747 

Vanadium oxide, catalyst, cyclization of paraffins, 
189 

—, —, dehydrogenation of hydroaromatic hydro¬ 
carbons, 186 

—, —, hydration of acetylene, 713 
—,—, hydrogen-carbon reaction, 661 
—, —, oxidation of anthracene. 952 
—,—.—-aromatics, 942, 945, 946, 949, 950 
—, —f — gas oil, 863 
—,—, — gasoline, 1046 
—, —, — hydrogen sulphide, 460 
—,—, — methane, 881 
—, —I — methyl alcohol, 878 
—, effect on ignition temperature. 1000 
Vanadium pentoxide, catalyst, oxidation of ace- 
naphthene, 946 
—,—, — benzene. 944, 945 
—, —, — furfuraldehyde, 945 
—, —, — kerosene, 965. 966 
—, —, — naphthalene. 946 
—,—I—: paraffins, 844, 850, 851, 862 
—, —, —^ pentane, 859. 860 
—,—.paraffin-nitric oxide reaction, 1091 
Vanadium salts, catalyst, sulphation of propene, 
357 

—, —, oxidation of toluene, 950 
Vanadium sulphides, in petroleum, 20 
Vanadyl sulphate, catalyst, oxidation of phenyliso- 
propenylcarbinol, 444 
Vanillin, for estimation of acetone, 424 
Vaporization heat, determination. 1325, 1327 
—,—.from boiling point, 1325, 1327 
—,—, from characterization factor, 1327 
—,—, from molecular weight, 1325, 1327 
Vapor-liquid phase cracking, 115 
Vapor-phase cracking, 115 
—, gases from, 140 
—, silent discharge in, 263 

Vapor pressure, critical pressure from, 1314, 1315, 
1316, 1318 

—, of gasoline, determination of, 1169 
Vapor-recovery gasoline, octane number of. 1033 
Varnishes, preparation of, 728 
—.use of asphalts in, 1192 
—, use of pentaerythritol esters in, 1055 
Varnish remover, preparation of, 790 
Varnish resins, preparation of, 1098 
Vaseline, fractions of, 40 
Vat 4 lyc 8 , ethylenediamine solvent for, 809 
Vegetable oil, motor fuel from. 136 
Velocity, dissociation of isobutane, 66 
—.of cracking reaction, 102 


Velocity constant, formation of acetylene from 
n^ethane, 53 

—, — ethylene from methane, 53 
Veratryl aIc<^ol, preparation of, 958 
Verbenol, from pinene, 905 
Verbenone, from pinene, 905 
Vinethene, definition of, 529 
Vinyl acetate, ethylene oxide from, 553 
—, formation of, 717 
—.reaction with hydrogen chloride, 718 
Vinylacetic acid, reaction with ozone, 902 
Vinylacetylene. 1,2-dichlorobutadiene from, 6S7 
—, from acetylene, 680, 704 
—, from dichlorobutenes, 685 
—, reaction with alkaline hypohalites, 087. 7<»6 
—alcohol, 705, 706 
—, — carboxylic acids, 706 
—, — a-chloroethers, 707 
—, — Grignard reagents, 708 
—, — hydrogen chloride, 680, 706 
—, — hydrogen sulphide-sulphur mixture. 709 
—, — mercuric salts, 708 
—, — potassium mercuri-iodide, 708 
—, hydration of, 705 
—, polymerization of, 685, 705 
—, resin from, 685 
—, styrene from, 706 

Vinylacetylene acetic ester, polymerization of. 706 
Vinyl alcohol, by ethylene oxidation. 896 
Vinyl allyl ketone, preparation of, 709 
Vinyl bromide, from ethylene dibromide, 504, 505. 
533 

—.reaction with hydrogen bromide, 315, 716 
N-Vinylcarbazole, synthesis of, 719 
Vinyl chloride, from acetylene, 716 
—, from ethylene dichloride, 496, 497 
—, reaction with chlorine, 716 
—, — dichloroethane, 811 
—, — hydrogen bromide, 315 
—,—hydrogen chloride. 716 
— hydrogen iodide, 716 

Vinyl compounds, co-polymerization with chlor<»- 
prene, 681, 682 

Vinylcyclohexane, pyrolysis of, 93 
Vinylethinylcarbinols, polymerization of. 708 
Vinylethinylmagnesium bromide, reaction with 
acetone, 708 

Vinylethyl sulphide, from acetylene and hydrogen 
sulphide, 720 

N^Vinylindole, synthesis of, 719 
Vinyl phenyl sulphide, preparation of, 472 
N-Vinylpyrrole, synthesis of, 719 
Vinyl radical, from propene, 75, 79 
Vinyl resins, from acetylene, 253 
Vinyl sulphones, reaction with bisulphites. 018 
—, ^-sulphoethylsulphones from, 618 
Vinyl thioethers, preparation of, 472 
Viscosity, characterization factor from, 1309. 13lu 
—.determination of, 1172-1176 
—, effect of polycyclic groups, 37 
—, — unsaturation on, ’7 
—, — silent discharge on, 210 
—, of aliphatic hydrocarbons, 37 
—, of asphalt, determination of. 1206, 1207 
—,—.decreased with phenols, 1218 
—.of asphalt emulsions, 1216 
—, of crystal oil, effect of ethane, 15 
—, —. — butane, 15 
—.solutions of paraffins, 15 
Viscosity breaking, 116 
Viscosity |fravity constant, 1176 
Viscosity index, characterization factor from, 1.0»9 
—, determination of, 1176 
—. effect of paraffinic side chain on, 38 
Viscosity-temperature stability, of hvdrocarbon^ 
37 

Vistanex. definition of, 675 
Voltolization, effect of air, 261 
—, — hydrogen, 261 
—, — nitrogen, 261 
—, effect on viscosity, 253 
—, of alkylated naphthalenes, 262 
—.of aromatics, 261 
—, of cracked tar, 262 
—, of halogenated paraffins, 262 
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Voltolization 

Voltolisation, of hydrogenated tar, 262 
—, of kerosene, 261 
—, mechanism of. 261 
—, of oils. 260-263 
—, of olefins. 261 
—, of oleic add. 261 
—,.of paraffins. 261 
—, of stearic acid, 261 
Voltol oils, preparation of, 260-263 
Volume, reduced, definition of, 1319 
Volume-pressure-temperature data, correlation, 
1320-1322 

Vulcanization, of synthetic rubber, 674 
W 

Water, antioxidant, paraffin oil, 907 
—, azeotropic mixture with isopropyl alcohol, 364, 
368 

—, carbon monoxide from, 256 
—, catalyst, ethylene oxide-aminoacetaldehyde re¬ 
action, 561 

—, —, styrene-hydrt^en chloride reaction, 311 
—, effect on asphalt formation in oils, 935 
—. — gasoline-alcohol blends. 1035 
—, electrical decomposition of, 256 
—, estimation in asphalt emulsions, 1221 
—, — ^soline, 1168 
—, — lubricating oils, 1167, 1168 
free energy of formation, 1275 
—, —, effect of temperature on, 1304 
—, hydrogen from, 256 
• in crude petroleum, 10 
—, inhibitor, bromination of acetone, 430 
—, formation of phosgene, 744 
—, —» gum formation in gasoline, 909 
—, —, olefin formation from isopropyl alcohol, 377 
—, use in ethylene oxide-hydrogen sulphide re¬ 
action, 564 

—.—, oxidation of ethylene, 534, 551, 552 
Water gas, carbon monoxide from, 1246 
—, ketones from, 268 

Waterproofing agents, asphalt emulsions in, 1220 
Water vapor, catalyst, bromination of ethylene, 
501 

—t- 7 , pyrolysis of heptane, 154 
—, diluent, carbon monoxide-methyl alcohol reac¬ 
tion, 1050 

—, effect on ignition temperatures, 996, 997 
Wax, chlorination of, 755, 757 
—, chlorinated, reaction with benzene, 758 
—,—, — calcium hydroxide, 759 
—, —, — diphenylene oxide, 758 
—, —, — naphthalene, 817 

-uses of, 758, 759 

crystallization of, 38 

—, effect of precipitating conditions on, 38 
estimation in asphalt, 1155 
extraction from asphalt, 1155 
fractionation in cathode vacuum, 38 
—, in ceramics, 1057 
—, in paint, 147 
—, in petro’eum, 13 

-, precipitation from oils, 45, 379. 1200. 1201 
—, shoemaker’s, preparation of, 1058 
Wax acid.s, addition agents for mineral oil>, 978, 
979 

—, aldehydes from, 979 

- , as pour point depressants, 979 
—, cracking of, 979 

—. esterification of, 970, 975 
—.from paraffin wax, 970, 971 
—. in beeswax substitutes, 970 
■ in deterrents, 978 
—, in emulsifying agents, 978 
—, in filmSj 975 
-, in gelatinizing agents. 975 
—, in insecticides, 978 
in lacquers, 975 
in plastics, 975 
, in soap powders, 978 
—, in soaps, 970 
—, in softening agents, 975 

- , in synthetic fats, 970 
—, ketones from, 979 
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Wax acids, nitriles from, 979 

—. pyrones from, 979 

—, reaction with ammonia, 979 

—, — phenols. 975 

—, structure of. 977, 978 

—, unsaturates from, 979 

Wax alcohols, from paraffin wax, 973 

—, properties of, 973 

—, refining of, 973 

—, use in yeast cultures, 979 

Wax distillates, oxidation of, 850 

Waxes, crystalline formation, 39 

—, nitration of, 1092 

—, oxidized, in road bitumen, 1057 

- . preparation of, 1056 

—, source for petroleum formation, 19 
—. specific refraction of, 38 
W'axing compositions, carbon tetrachloride in, 731 
Wells, drilling of, 8 , 9 

Wetting agents, alkyl sulphates as, 1085, 1086 

—, classification of, 1076 

—. diethylene glycol in, 1076 

—, ethylene glycol ethers as, 558 

—. from aliphatic alcohols, 1076 

—, from carboxylic acids, 1076 

—, from chlorinated hydrocarbons, 758 

—. from mercaptans, 472, 487 

—, from oxidized hydrocarbons, 1061 

—. from phenols, 1076 

—. from tertiary alcohols, 417 

*glyceri^ in, 1112 

- hydroxyethyl ethers as, 558 

—, isopropylnaphthalenesulphonic acid as, 954 
—, naphthenic acid salts as, 1117 

- , naphthenic acids in, 1112 
—.naphthenic alcohols as, 1120 

—, sulphonaphthenic acids as, 1118 
—, sulphonic acids as, 1075-1077 

.triethanolamine in preparation of, 577, 1076 
Wetting properties, of asphalts, 1213 
Wild gasoline, butane from, 24 
—, propane from, 24 
Wood, adsorbent carbon from, 227 
—. chlorination of, 227 
-—.waterproof with asphalt, 1220 
Wood flour, use in resins, 625 
Wood preservatives, copper naphthenate in, 1115 
—. dichlorobenzene in, 790 
—. ptdyglycol arsenites as, 545 
Wo^ rosin, reaction with triethanolamine, 578 
Wool, reaction with ethylene oxide, 561 
Work content, relation to free energy, 1273 

X 

Xanthate-iodine titration, of alcohols, 371 
Xanthate test, for alcohols, 355 
Xenon, effect on acetylene polymerization, 267 
X-ray diffraction, of carbon black, 245 
of paraffin wax, 38 

X-rays, action on gaseous hydrocarbons, 267, 268 
—, action on water gas, 268 
—-, estimation of lead tetraethyl with, 1165 
—, use, structure of polyethylene oxides, 563 
Xylene, action of aluminum chloride on, 2U8 
—, by pyrolysis of ethylene, 182, 186 

- — gas oil. 178 

—. — propane. 60. 182 

—, demethylation of, 208 

--.detection in alcohol, 354 

---.extraction agent for naphthenic acids, 1107 

- for dehydration of isopropyl alcohol, 364 
—, — ^ec-butyl alcohol, 408 

- for estimation of water in oils, 1168 
—, from acetylene and toluene, 719 

in gasoline, 196 

-.reaction with chlorinated Kogasin, 1253, 1254 
—, — chloro-M-tetradecane, 1254 
-. vapor pressure of, 15 
m-Xylene, by isomerization of o-xylene, 208 
—, — p-xylene, 208 

—, by polymerization of cracking gas, 646 
—, by pyrolysis of natural gas, 183 
—. — pineiie, 88 
—, — p-xylene, 96 
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m-Xylene, from toluene, 208 

—, hydrogen from, 273 

—, in gasolines, 34, 144 

—, in shale oil, 35 

—, reaction with steam, 273 

o-Xylene, by pyrolysis of ocUne, 73, 74 

—, in gasolines, 34, 144 

—, isomerization of, 208 

^•Xylene, benzene from, 96 

—, by polymerization of cracking gas, 646 

—. by pyrolysis of cyclooctane, 94 

—, — natural m, 183 

—, 2,6-dimethyuinthracene from, 96 

—, from 2,S-<limethylhexane, 73 

—, from toluene, 208 

—, in gasoline, 34 

—, in motor fuel, 1039 

—, isomerization of, 208 

—, pyrolysis of, 96 

Xylenes, mdal entropy, 1289, 1290 

Xylenols, antioxidant, for gasoline, 916 

Xylidene, antioxidant for gasoline, 917 

Y 

Yeast cultures, wax alcohols for, 979 
Yperite, zee Dichlorodiethyl sulphide 

Z 

Zein, refining of, 496 

Zeise’s salt, zee Potassium ethylene trichloropla- 
tinate monohydrate 

Z^eolites. catalysts, decarboxylation of phthalic 
anhydride, 951 

—, —, oxidation of toluene, 949 
Zero order reaction, definition of, 501 
Zinc, activator, in ethylene oxidation, 553 
—, alloys of, use in cracking, 113 
—, catalyst, condensation of acetone, 429 
—, —, conversion of acetaldehyde to acetone, 423 
—, — ethylene to butadiene, 172 
—,—, dehydt’ogenation of alcohol, 1051 
—, —, oxidation of methane, 881 
—, —, — petroleum, 964 
—, —, polymerization of olefins, 665 
—» —. pyrolysis of alcohol, 350 
—, —, — ethylbenzene, 159 
—^^ — methane, 158, 257 
—, —, rubber compounding, 250 
—, effect on chlorinated hydrocarbons, 730, 782 
—, inhibitor, deterioration of ethylene oxide, 554 
—. nitrocydohexane reduced by, 1095 
—, 2-nitrohexane reduced by, 1094 
—, promoter, oxidation of methyl alcohol. 879 
—, promoter, reaction of aldehydes and cracked 
distillates, 625 

—, reaction with trichloroethylene, 711 
use in cracking, 114 

—, — dehydrogenation of zec-pentanol, 443 
—, — preparation of ethers, 715 

- — refining gasoline, 668 

Zinc aceute, catalyst, acetylene-acetic acid reac- 
vion, 717 

—^ , reaction of acetylene and hydrogen sulphide, 

472 

—, — olefin oxides and cellulose, 588 
Zinc antimonides, catolysts, dehydrogenation of 
alcohols, 419 

Zinc arsenides, catalysts, dehydrogenation of 
alcohols, 419 

Zinc bismuthates, catalysts, dehydrogenation of 
alcohols, 419 

Zinc bromide, catalyst, esterification of propene, 
308, 316 

Zinc carbonate, in polymerization of ethylene oxide, 
562 

Zinc chloride, antioxidant, hydrogenated oils, 914 
—, catalyst, alkylation of acid halides, 611 
—^ , alkylation of alcohols, 606 

_,—.alkylation of phenols, 383, 403, 416, 605 

—.—.cracking of oils, 112, 195 

- —. condensation of aldehydes, 886 
—, dehydrogenation of paraffins, 158 


Zinc chloride, catalyst, p-dioxane from acetalde¬ 
hyde, 579 

—, —, esterification of olefins, 304, 306, .307, 308 
—, —, ether-hydrogen chloride reaction, 345 
—,—, ethyl alcohol from ether, 333 
—, —, fluorination of carbon tetrachloride, 734 
—, —, halogenation of cyclopropane, 761 
—, —, hydration of butenes, 294 
—, —, — ethylene, 288 
—,—, — propene, 292 
—, —, hydrogenation of olefins, 670 
—. —, isomerization of olefin oxides, 589 
—. —, isomerization of paraffins, 72, 202 
—, —, polymerization of dichlorwutenes. 685 
—olefins, 195, 636, 640, 641, 642, 646 
—, —, — Kogasin, 1255 
—, —, preparation of phthalyl chloride, 816 
- -, —. reaction of alcohols and carbon monoxide, 
1050 

—, — alkyl halides and phenols, 813 
—, —, — aromatics and acetylene hydrocarbons, 
719 

—, —. — olefin oxides and cellulose, 588 
—,—, — olefins and chloroethers, 613 
—, —, — phthalic anhydride and benzotrichloridc, 
794 

—. —, — phthalic anhydride and thionyl chloride, 
945 

—, —, — succinic anhydride and thionyl chloride. 
945 

—, —, vinyl chloride-hydrogen chloride reaction, 
716 

—, —, voltolization, 262 
—, desulphurizing agent, 434, 488 
—, for dehydration of > hydroxy-acids, 968 
—, in aquolysis, 133 

—, in dehydration of isopropyl alcohol, 364 
—, promoter for activated carbon, 112 
—, reaction with ethylene oxide, 560 
—, — ethylenediamine, 497 
—, —, isopropyl alcohol, 370 
—, refining gasoline with, 909, 927-929 
—, refining naphthenic acids with, 1109 
—, refining of phthalic anhydride, 961 
Zinc chlonde-aluminum chloride, catalyst, hydra¬ 
tion of acetylene, 714 

Zinc chromate, catalyst, pyrolysis of alcohol, 352 
Zinc chromate-cobalt oxide, catalyst, methane ox¬ 
idation, 870 

Zinc chromite, catalyst, acetone-hydrogen reac¬ 
tion, 432 

Zinc compounds, catalyst, acetone synthesis, 714 
—,—, acetylene-ammonia reaction, 719 
Zinc-copper, catalyst, dehydrogenation of paraf¬ 
fins, 149 

Zinc dust, catalyst, formation of ter-butyl acetate, 
412 

Zinc fluoride, catalyst, preparation of propyl flu¬ 
oride, 307 

Zinc fluoride, reaction with carbon tetrachloride, 
734 

Zinc halides, catalyst, dehydrogenation of hydro¬ 
carbons, 158 

—, —, dichloroethane-hydrogen fluoride reaction, 
747 

—,—, hydration of acetylene, 712 
—, —. reaction of olefins and carlk^n monoxide, 
625, 626 

—, reaction with ketones, 452 
Zinc hydrogen phosphate, use in ethylene oxida¬ 
tion, 894 

Zinc hydroxide, for hydrogen sulphide removal, 
459 

Zinc molybdate, catalyst, dehydrogenation of 
acenaphtnene, 955 

Zinc naphthenates, as antioxidants. 937 
—, as corrosion inhibitors, 1116, 1117 
—, as wetting agents, 1117 

Zinc oxalate, dehydration of ethylenediamine 
with, 498 

Zinc oxide, catalyst, acetone from acetic acid. 
423 

—, —, acetone from ethyl alcohol. 421 
—, —, acetone-hydrogen reaction, 432 
—,—.butadiene from ethyl alcohol, 173 
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Zinc oxide, catalyst, chlorination of benzene, 781 
—,—,crackinc of petroleum, 111 
—»—, cycllaation of aliphatic hydrocarbons, 74 
—.—.dehydrogenation of acenaphthene. 955 
—alcohols, 173, 420 
—,—, — indenes, 95 
—,—,monoethanobmine, 5o8 
—, — dipropyl ketone from n-butanol, 443 
'—, —, ethyl alcohol from ether, 334 
—,—, hydration of acetylene, 712-714 
ethylene, 290. 191 

—, —, hydrolysis of chlorobenzene, 783 
—, —, ketones from ethyl alcohol, 423 
—, —, olefin oxidation, 553 
—. —, oxidation of aromatics, 942 
—, —, — zee-butyl alcohol. 442 
—. —, — methane. 869-871 
—, —, — methyl alcohol. 878 
—. —. polymerization of ethylene oxide. 562 
—, —, — olefins, 665 

—.—.preparation of pentaerythritol esters, 1055 
—, —, pyrolysis of cjraohexane. 92 
—. —, reaction of phthalic anhydride and methyl 
alcohol, 952 

—,—.reduction of carbon monoxide, 1251, 1252 
—, —, reforming of gasoline, 189 
—, —, rubber compounding, 250 
—, effect on ignition temperature. 1000 
—, inhibitor, conversion of butene-2 to butadiene, 
172 

—, reaction with ethylenediamine, 497 
—, refining gasoline with, 929 
—, promoter, acetone from isopropyl alcohol. 420 
—,—. decarboxybtion of phthalic anhydride, 951 
—, —, methane-steam reaction, 270 
—, —, oxidation of acenaphthene, 946 
—, —^ — naphthalene, 946 
—. —, reduction of carbon monoxide, 1228 
Zinc oxide-alumina, catalyst, pyrolysis of ethyl¬ 
benzene. 96 

Zinc oxide-chromium oxide, catalyst, pyrolysis of 
paraffins. 149 

Zinc oxide-manganous oxide, catalyst, acetone 
from acetaldehyde. 714 

Zinc phosphate, catalyst, esterification of pro- 
pene, 308 

—. —. hydr.ition of ethylene. 287 


Zinc phosphides, catalysts, dehydrogenation of al¬ 
cohols, 419 

Zinc phthalate, benzaldehyde from,'952 
—, benzoic acid from, 952 
Zinc salts, catalyst, acids from alcohob, 1051 
—. —, acetylene-phenol reaction, 715 
—,—, ethylacetylene-acetic acid reaction, 718 
—. —. hydration of vinylacetylene. 705 
—, —, oxidation of hydrogen sulphide, 461 
Zinc selenide, catalyst, dehydrogenation of alco¬ 
hols, 419 

—.—.hydration of acetylene, 712 
Zinc stearate, catalyst, oxidation of paraffin wax, 
971 

Zinc sulphate, catalyst, condensation of acetalde¬ 
hyde. 878 

—. —, esterification of propene. 308 
—. —, hydration of ethylene, 283 
—,—, — propene. 292 
—. in desulphurization of oils, 1044 
—, in refining gasoline. 670 
—. reaction with ethyl alcohol. 878 
Zinc sulphide, catalyst, pyrolysis of mercaptans, 
472, 479 

—, desulphurizing amnt, 489 
Zinc tellurides, catalysts, dehydrogenation of al¬ 
cohols, 419 

Zirconia, catalyst, dehydration of alcohols, 399 
—, —, methane-steam reaction, 272, 278 
Zirconium, acid salts, catalyst, olefin-carbon mon¬ 
oxide reaction, 626 

—, catalyst, aromatics from olefins, 189 
—, —, oxidation of methane, 881 
Zirconium carbide, catalyst, oxidation of naph¬ 
thalene, 946 

Zirconium oxide, catalyst, dechlorination of propyl 
chloride, 805 

—, —, dehydration of diols, 548 
—, —, hydrolysis of chlorobenzene. 782 
—. —. methyl alcohol-carbon monoxide reaction, 
1050 

—. —, oxidation of aromatics. 942 
—, —. preparation of monovinylacetvlene, 705 
—, promoter, dehydration of alcohols, 420 
Zirconium salts, catalyst, oxidation of hydrocar¬ 
bons. 1051 

Zirconium tetrachloride, catalyst, alkylation of 
.-iromatics. 200. 596 
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